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Introduction

1 Introduction

1.1 Natural Killer cells

As a part of the innate immune system, Natural Killer cells (NK cells) play an important role in
the early response to infections. They were first described in 1975 and defined by their ability
to kill target cells without prior priming [1]. In the context of infection, NK cells control the
pathogen load before the T cell-mediated immune response kicks in [2]. Although NK cells are
best known for the defense against virus-infected cells, they also participate in combating
intracellular bacteria such as Mycobacterium tuberculosis [3] and protozoan parasites like

Leishmania major [4] or Trypanosoma cruzi (T. cruzi), as described in detail in section 1.2.5.

1.1.1 Phenotype

NK cells are characterized by a large and granular shape, and represent another subtype of
lymphocytes in addition to B cells and T cells. They comprise approximately 5 — 15% of
circulating lymphocytes and feature many phenotypic and functional parallels to CD8* T cells
[5], [6].

Human NK cells are distinguished by the presence of the surface marker CD56 with
simultaneous absence of the surface marker CD3 [7]. Based on the CD56 expression level, two
phenotypically and functionally different groups can be distinguished (figure 1.1).
CD568M NK cells, that exhibit a high CD56 expression intensity, account for approximately
10% of peripheral NK cells and express little or no CD16 on the cell surface [8]. They feature
high proliferation and migration but low cytotoxic capacity and primarily specialize in the
production of cytokines [8]-[10]. Furthermore, CD56"€"t NK cells are precursors of CD56%™
NK cells [11], which show a low CD56 expression intensity and comprise approximately 90%
of peripheral NK cells. They express CD16 at high levels, which mediates their
antibody-dependent cellular cytotoxicity (ADCC) [8]. This process is described more precisely
in section 1.1.2. CD56%™ NK cells exhibit primary cytotoxic effector functions but also show
the ability to produce cytokines [8], [12].

Murine NK cells differ from human ones regarding their receptor composition. In contrast to
human NK cells, they do not express CD56. Instead, they can generally be distinguished by the

presence of the surface marker NK1.1 and the absence of CD3 (figure 1.1). Moreover, CD11b*
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CD27 NK cells represent the functional analogue to human CD56°8" NK cells. They are the
precursors of CD11b- CD27* NK cells, which are the functional analogue to human
CD569™ NK cells [13], [14]. In addition, there are other differences in the occurrence and
expression intensity of other receptors. For instance, the human killer cell immunoglobulin-
like receptors (KIRs) and the murine Ly49 receptors have analog functions, as described in
section 1.1.4.1, but belong to different protein families and interact with other major

histocompatibility complex class | (MHC-I) ligands [15].

Characteristics

CD56Prieht CD11b CD27*

NKLA NKG2A Primarily spezialized for

cytokine secretion

IL7R cD27 Low cytotoxicity
CXCR3 High proliferation capacity
CCR7

Ly49 High migratory capacity

CD69

CD56¢%™m

High cytokine secretion

High cytotoxicity:
Natural and antibody-
dependent cellular cytotoxicity

CD16

KIR
Ly49

""" » = developmental
progression

CXC3R1

CD69 <+— = functionally
analogous subset

Figure 1.1: Developmental progression and functionally analogous subsets of human and murine NK cells. The
immature human CD568" NK cells and the functionally analogous murine CD11b~ CD27* NK cells are
characterized by proliferation and migration but low cytotoxic capacity and are primary specialized for cytokine
production. Mature human CD56%™ NK cells and analogous murine CD11b* CD27° NK cells feature abilities for
high cytokine production, natural and antibody-dependent cellular cytotoxicity. Modified from Goyos et al., 2019
[13]; Bald et al., 2020 [14] and Cao et al., 2020 [9]. Created with Biorender.com.
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1.1.2 Effector functions

NK cells are named for their cytotoxic effector function that can be mediated either by the
secretion of cytolytic granules or via death receptor-mediated pathways.

In response to NK cell activation, cytolytic granules containing perforin, granulysin and
different granzymes are recruited to the site of the immunological synapse, leading to
subsequent granule secretion. Perforin polymerizes to a circular polymer at the target cell
membrane, resulting in a pore which enables granzymes to enter the cell. In the cytosol,
granzymes, which belong to the group of serine proteases, activate the pro-caspase-3 and -7,
initiating apoptosis of the target cell [16]. The described perforin/granzyme pathway is also
involved in the ADCC process [17].

In addition to perforin and granzymes, cytotoxic granules of human, but not rodent NK cells
contain the antimicrobial peptide granulysin [18]. Granulysin can selectively destroy
cholesterol-poor microbial membranes, leading to programmed cell death of microbes, called
microptosis [19]. In 2016, Dotiwala and colleagues showed that using this process, granzymes
can be delivered to different protozoan parasites, including T. cruzi, without the contribution
of Perforin. Following this, the parasites are killed caspase-independently through the
production of reactive oxygen species. With the additional involvement of perforin,
intracellular parasites can also be killed. Perforin allows granulysin and granzymes to enter
the infected cell, whereupon these mediators attack the parasites in the cytosol [20].

The other pathway of NK cell-mediated cytotoxicity is accomplished though the binding of
apoptosis-mediating death receptors on target cells by respective ligands expressed by
NK cells. Death receptor ligands such as Fas ligand (FasL) and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) are members of the tumor necrosis factor (TNF) family. The
interaction triggers the recruitment of various intracellular adaptor molecules in the target
cell, resulting in the formation of the death inducing-signaling complex (DISC). Subsequently,
the complex activates the pro-caspases 8 and 10, initiating the caspase cascade and finally

resulting in the apoptosis of the target cell [21], [22].

Besides the cytotoxic effector functions, appropriately stimulated NK cells secrete different
chemokines, like the monocyte chemoattractant protein-1 (MCP-1), that facilitate the
recruitment of further immune cells to the site of inflammation [23]. Moreover, NK cells

secrete proinflammatory cytokines such as TNF-a and Interferon (IFN)-y as well as
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immunosuppressive cytokines like Interleukin (IL)-10 [12], [23]. IFN-y participates in a variety
of different processes. For instance, it mediates macrophage activation and an increased
antigen presentation by MHC-I and -Il molecules [24]. Additionally, NK cell secretion of TNF-a
and IFN-y is functionally associated with their cytolytic activity. The cytokines mediate the
upregulation of intercellular adhesion molecule 1 (ICAM-1) on the target cell surface, which

facilitates the conjugate formation with NK cells [25].

1.1.3 Regulation of NK cell activity

NK cell activity is regulated by a dynamic equilibrium of signals from inhibitory and activating
receptors. The respective signal strength is dependent on the composition and expression
intensity of NK cell receptors and ligands on target cells as well as cytokines in the
environment.

During steady state, somatic cells express classical and non-classical MHC-I molecules, which
are bound by inhibitory NK cell receptors (figure 1.2A). The individual receptors are specified
in detail in section 1.1.4. Despite the binding of a few activating receptors, inhibitory signaling
predominates due to normal MHC-I expression, resulting in NK cell tolerance. MHC-I
expression can be modulated or downregulated in cancerous or infected cells (figure 1.2B).
Due to the lack of inhibitory signals, activating signals become predominant [26].
Consequently, target cells escape recognition by CD8* T cells due to modulation or absence of
MHC-I, but are recognized and lysed by NK cells. This mechanism was first described in 1990
as the “missing self hypothesis” [27] and is thus the longest-known mechanism of NK cell
activation. On the other hand, stress mediated by tumor transformation or infection can
induce the upregulation of stimulatory NK cell ligands, shifting the equilibrium towards the
stimulatory side, resulting in NK cell activation (Figure 1.2C) [28]. Besides the
contact-dependent mechanisms, NK cells can be stimulated indirectly by various cytokines,

like different IFNs, IL-2, IL-12, IL-15, IL-18 and IL-21 (Figure 1.2D) [29].



IFN-a/B
IFN-A
IL-2

IL-12 —p
IL-15
IL-18
IL-21

Tolerance

inhibitory MHCI
ligand

NK cell

activating activating
receptor  ligand

Missing self
modulation/ loss of MHC-I expression

tumor/
infected
cell

Activated [ +|
NK cell

cytotoxic mediators and cytokines

Stress-induced self
upregulation of stimulatory ligand

tumor/
Activated infected

NK cell cell

cytotoxic mediators and cytokines

Indirect activation
via stimulatory cytokines

tumor/
Activated infected
NK cell cell

cytotoxic mediators and cytokines

Introduction

NK cell inhibition

Fa

NK cell activation

NK cell activation

o

NK cell activation

o

Figure 1.2: Recognition of tumorous or infected cells by NK cells. NK cell tolerance in steady state is mediated
by a predominance of inhibitory signals due to normal MHC-I expression (A). NK cell activation can be mediated
by modulation or loss of MHC-I expression according to the missing self hypothesis (B), by stress-induced
upregulation of stimulatory ligands (C) and by stimulatory cytokines (D). Modified from Zwirner and Domaica,
2010 [29] and Vivier et al., 2012 [30]. Created with Biorender.com.
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1.1.4 NK cell receptors and their ligands

NK cells express a multitude of different receptors for cellular and pathogen-encoded ligands
as well as cytokines and chemokines. In the following, the most important and, in the context
of the present thesis, relevant receptors are described. Figure 1.3 shows the main human
NK cell receptors and their respective interaction partners.

Inhibitory NK cell receptors transmit signals via cytoplasmic immunoreceptor tyrosine-based
inhibitory motifs (ITIMs). After binding to the appropriate ligand, phosphatases are recruited
to the ITIMs, which dephosphorylate downstream signaling molecules, leading to their
inactivation and thus to inhibition of NK cell effector functions [31]. Most of the inhibitory
NK cell receptors recognize classical or non-classical MHC-I molecules. In addition, similarly to
Tcells, NKcells express checkpoint receptors such as T cell immunoreceptor with
immunoglobulin and ITIM domains (TIGIT) and B and T lymphocyte attenuator (BTLA), which
can dampen NK cell effector function [9], [32], [33]. Ligands of inhibitory receptors can also
often be recognized by activating receptors. Nevertheless, various studies have shown that in
most cases inhibitory interactions exhibit a higher binding affinity compared to their activating
counterpart [34]-[36]. If the ligand expression increases due to an infection or tumor
transformation, the ligand can additionally form bonds to its activating receptor. Depending
on the receptor expression level on the NK cell, this process results in inhibition or activation
of NK cell effector functions [34].

Furthermore, NK cells express a variety of different activating receptors that can stimulate
NK cells in synergy [31]. Most of the activating NK cell receptors mediate stimulatory signals
via immunoreceptor tyrosine-based activation motifs (ITAMs), which are expressed by
intracellularly associated adaptor molecules like the DNAX-activating protein 12 (DAP12).
Moreover, some activating receptors use associated FceRly and CD3( chains for transduction
of activating signals. Binding of the appropriate ligand leads to recruitment and activation of
tyrosine kinases, resulting in phosphorylation of downstream signaling molecules and
subsequent NK cell stimulation [37]. Activating NK cell receptors mainly recognize cellular
ligands, which are upregulated in response to stress due to infection or tumor transformation
[38]. Besides that, natural cytotoxicity receptors (NCRs) can also directly detect pathogen-
encoded ligands [39]. Furthermore, CD16 detects cells coated with pathogen- or tumor-

specific immunoglobulin G (IgG), leading to ADCC [40].
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Figure 1.3: Selected human NK cell receptors, their ligands, and the effect of the interaction on the NK cell
response. Inhibitory NK cell receptors and interactions are depicted in red, whereas activating NK cell receptors
and interactions are shown in green. Ligands detected by inhibitory and activating receptors are shown in yellow,
whereas ligands solely bound by activating receptors are depicted in green. Composed on basis of Le Bouteiller
et al., 2002 [41]; Bryceson et al., 2006 [42]; Swann et al., 2007 [43]; Ho et al., 2008 [44]; Hecht et al., 2009 [45];
Sedy et al., 2013 [32]; Chan et al., 2014 [46]; Romee et al., 2014 [47]; Souza-Fonsera-Guimaraes et al., 2015 [48];
Pazina et al., 2017 [49]; Stein et al., 2017 [50]; Gonzalez-Rodriguez et al., 2019 [51] as well as Holder and Grant,
2020 [52]. Created with Biorender.com.

1.1.4.1 Killer cell immunoglobulin-like receptors and their MHC-I ligands

The KIR family comprises 15 functional genes encoding for activating and inhibitory members,
as well as two pseudogenes. They are exclusively expressed in humans and higher primates
[53]. As a functional equivalent, mice express the structurally different Ly49 receptors that
evolved independently of KIRs [54], [55]. In addition to NK cells, various T cell subsets, such as
effector/memory T cells, y§ T cells and Natural Killer T cells (NKT cells), are described to
express KIRs in humans [56], [57]. The KIR family is characterized by a massive variability,
caused by extensive polymorphisms in addition to the described polygenesis, and is
comparable to the variability of MHC molecules [58]. Regarding the composition of KIR genes,
two different haplotype groups are described. Whereas group A haplotypes exclusively
contain inhibitory KIR genes, apart from KIR2DS4, group B haplotypes are more variable and

consist of more than one activating KIR gene [59]. Moreover, the frequency and expression

7
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level of different encoded KIRs can differ between individuals due to copy number and allelic
variations [60]. Furthermore, within an individual, not all encoded KIRs are expressed by every
NK cell. Each individual NK cell clone stochastically expresses different combinations of the
encoded KIRs [61].

The KIR nomenclature is based on the extra- and intracellular structure. Extracellularly, KIRs
are composed of two (2D) or three (3D) immunoglobulin-like domains. The intracellular
structure determines the function of the receptor. Inhibitory KIRs comprise a long (L)
intracellular domain with ITIMs mediating inhibitory downstream signaling. In contrast,
activating KIRs only feature a short (S) intracellular domain, that is linked to a DAP12 adaptor
molecule containing ITAM sequences, which transmit stimulatory signals [53].

As shown in table 1.1, the different KIR molecules bind to different MHC-I ligands, which in
humans are also known as human leukocyte antigen class | (HLA-I). In addition to NKG2A
(section 1.1.4.2), inhibitory KIRs are responsible for maintenance of self-tolerance to healthy
cells. As described in section 1.1.3, infection or malignant transformation can lead to
modulation or downregulation of MHC-I expression. This absence of inhibitory signals renders
the target cell vulnerable for NK cell-mediated killing [27].

Examples of inhibitory KIRs are KIR2DL1, KIR2DL2 and KIR2DL3, which bind to two different
HLA-C allotypes. These allotypes are classified based on polymorphisms at the positions 77
and 80 of the HLA-I heavy chain. While KIR2DL1 binds HLA-C2, KIR2DL2 and KIR2DL3
preferentially bind HLA-C1 allotypes [62]. The KIR2DL1 — HLA-C2 interaction has been
described to mediate stronger inhibitory signals compared to the KIR2DL2/L3 — HLA-C1
interaction [63]. In addition, activating KIRs have also been shown to recognize HLA-C
molecules. Whereas KIR2DS1 binds to HLA-C2, KIR2DS2 recognizes HLA-C1 allotypes due to
their extracellular structure, which is similar to that of their inhibitory counterparts.
Nevertheless, activating KIRs have generally been shown to exhibit lower binding affinities and
partially higher peptide selectivity compared to their opponents [64], [65]. Thus, the ligand
and the receptor expression intensity as well as the presented peptides determine the

engagement of the respective activating KIRs.
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Table 1.1: KIRs, their identified ligands and the effect of the interaction on the NK cell response. Adapted from Nowak et al.,
2017 [62].

Receptor Ligand Function
KIR2DL1 HLA-C2 (C*02, C*04, C*05, C*06) Inhibitory
KIR2DL2 HLA-C1 (C*01, C*03, C*07, C*08) Inhibitory

Some HLA-C2 (C*0501, C*0202, C*0401)
Some HLA-B (B*4601, B*7301)

KIR2DL3 HLA-C1 (C*01, C*03, C*07, C*08) Inhibitory
Some HLA-C2 (C*0501, C*0202)
Some HLA-B (B*4601, B*7301)

KIR2DL4 HLA-G Inhibitory/activating
KIR2DL5A and KIR2DL5B Unknown Inhibitory
KIR2DS1 HLA-C2 (C*02, C*04, C*05, C*06) Activating
KIR2DS2 HLA-A*1102 Activating
HLA-C1 (C*01, C*03, C*07, C*08)
KIR2DS3 Unknown Activating
KIR2DS4 HLA-A*1102 Activating
Some HLA-C (C*0501, C*1601, C*0202)
KIR2DS5 Unknown Activating
KIR3DL1 HLA-A expressing Bw4 epitope Inhibitory

(A*23, A*24, A*32)
HLA-B expressing Bw4 epitope
(B*08, B*27, B*57, B*58)

KIR3DL2 Some HLA-A (A*03, A*11) Inhibitory
HLA-B27
HLA-F

KIR3DL3 Unknown Inhibitory

KIR3DS1 HLA-Bw4 epitope HLA-B*5701 Activating
HLA-F

1.1.4.2 Natural Killer Group 2 receptors and their cellular ligands

The Natural Killer Group 2 (NKG2) receptor family belongs to the C-type lectin-like receptors.
They are selectively expressed by NK cells and CD8* T cells. The family contains the inhibitory
member NKG2A as well as the two activating members NKG2C and NKG2D [66].

NKG2A is associated with CD94 as a heterodimer and mediates inhibitory signaling via two
integrated ITIM domains [67], [68]. In humans, NKG2A binds to the non-classical MHC-I
molecule HLA-E (figure 1.3) that presents peptides derived from signal sequences of classical
MHC-I molecules [69]. Thus, their presence on the cell surface additionally reflects the general
MHC-I| expression.

The activating NKG2C is also associated with CD94 as a heterodimer and transmits stimulatory
signals through the intracellularly-associated adaptor molecule DAP12 and the comprised
ITAM sequences [70]. NKG2C also binds HLA-E, but with lower affinity than the inhibitory
NKG2A [35], [67], [71], [72]. In addition, NKG2C has been shown to specifically recognize viral
peptides loaded on HLA-E molecules upon infection with human cytomegalovirus (HCMV).

9
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This interaction is linked to the generation of memory-like/adaptive NK cells, which share
properties with the adaptive immune system [73], [74].

In contrast to other family members, NKG2D is a homodimer. It is intracellularly associated to
a DAP10 adaptor molecule, which transmits stimulatory signals using a tyrosine-x-x-
methionine (YXXM) sequence [75]. NKG2D molecules recognize cellular ligands, which are
upregulated in response to cell stress due to infection or malignant transformation [76]. In
humans, these ligands are the MHC-I chain-related protein A/B (MICA/B) as well as the UL16
binding proteins 1-6 (ULBP1-6), as depicted in figure 1.3 [77], [78].

1.1.4.3 Natural cytotoxicity receptors and their cellular or pathogen-encoded
ligands
Natural cytotoxicity receptors (NCRs) belong to the immunoglobulin superfamily and include
the three transmembrane receptors NKp30, NKp44 and NKp46. NCRs mediate stimulatory
signaling via the engagement of intracellularly-associated DAP12 adaptor molecules in the
case of NKp44 or CD3{, as well as FcRy chains in the case of NKp30 and NKp46 [39]. Besides
NK cells, also CD8* T cells [79], [80], y& T cells [81]—[83] and some innate lymphoid cells (ILCs)
[84], [85] have also been described to express NCRs. Different host as well as
pathogen-encoded molecules have been shown to serve as NCR ligands, a selection of which
is depicted in figure 1.3. In addition to surface expression, NCR ligands can be secreted,
shedded or incorporated into the extracellular matrix [39].
NKp30 is constitutively expressed on mature resting and activated NK cells [86]. An example
for a host-encoded ligand is heparan sulfate proteoglycan (HSPG), which is present on all cells
but overexpressed on malignant transformed cells [45], [87]. Pathogen-encoded ligands for
NKp30 are, for instance, viral hemagglutinin (HA) from poxviruses [88] and the Plasmodium
falciparum erythrocyte membrane protein 1 (PfEMP1) [89].
NKp44 is expressed exclusively after cell activation [90]. Similar to NKp30, it has been shown
to recognize HSPG as a cellular ligand [45] and viral HA from influenza as a pathogen-encoded
ligand [44].
Like NKp30, NKp46 is constitutively expressed regardless of the activation status [91]. Besides
HSPG, vimentin expressed on the surface of Mycobacterium tuberculosis infected monocytes
has also been described to serve as a cellular ligand for NKp46 [45], [92]. Similar to NKp30,
NKp46 recognizes viral HAs and PfEMP1 as pathogen-encoded ligands [88], [93].

10
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1.1.4.4 CD160 and its ligand HVEM

CD160 engagement mediates bidirectional signaling depending on the expressing cell type
and the context of engagement. It is expressed on NK cells, T cells, intraepithelial lymphocytes
and endothelial cells [94]-[96]. Whereas CD160 has been shown to act as a co-inhibitory
molecule for CD4* T cells [97], its role for CD8" T cells is controversial. Different studies
revealed a co-stimulatory effect of CD160 on CD8* T cells during human immunodeficiency
virus (HIV) and Listeria monocytogenes infection [98], [99]. However, a study on experimental
cerebral malaria instead suggested a co-inhibitory function for CD8* T cells [100]. For NK cells,
CD160 engagement has been shown to exclusively act in a stimulatory manner and induce
cytotoxicity and cytokine production with a major focus on IFN-y [41], [101]-[104].

CD160 is a member of the immunoglobulin superfamily and is mainly expressed in a
Glycosylphosphatidyindositol (GPl)-anchored form, which can be secreted by activated
NK cells [95], [105]. Furthermore, a transmembrane isoform was found solely on activated
peripheral NK cells and NK cell lines [106]. In contrast to other activating receptors, CD160 is
not associated to adaptor molecules that transmit stimulatory signals. The GPl-anchored form
does not contain a transmembrane or intracellular domain, which means that it cannot
transmit stimulatory signals itself. It is presumed that signal transduction is mediated through
interaction with other receptors in lipid rafts such as the co-stimulatory receptor CD2 [107],
[108].

As visualized in figure 1.3, CD160 interacts with MHC-I molecules [41], [101], [103] as well as
the herpes virus entry mediator (HVEM) with higher affinity [32], [97]. In the context of human
NK cells, the MHC-I molecule HLA-C was shown to stimulate NK cell activity via CD160
engagement [41], [103]. HVEM is primarily known to interact with CD160 on T cells mediating
inhibitory and stimulating signaling [97], [100]. In 2013, Sedy and colleagues demonstrated its
relevance for CD160-mediated NK cell activation in the context of HCMV infection [32]. Aside
from CD160, the co-inhibitory molecule BTLA has also been described to interact with HVEM
[109]. However, NK cell treatment with HVEM-Fc constructs resulted in increased NK cell
activity, presumably due to higher frequency and expression intensity of CD160 compared to

BTLA on NK cells [32], [110].
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1.1.4.5 TIGIT, PVRIG and DNAM-1 and their ligand nectin-2

As depicted in figure 1.3, nectin-2 (CD112) has been shown to interact with the three receptors
TIGIT, Poliovirus receptor related immunoglobulin domain containing (PVRIG; also known as
CD112R) and DNAX accessory molecule 1 (DNAM-1) [111]-[113]. However, the receptors
exhibit opposite effects on the expressing immune cells [50]. Whereas TIGIT and PVRIG act as
co-inhibitory receptors, DNAM-1 has been shown to mediate stimulatory signals. Both
co-inhibitory receptors are expressed on the surface of NK cells, T cells as well as NKT cells and
mediate antagonistic signaling via ITIM sequences within their cytoplasmatic domains [36],
[113]-[115]. DNAM-1 is described to be expressed on NK cells, T cells as well as monocytes,
and mediates stimulatory signals via an immunoreceptor tyrosine tail (ITT)-like motif within
its cytoplasmatic domain [116], [117]. The binding affinity of nectin-2 to the various receptors
differs widely, with the highest affinity being demonstrated for PVRIG [50], [113].

Besides nectin-2, the Poliovirus receptor molecule (PVR) is shown to serve as another ligand

for TIGIT and DNAM-1 with higher binding affinity to TIGIT [50].

1.1.4.6 Cytokine receptors

In addition to the direct cell-cell interaction at the immunological synapse, soluble factors such
as cytokines can influence NK cell function. Furthermore, various cytokines are also crucial for
NK cell development and differentiation [118]. NK cell effector functions of mature NK cells
can mainly be modulated by IL-2, IL-12, IL-15, IL-18 as well as type | and type Il IFNs as depicted
in figure 2 and figure 3. These cytokines can act by themselves or in synergy with cellular
ligands [43], [47], [48]. Based on their relevance for this thesis, the following section will focus
on NK cell stimulation by type | and type Il IFNs.

In the context of NK cells, IFN-a and IFN-B are the most important members of the type | IFN
group. They have been described to influence the NK cell response against infections and
tumorigenesis [43], [119]. During infection, type | IFNs can be secreted by a variety of different
cell types, including dendritic cells (DCs), monocytes, endothelial cells and fibroblasts [120].
Their induction is mediated by the engagement of pattern recognition receptors (PRRs), for
example by pathogen products [121]. The secreted type | IFNs are recognized by the receptor
IFNAR, which is expressed on B cells, T cells, NK cells, neutrophils and monocytes [122]. The

binding of a type | IFN molecule to one of the subunits, IFNAR1 or IFNAR2, leads to the
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recruitment of the remaining subunit [123]. The receptor dimerization results in
autophosphorylation of the Janus kinase (JAK), which is non-covalently associated to the
cytoplasmic domain, inducing JAK/signal transducer and activator of transcription (STAT)
signaling [124]. The signaling results in the transcription of IFN-stimulated genes (ISGs) that
exhibit a broad range of functions [123], [125]. For instance, they execute direct antiviral
functions, such as preventing virus entry into the host cell or inhibiting virus replication [126].
Furthermore, type | IFNs are described to increase the expression of MHC-I molecules [127]
and enhance the production of other NK cell-stimulating cytokines like IL-15 [121]. In regard
to their direct effect on NK cells, IFN-a and -B have been shown to enhance NK cell cytotoxicity
[128], [129].

Type Il IFNs consist of the four IFN-A molecules IFN-A1 (IL-29), IFN-A2 (IL-28A), IFN-A3 (IL-28B)
and IFN-A4. Similar to type | IFNs, they have been described to be secreted by different
hematopoietic cells as well as endothelial cells in response to engagement of PRRs [130]. The
corresponding receptor IL-28R is expressed by NK cells and DCs [48], [131]. The functional
form of the receptor is a heterodimer consisting of the IL-28R alpha chain (IL-28Ra), which is
responsible for ligand recognition, and the IL-10 beta chain (IL-10R2), which mediates signal
transduction [132], [133]. After binding of a type Ill IFN molecule to IL-28Ra, IL-10R2 is
recruited. The induced JAK/STAT signaling results in similar gene expression to type |
IFN/IFNAR interaction [130]. With regard to NK cells, type Il IFN recognition has been shown

to stimulate the NK cell-mediated IFN-y production [134].
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1.2 Trypanosoma cruzi and Chagas disease

T. cruzi is the causative agent of Chagas disease, also known as American trypanosomiasis.
This disease can cause severe symptoms, such as cardiomyopathy or damage to the nerves of
the digestive tract, especially during the chronic phase.

The main transmission route of the protozoan parasite is vector-borne [135]. Therefore, the

skin is the main site of entry, which makes it the focus of interest in this study.

1.2.1 Morphology and life cycle

T. cruziis an obligate intracellular protozoan parasite of the genus Kinetoplastida. Its life cycle
(figure 1.4) is characterized by a host shift between an arthropod vector and a vertebrate host.
The parasite shows a very broad vertebrate host specificity, but is mainly found in mammals
like humans, dogs, opossums and other rodents such as rats [136], [137]. Transmission to
humans is mainly mediated by different species of triatomine bugs [136], [137]. The
metacyclic trypomastigote form of the parasite is excreted through the bugs’ feces or urine in
parallel to the blood meal and enters the skin at the bite injury or the ocular or oral mucosa
through unconscious scratching [138]. Trypomastigotes are the extracellular, infectious,
non-replicating form of the parasite that is morphologically characterized by an elongated
S-shape carrying a flagellum, enabling locomotion in the blood. In principal, trypomastigotes
are able to infect all nucleated cells, but preferentially invade macrophages, fibroblasts,
muscle cells, cells of the central nervous system and adipose tissue [139]. With regard to the
initial infection via the skin, dermal fibroblasts and tissue-derived macrophages should be the
primary infected cell types. Trypomastigotes are able to actively enter their host cells by
binding host cell ligands such as lectins or sialic acids via specific receptors [140], [141].
Consequently, host cell lysosomes are recruited and fuse with the plasma membrane,
resulting in the formation of a parasitophorous vacuole [142]. The subsequent fusion of this
vacuole with a lysosome leads to acidification of the compartment. This acidification causes
the secretion of pore-forming molecules by the trypomastigotes and their release to the
cytoplasm [143]. Here, the parasites differentiate into their intracellular, replicating
amastigote form. Amastigotes are morphologically characterized by their oval shape without
an external flagellum. The parasites replicate through longitudinal division for 3 —5 days until

the host cell is entirely filled and differentiate back to their motile trypomastigote form [144],
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[145]. Subsequently, trypomastigotes are released by mechanical cell rupture, which enables
infection of adjacent cells, the spread to other tissues though the blood stream or an uptake
by another arthropod vector during its blood meal [139]. After reaching the bug’s midgut, the
parasites invade epithelial cells and differentiate first to the amastigote and afterwards to the
epimastigote form. Epimastigotes appear exclusively during the arthropod stage. They are
able to replicate through longitudinal division, and the elongated form of the flagellum grants
them additional mobility. Finally, the parasites differentiate into the infectious metacyclic
trypomastigote form in the bug’s rectum and can be excreted [146].

Besides the vector-borne transmission, T. cruzi can be transmitted orally through
contaminated food, congenitally during pregnancy, through sexual contact or through organ

transplantation and blood transfusion [135], [147].

Arthropod host
Triatomine bug

—
S PC9 S Metacyclic

@ @ @ @ 7 (. trypomastigotes
\ Skin

Mammalian host

Trypomastigotes

Amastigotes

Figure 1.4: T. cruzi life cycle. Metacyclic trypomastigotes are excreted with feces or urine of an infected
arthropod host in parallel to its blood meal. The parasites mainly enter the mammalian host skin at the bite
injury, where they invade primary dermal fibroblasts and tissue-resident macrophages. After escaping from the
parasitophorous vacuole into the cytosol, the trypomastigotes differentiate into the intracellular amastigote
form and replicate through longitudinal division. Subsequently, the parasites differentiate back to the motile
trypomastigote form and finally burst the host cell for further spreading or uptake by another arthropod vector.
The trypomastigotes (1) invade epithelial cells in the bug’s midgut and replicate after differentiation into
amastigotes (2) and subsequently epimastigotes (3). Finally, the parasites differentiate to the infective metacyclic
trypomastigotes (4) for further transmission. Image was created with BioRender.com.
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1.2.2 Epidemiology

An infection with T. cruzi leads to the development of Chagas disease. The World Health
Organization (WHO) placed Chagas disease on the list of the 20 neglected tropical diseases. It
is estimated that about 6 — 7 million people are infected worldwide, with around 12,000
deaths per year [135], [148]. Initially, T. cruzi infections were restricted to rural regions in Latin
America due to the distribution of the arthropod vector. The triatomine bugs stay there in cob
walls and palm roofs of the human dwellings [149]. To this end, vector-borne transmission is
strongly associated with poverty and rural housing [150]. Although Chagas disease is endemic
in these regions, in recent decades it has been spread to non-endemic regions through
urbanization and migration to other continents. Nowadays, a large number of counties, such
as the USA, Canada, the Western Pacific and European countries are affected [135], [151],
[152]. In Europe, the prevalence among Latin American immigrants is estimated at 4.2% [153].
In these non-endemic regions, transmission takes place via the described non-vector routes

[154].

1.2.3 Pathogenesis

Chagas disease is divided into an acute and a chronic stage. The acute stage is driven by the
intracellular proliferation process of the parasites and is characterized by high blood
parasitemia and parasite burden in the tissue. Since most of the cases are asymptomatic or
manifest mild and unspecific symptoms, the diagnosis is difficult [154]. Less than half of
acutely infected individuals show dermatological manifestations such as inflammatory lesions
at the inoculation site (Chagoma) or a purplish swelling of an eyelid (Romafa’s sign) [138]. In
rare cases, severe, life-threatening inflammations of the heart muscle and brain can occur
[139]. The host immune response achieves a strong decrease of parasite number within
4 — 8 weeks, but fails to establish sterility [155].

If the patient is not treated during the acute stage, the chronic stage is entered after the
parasite number is decreased. Here, parasites persist in the tissue, especially in muscle cells,
the adipose tissue and the skin [156]—[158]. The chronic stage is initially asymptomatic and
remains without symptoms in approximately 60 — 70% of cases. This asymptomatic, chronic
stage is also referred to as the indeterminate stage. After 10 — 30 years, 30 — 40% of the

infected individuals develop severe and partially life-threatening symptoms [159]. Whereas
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about 30% of chronically infected individuals suffer from a cardiac manifestation, commonly
called Chronic Chagas Cardiomyopathy, approximately 10% develop gastrointestinal
symptoms such as megaesophagus or megacolon, or a mixed manifestation [135], [160], [161].
The reasons for the different progressions are not yet fully understood. However, it is assumed
that different genetic factors of the host and parasite, host defense mechanisms, the infective
load and the infection route contribute to the different manifestations [162]. Several studies
indicate that molecular mimicry of the parasite triggers the onset of the symptoms. For
instance, infection-induced autoantibodies cause a self-reactive immune response and

consequently tissue damage [163], [164].

1.2.4 Treatment and prevention

Treatment of a T. cruzi infection is currently limited to the two drugs benznidazole and
nifurtimox. Both have a direct toxic effect on the parasites, meaning that they are particularly
effective in the acute phase, which is characterized by high parasitemia in the blood.
Treatment efficiency decreases proportionally to the duration of infection [165]. Furthermore,
both drugs show a high incidence of severe adverse events, partly due to the long treatment
duration of at least two months [166].

Despite great efforts, no approved vaccination exists to combat Chagas disease [167]. The
main focus of prophylaxis is on the destruction of the arthropod vector through the use of
insecticides [168]. Although this has led to great progress in Latin America, there have been
relapses in regions without sustained action [169], [170]. In addition, systemic blood
screenings are carried out to prevent transmission through blood transfusions and transplants

[135].

1.2.5 Immune response against T. cruzi

The immune response to T. cruzi infection is complex and involves both humoral and cellular
mechanisms. The innate immune response, which is characterized by rapid reaction, is mainly
driven by the complement system, phagocytic cell types, such as macrophages, DCs and
neutrophils, as well as NK cells.

Phagocytes are rapidly activated via their PRRs after recognition of pathogen-associated

molecular patterns (PAMPs). They detect T. cruzi parasites and their components primarily via
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PRRs of the Toll-like receptor (TLR) group [171]. In particular, macrophages and DCs play an
important role for antigen presentation and thus the initiation of the adaptive immune
response [172]. Furthermore, they shape the immune response by secretion of various
cytokines such as IL-12. This cytokine polarizes the immune response, for example via
stimulation of IFN-y production by NK cells [173], [174].

Since T. cruzi in an obligate intracellular parasite, NK cells are crucial for the rapid immune
response against it. With increasing knowledge about their role during the infection, their
relevance has become more evident. In an experimental mouse model as well as a study using
human blood, it has been shown that NK cells are the main producers of IFN-y during the initial
phase of a T. cruzi infection [175], [176]. Several studies have demonstrated that IFN-y is
crucial for the parasite control [175], [177]. Among other things, this cytokine increases the
macrophage effector activity [178], [179] and promotes the immunoglobulin switch to IgG
subclasses, improving opsonization and complement activation [180]. Furthermore, IFN-y
promotes the production of reactive oxygen species in T. cruzi-infected fibroblast-like
L929 cells [181]. Moreover, NK cells have been shown to directly kill extracellular
trypomastigotes through a rapid formation of cell-cell contact and subsequent prevention of
parasite motility and perforin-independent killing [182]. Besides their relevance during the
acute stage, there is increasing evidence that NK cell function impacts the course of the
chronic stage. Flow cytometry analyses revealed a higher amount of mature NK cells in the
peripheral blood of asymptomatic compared to cardiac patients [183], [184]. In addition,
microarray-based transcriptomic analyses showed an upregulation of NK cell
cytotoxicity-related genes in the blood of asymptomatic patients and patients with mild
cardiomyopathy and a downregulation of those genes in patients with severe cardiomyopathy
[185]. Taken together, these data suggest that NK cell cytotoxicity plays an important role
during the chronic stage of Chagas disease by promoting the maintenance of the

asymptomatic status.

The adaptive immune response against T. cruzi is driven by B cells and T cells. Compared to
the innate immune response, the onset of the adaptive immune response is delayed, but acts
pathogen-specifically. This specificity is achieved by recombination of Bcell and T cell

receptors and subsequent clonal expansion [186].
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The relevance of antibody-producing B cells was revealed in studies using B cell-deficient mice
and rats, which were not able to control the T. cruzi infection [187], [188]. The produced
parasite-specific antibodies facilitate the parasite phagocytosis by macrophages and
neutrophils and are crucial for the activation of the complement system [188]-[190].
Additionally, activation of NK cells via ADCC seems to play a substantial role during initial killing
of parasites. Adoptive transfer of serum, together with NK cells from mice, which were
immunized with an attenuated T. cruzi strain, protected recipient mice from developing
parasitemia after challenge [177].

Activation of CD4* T cells, also known as T helper cells (Th cells), requires the recognition of
specific antigens presented on MHC-II molecules on the surface of professional antigen
presenting cells such as macrophages or DCs. CD4* T cells influence the immune response
particularly through the secretion of cytokines [186]. In the context of a T. cruzi infection,
protection is primarily mediated by the subgroup of Th1 cells, especially through secretion of
IFN-y [191], [192].

Due to the obligatory intracellular life cycle of T. cruzi, CD8* T cells, also known as cytotoxic
T lymphocytes (CTLs), are the main drivers of the adaptive immune response. Their cytotoxic
effector mechanisms are directed towards infected cells presenting specific antigens on MHC-I
molecules. The strong impact of CD8* T cells was demonstrated for the acute as well as the
chronic stage of the infection. Whereas CD8* T cell-deficient or depleted mice did not survive
the acute stage [193], [194], CD8* T cell depletion during the chronic stage caused an increased
parasitic load in muscle and adipose tissue [195]. Besides their cytotoxic activity, CD8" T cells
secrete proinflammatory cytokines like TNF-a and IFN-y [194]-[198].

Although the immune response is able to strongly reduce the parasite number during the
acute stage, it fails to establish sterility, resulting in parasite persistence and advancement to
the chronic stage [155]. The reason is thought to be a variety of immune evasion strategies of
T. cruzi that have evolved through long coevolution. For instance, the parasites express
surface proteins such as calreticulin, which impede the initial binding of the first components
of the complement system and thus complement activation [199]. Moreover, they display a
multitude of different antigens of highly polymorphic multigenic protein families such as
trans-sialidases or mucins, which prohibit the activation of specific B cell clones [200]. In

addition, the parasites secrete B cell mitogens which promote polyclonal B cell activation. As
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a consequence, unspecific antibodies predominate over the specific ones, resulting in their

reduced efficiency [201].

1.3 Aim of the study

During the natural, vector-borne transmission of T. cruzi, the skin is the primary site of
infection. Accordingly, the early parasite defense in the skin has the potential to influence the
further dissemination of the parasites to other tissues and organs. Since T. cruzi is an
obligatory intracellular parasite, NK cells are presumed to be the main drivers of the innate
immune response and to contain the parasite load until the onset of the adaptive immune

response.

In this regard, the overall aim of this study was the characterization of the NK cell response
against T. cruzi-infected dermal fibroblasts as well as its underlying mechanisms. In order to
investigate this, the first question to be answered was whether in vitro T. cruzi-infected
primary human dermal fibroblasts directly activate NK cells. A further aim of this study was to
determine mechanisms which can promote or limit NK cell activation by T. cruzi-infected
dermal fibroblasts. Due to the limited cell number of primary fibroblasts, the foreskin
fibroblast cell line BJ was examined for its suitability for further analyses using comparative
transcriptome analysis. Since it showed very similar changes in response to the infection, the

cell line was used for mechanistic analyzes.

Different stimulatory and inhibitory interactions between NK cells and fibroblasts were
investigated in three stages. First, the expression of NK cell receptor ligands on the fibroblast
surface was determined. Second, the binding of the respective receptor was analyzed. Third,
the impact of the respective receptor-ligand-interaction on NK cell effector function was
investigated by blocking the respective receptor on the NK cell site or by knocking out the

ligand at the target cell site.

In addition to contact-dependent interactions, the role of potential parasite- or fibroblast-
derived soluble factors and their influence on the NK cell response was examined. After
identifying potential factors, they were neutralized wherever possible to determine their

impact on the NK cell response as described above.
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2 Materials

2.1 Laboratory equipment

Table 2.1: Laboratory equipment

Name

Materials

Company

Agarose gel electrophoresis chamber

BioRAD, Munich, Germany

Analytical scales

Satorius AG, Gottingen, Germany

Autoclave 6464L

Schlumbohm Medizintechnik, Hamburg, Germany

Benchtop centrifuge 5810 R

Eppendorf, Hamburg, Germany

Bioanalyzer System Agilent 2100

Agilent technologies, Santa Clara, USA

Cell separator magnet EasySep™

Stemcell Technologies, Vancouver, Canada

Cell sorter FACSAria™Ill

Becton Dickinson, Heidelberg, Germany

Centrifuge Heraeus Megafuge X3R

Thermo Fisher Scientific, Walham, USA

ChemiDoc Touch Imaging System

BioRAD, Munich, Germany

CO; incubator Hera Cell 150

Heraeus instruments, Hanau, Germany

Flow cytometer Accuri C6

Becton Dickinson, Heidelberg, Germany

Flow cytometer BD LSRFortessa™

Becton Dickinson, Heidelberg, Germany

Flow cytometer Cytek™ Aurora CS

Cytek Biosciences, Fremont, USA

Fluorescence microscope Axio Imager M.1

Carl Zeiss AG, Oberkochen, Germany

Freezer (-20°C/-70°C)

Liebherr, Biberach, Germany

Fridge (4°C)

Liebherr, Biberach, Germany

Laminar Flow FlowSafe B-(MaxPro)>-130

Berner, ElImshorn, Germany

Liquid nitrogen tank

Tec-Lab GmbH, Idstein, Germany

Microscope CKX41SF

Olympus, Hamburg, Germany

Microscope Wilovert

Helmut Hund, Wetzlar, Germany

Microwave

Panasonic, Wiesbaden, Germany

Milli-Q purification system

Merck Millipore, Burlington, USA

Mr. Frosty freezing device

Zefa Laborservice, Harthausen, Germany

Multichannel pipettes

Eppendorf, Hamburg, Germany

nanoACQUITY UPLC system

Waters Corporation, Milford, USA

NanoDrop 2000 microvolume spectrophotometer

Thermo Fisher Scientific, Walham, USA

NextSeq 550 system

llumina, San Diego USA

Thermocycler (PegSTAR 96X Universal Gradient)

Peglab, Erlangen, Germany
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pH meter

Materials

Hanna Instruments, Kehl am Rhein, Germany

Pipetboy accu-jet® pro

Brand, Wertheim, Germany

Pipettes (10 pl, 20 i, 100 1, 200 i, 1000 )

Eppendorf, Hamburg, Germany;
Gilson, Middleton, USA

Power supply

BioRAD, Munich, Germany

Q Exactive™ Quadrupole Orbitrap hybrid mass spectrometer

Thermo Fisher Scientific, Walham, USA

Thermomixer 5436 Eppendorf, Hamburg, Germany

Vortex V1 plus Kisker Biotech GmbH & Co. KG i.G, Steinfurt, Germany
Vortex VF2 IKA-Werke GmbH & Co. KG, Staufen, Germany

Water bath Lauda Dr. R. Wobser GmbH & Co. KG, Lauda-

2.2 Glass and consumables

Table 2.2: Glass and consumables

Name

Konigshofen, Germany

Company

Cell culture flasks (T25, T75, T175)

Sarstedt, Nimbrecht, Germany

Cell culture plates
(6-well F-bottom, 12-well F-bottom, 24-well F-bottom, 48-well
F-bottom, 96-well F-bottom, 96 well U-bottom)

Sarstedt, Nimbrecht, Germany

Cell scaper (16 cm)

Sarstedt, Nimbrecht, Germany

Cell strainer (70 um, sterile)

Sysmex, Norderstedt, Germany

Chamber slides (16-well)

Nunc, Roskilde, Denmark

Cover slips Paul Marienfeld GmbH & Co. KG, Lauda-Kdnigshofen,
Germany

CryoTube™ vials Nunc, Roskilde, Denmark

Falcon tubes (15 ml, 50 ml) Sarstedt, Nimbrecht, Germany

Filter tips (10 pl, 20 p, 100 pl, 200 1, 1000 pl)

Sarstedt, Nimbrecht, Germany

Glass bottles

Schott AG; Mainz, Germany

Microplate 96-well polypropylene V-bottom

Greiner Bio-One GmbH, Frickenhausen, Germany

Neubauer chambers
(0.1 mmx0.0025 mm?2, 0.02 mm x 0.0025 mm?)

Paul Marienfeld GmbH & Co.KG, Lauda-Kdnigshofen,
Germany

Nunc™ Lab-Tek™ Il Chamber slides (16-well)

Thermo Fisher Scientific, Waltham, USA

Pipette tips (10 p, 200 pl, 1000 )

Sarstedt, Nimbrecht, Germany

Round-bottom flow cytometry tubes (5 ml)

Sarstedt, Nimbrecht, Germany

Round-bottom polystyrene tubes with caps (5 ml)

Stemcell, Vancouver, Canada

Safety-Multifly® needle

Sarstedt, Nimbrecht, Germany
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SepMate™ PBMC isolation tubes (50 ml)

Materials

Stemcell, Vancouver, Canada

Serological pipettes (5 ml, 10 ml, 25 ml)

Sarstedt, Nimbrecht, Germany

S-Monovette 9 ml K3E EDTA blood collection tubes

Sarstedt, Nimbrecht, Germany

Stericup® quick release vacuum driven filtration system

Merck KGaA, Darmstadt, Germany

Sterile filters 0.2 pm

Sarstedt, Nimbrecht, Germany

Tubes (0.5 ml, 1.5 ml, 2 ml)

2.3 Chemicals and reagents

Table 2.3: Chemicals and reagents

Eppendorf, Hamburg, Germany

Name Company
Agarose Biomol, Hamburg, Germany
Ampuwa water Fresenius, Graz, Austria

BSA (Bovine serum albumin)

SERVA GmbH & Co. KG, Heidelberg, Germany

Descosept

Dr. Schumacher, Malsfeld, Germany

Dulbecco’s Modified Eagle’s Medium (DMEM)

PAN-Biotech, Aidenbach, Germany

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, St. Luis, USA

DNA loading buffer (6 x)

Thermo Fisher Scientific, Waltham, USA

Deoxyribonucleic triphosphates (ANTPs)

Thermo Fisher Scientific, Waltham, USA

Dulbecco’s Phosphate-Buffered Saline (DPBS)

PAN-Biotech, Aidenbach, Germany

Ethylenediaminetetraacetic acid (EDTA)

Merck Millipore, Burlington, USA

Ethanol

Merck KGaA, Darmstadt, Germany

Ethidium bromide

Sigma-Aldrich, St. Luis, USA

Fetal calf serum (FCS)

Capricorn Scientific GmbH, Ebsdorfergrund, Germany

Ficoll-Paque™ Plus

GE Healthcare, Little Chalfont, England

Foxp3/Transcription Factor Staining Buffer Set

Thermo Fisher Scientific, Waltham, USA

GeneRuler 1 kb DNA ladder

Thermo Fisher Scientific, Waltham, USA

GeneRuler 100 bp DNA ladder

Thermo Fisher Scientific, Waltham, USA

Gentamycin sulfate

Lonza, Basel, Schwitzerland

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

Sigma-Aldrich, St. Luis, USA

Human recombinant IFN-y (hrlFN-y)

PeproTech, Hamburg, Germany

Human recombinant IL-15 (hrIL-15)

PeproTech, Hamburg, Germany

Human serum, Seraclot, Type AB

PAN-Biotech, Aidenbach, Germany
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Incidin liquid Ecolab, Disseldorf, Germany
L-glutamine PAA Laboratories GmbH, Clbe, Germany
Medium 199 PAN-Biotech, Aidenbach, Germany

Penicillin/streptomycin solution

Capricorn Scientific GmbH, Ebsdorfergrund

Paraformaldehyd (PFA)

Merck KGaA, Darmstadt, Germany

Plasmid transfection medium

Santa Cruz Biotechnology, Dallas, USA

Puromycin

Capricorn Scientific GmbH, Ebsdorfergrund

Roti-Mount FluorCare 4’,6-diamidino-2-phenylindole (DAPI)
embedding medium

Carl Roth, Karlsruhe, Germany

RPMI-1640 (Roswell Park Memorial Institute Medium 1640)

PAN-Biotech, Aidenbach, Germany

UltraComp eBeads™ Thermo Fisher Scientific, Waltham, USA
Tris-HCl Promega, Wisconsin, USA

Triton X-100 Sigma-Aldrich, St. Luis, USA

Trypan Blue Sigma-Aldrich, St. Luis, USA

Trypsin-EDTA (0.05%)

PAA Laboratories GmbH, Clbe, Germany

TrypsinLE™ Express

Thermo Fisher Scientific, Waltham, USA

UltraCruz” plasmid transfection reagent

Santa Cruz Biotechnology, Dallas, USA

X-VIVO 15™ Serum-free Hematopoetic Cell Medium

Lonza, Basel, Schwitzerland

Zombie NIR™ fixable viability dye

2.4 Buffers and solutions

Table 2.4: Buffers and solutions

BioLegend, San Diego, USA

Name Content Application
FACS buffer DPBS Flow cytometry
2% (v/v) FCS
2mM EDTA
Fix/perm solution 1 part Fixation/Permeabilization concentrate Flow cytometry
(Foxp3/Transcription Factor Staining Set)
3 parts Fixation/Permeabilization diluent
(Foxp3/Transcription Factor Staining Set)
Perm/wash buffer 1 part 10 x Permeabilization buffer Flow cytometry
(Foxp3/Transcription Factor Staining Set)
9 parts ddH,O
Sorting buffer 5% (w/v) BSA Cell sorting
in DPBS
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Binding assay buffer

5% (v/v) FCS
2mMEDTA
in DPBS

Materials

Receptor-Fc/
hrCD160 binding assay

FACS buffer

DPBS
2% (v/v) FCS
2mMEDTA

Flow cytometry

Fixation solution

4% PFA
in DPBS

Immunofluorescence microscopy

Permeabilization buffer

0.1% Triton X-100
in DPBS

Immunofluorescence microscopy

Antibody diluent

1% BSA
0.1% Tween 20
in DPBS

Immunofluorescence microscopy

MojoSort buffer

0.5% BSA
2mM EDTA
in DPBS

NK cell isolation

RLT cell lysis buffer

1% R-mercaptoethanol
in RLT cell lysis buffer (RNeasy Mini Kit)

RNA isolation

Tris-HCl

10 mM Tris-HCl
pH 8 in H,0 (Ampuwa water)

DNA isolation

TAE buffer

40 mM Tris base
45 mM acetic acid
0.5mM EDTA
pH8in H,0

Gel electrophoresis

Ethidium bromide solution

10 mg/mlin H,0

2.5 Cell culture media

Table 2.5: Cell culture media

Gel electrophoresis

Name Application Content
BJ medium Cultivation of BJ cells 10% (v/v) FCS
10% Medium 199

2 mM L-glutamine

100 U/mL penicillin

100 U/mL streptomycin
in RPMI-1640
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HEK293 medium

Cultivation of HEK293 cells

Materials

10% (v/v) FCS

2 mM L-glutamine

100 U/mL penicillin

100 U/mL streptomycin
25 mM HEPES

in DMEM

86-HG-39 medium

Cultivation of 86-HG-39 cells

10% (v/v) FCS

2 mM L-glutamine

50 pug/mL gentamycin sulfate
in RPMI-1640

Jurkat cell medium

Cultivation of B,m deficient Jurkat cells with and
without transfected NKp46¢ construct

20% (v/v) FCS

2 mM L-glutamine

100 U/mL penicillin

100 U/mL streptomycin
in RPMI-1640

NK cell medium

Cultivation of human NK cells

10% human AB serum

2 mM L-glutamine

25 mM HEPES

50 pug/mL gentamycin sulfate
in RPMI-1640

Vero81 medium

Cultivation of Vero81 cells

10% (v/v) FCS

2 mM L-glutamine

100 U/mL penicillin

100 U/mL streptomycin
in DMEM

Cell freezing medium

Freezing of eukaryotic cells

10% DMSO
in FCS

Parasite freezing medium

Freezing of T. cruzi trypomastigotes

2.6 Oligonucleotide primers

25% DMSO
25% FCS
in RPMI-1640

All listed oligonucleotide primers were obtained from Eurofins Genomics Germany GmbH,

Ebersberg, Germany.

Table 2.6: Oligonucleotide primers

HLA allotype Direction Sequence Amplicon size
HLA-C1/-C2 Forward 5’- CGCCGCGAGTCCGAGAGG -3

HLA-C1 Reverse 5’- GTTGTAGTAGCCGCGCAGG - 3’ 139 bp
HLA-C2 Reverse 5’- GTTGTAGTAGCCGCGCAGT - 3’ 139 bp
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2.7 Plasmids

Table 2.7: Plasmids

Materials

Name Amount per transfection Company
HLA-C CRISPR/Cas9 KO Plasmid (h) 2ug Santa Cruz Biotechnology, Dallas, USA
HLA-C HDR Plasmid (h) 2ug Santa Cruz Biotechnology, Dallas, USA

2.8 Antibodies, immune sera and recombinant constructs

Table 2.8: Fluorochrome-labeled antibodies

Epitope Species | Fluorophore | Clone Dilution Application Company
CD3 Human | BV510 UCHT1 1:200 Flow cytometry BioLegend,
San Diego, USA
CD3 Human | APC/Cy7 HIT3a 1:400 Flow cytometry BioLegend,
San Diego, USA
CD8 Human | AF700 RPA-T8 1:400 Flow cytometry BioLegend,
San Diego, USA
CD16 Human | PE/Dazzle 3G8 1:100 Flow cytometry BioLegend,
594 San Diego, USA
CD56 Human | BUV395 NCAM16.2 1:100 Flow cytometry BD Biosciences,
New Jersey, USA
CD107a Human | PE/Cy7 H4A3 1:100 Flow cytometry BioLegend,
San Diego, USA
Histidine (His) | - PE J095G46 1:50 Recombinant BioLegend,
receptor binding assay | San Diego, USA
HLA-A,B,C Human | Pacific Blue W6/32 1:200 Flow cytometry BioLegend,
San Diego, USA
HLA-C Human | APC DT-9 1:20 Cell sorting BD Biosciences,
New Jersey, USA
HLA-C Human | BUV395 DT-9 1:20 Flow cytometry BD Biosciences,
New Jersey, USA
HLA-C Human | PE DT-9 1:50 Flow cytometry BD Biosciences,
New Jersey, USA
HLA-E Human | BV421 3D12 1:100 Flow cytometry BioLegend,
San Diego, USA
IgG Fc Human | PE - 1:50 Receptor-Fc binding Thermo Fisher
assay Scientific, Waltham,
USA
IgG (L+H) Mouse | FITC - 1:200 Immunofluorescence | Jackson Immuno
microscopy Research,
Cambridgeshire, UK
NKp46 Human | AF700 9E2 1:100 Flow cytometry BioLegend,
San Diego, USA
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Table 2.9: Blocking/neutralizing antibodies and isotype controls

Materials

Epitope Species Clone Final concentration Company
CD160 Human BY55 20 ug/ml BioLegend,

San Diego, USA
NKp46 Human 9E2 20 ug/ml BioLegend,

San Diego, USA
IFN-B Human IFNb/A1 30 ug/ml BioLegend,

San Diego, USA
lgG1 Mouse MG1-46 30 ug/ml BioLegend,

San Diego, USA

Table 2.10: Immune sera

Serum Dilution ‘ Origin
Murine anti-T. cruzi Brazil serum 1:200 Bernhard Nocht Institute for Tropical

Table 2.11: Recombinant constructs

Medicine (BNITM), Hamburg, Germany

Construct Final concentration Company
Human recombinant NKp46-Fc chimera protein 10 pg/ml R & D Systems, Minneapolis, USA
Human recombinant KIR2DL1-Fc chimera protein | 1.5 ug/ml R & D Systems, Minneapolis, USA
Human recombinant KIR2DL2-Fc chimera protein | 10 ug/ml R & D Systems, Minneapolis, USA
Human recombinant CD160 (hrCD160) protein 25 pg/ml R & D Systems, Minneapolis, USA
with C-terminal 6-His tag
2.9 Primary cells
Table 2.12: Primary cells
Name Feature Description
Peripheral blood mononuclear Suspension cells Isolated from peripheral whole blood from healthy donors
cells (PBMCs)/NK cells at the BNITM, Hamburg, Germany.
Species: Homo sapiens
Age at sampling: Adult (24 — 39 years; median: 27 years)
Sex: 10 x female; 4 x male
Dermal fibroblasts Adherent cells Isolated from skin biopsies from healthy donors at the Elbe
Klinikum Buxtehude, Germany.
Species: Homo sapiens
Age at sampling: Adult (52 —61 years; median: 55 years)
Sex: 3 x female; 3 x male
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2.10 Eukaryotic cell lines

Table 2.13: Eukaryotic cell lines

Materials

Name Feature Description

BJ fibroblasts Adherent cells Foreskin fibroblast cell line
Species: Homo sapiens
Age at sampling: Newborn
(<1 year)
Sex: Male

HEK293 Adherent cells Embryonal kidney cell line
Species: Homo sapiens
Age at sampling: Fetus
Sex: Female

86-HG-39 Adherent cells Glioblastoma cell line
Species: Homo sapiens
Age at sampling: Adult
Sex: Male

Vero 81 Adherent cells Kidney cell line

Species: Cercopithecus aethiops (African green monkey)

Age at sampling: Adult

Sex: Female

B.m deficient Jurkat cells

Suspension cells

T lymphocyte cell line —
modified for ;m deficiency via Cas9-mediated deletion
[202]

Species: Homo sapiens

Age at sampling of original cells: Child (14 years)

Sex: Male

Provided by Prof. Dr. Marcus Altfeld and Dr. Christian
Korner, Heinrich Pette Institute, Leibniz Institute for
Experimental Virology, Hamburg, Germany.
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NKp46C Jurkat reporter cells Suspension cells

2.11 Parasites

Table 2.14: Parasites

Name

Materials

T lymphocyte cell line —

modified for B,m deficiency via Cas9-mediated deletion
[202] and subsequent lentiviral transfection of a NKp46(
construct. The NKp46¢ construct consists of the extracellular
NKp46 domain, the transmembrane domain of KIR3DL1
and the cytoplasmatic domain of the CD3{ chain [203].

Species: Homo sapiens

Age at sampling of original cells: Child (14 years)

Sex: Male

Provided by Prof. Dr. Marcus Altfeld and Dr. Christian
Korner, Heinrich Pette Institute, Leibniz Institute for
Experimental Virology, Hamburg, Germany.

Origin

T. cruzi Brazil strain

2.12 Kits

Table 2.15: Kits

Name

Dr. Maria Fatala Chaben,
Instituto Nacional de Parasitologia, Buenos Aires, Argentinia

Company

Agilent RNA 6000 Pico Kit

Agilent technologies, Santa Clara, USA

DreamTag™ Hot Start DNA Polymerase Kit

Thermo Fisher Scientific, Waltham, USA

KIR Typing Kit

Miltenyi Biotec, Bergisch Gladbach, Germany

LEGENDplex™ Human CD8/NK Panel with V-bottom plate
(13-plex: IL-2, IL-4, IL-10, IL-6, IL-17A, TNF-a, sFas, sFasL,
IFN-y, granzyme A, granzyme B, perforin, granulysin)

BioLegend, San Diego, USA

LEGENDplex™ Human Type I/1I/Ill Interferon Panel with
V-bottom plate
(5-plex: IFN-02, IFN-B, IFN-AL, IFN-A2/3, IFN-y)

BioLegend, San Diego, USA

MojoSort™ Human NK Cell Isolation Kit

BioLegend, San Diego, USA

QlAamp DNA Mini Kit

Qiagen, Hilden, Germany

QlAseq Stranded mRNA Select Kit

Qiagen, Hilden, Germany

RNeasy Mini Kit

Qiagen, Hilden, Germany

Human Vimentin ELISA Kit (Colorimetric)

Abnova, Taipeh, Taiwan

30



2.13 Software and web-based tools

Table 2.16: Software and web-based tools

Name

Purpose

Company/Developers

Agilent 2100 Expert Software

Determination of RNA Integrity
Number (RIN)

Agilent technologies, Santa Clara, USA

AxioVision 4.7 Acquisition of fluorescence Carl Zeiss, Oberkochen, Germany
microscopic images

BD FACSDiva™ Software Acquisition of flow cytometric data BD Biosciences, New Jersey, USA
at the LSRFortessa™ flow cytometer

BD Accuri™ C6 Software Acquisition of flow cytometric data BD Biosciences, New Jersey, USA

for LEGENDplex™ analysis at the
Accuri C6 flow cytometer

BioLegend LEGENplex Software
(https://legendplex.qognit.com)

Analysis of LEGENDplex™ data

BioLegend, San Diego, USA

Biorender Preparation of illustrations ©bioRender, Toronto, Canada
(https://biorender.com)

FlowJo 10 Analysis of flow cytometry data Tree Star, Inc., Ashland, USA
Graphpad Prism 9 Statistical analysis and creation of GraphPad Software, Inc., La Jolla, USA

graphs

Imagel with Fiji plugin

Composition of fluorescence
microscopic images

Wayne Rasband, National Institutes of
Health (NIH), Bethesda, USA

Image Lab 5 Analysis of digital image data from Bio-Rad Laboratories, Hercules, USA
electrophoresis gels

Mendeley Citation of references Mendeley Ltd., London, UK

Microsoft Office Preparation of written documents Microsoft Corporation, Washington, USA
and illustrations

Nanodrop 2000 Software Determination of nucleic acid Thermo Fisher Scientific, Waltham, USA
concentrations and purity

SpectralFlo® Software Acquisition of flow cytometric data Cytek Biosciences, Fremont, USA
at the Cytek™ Aurora CS spectral
flow cytometer

Webgestalt WEB-based GEne SeT Analysis Yuxing Liao, Zhiao Shi and Bing Zhang at

(http://www.webgestalt.org) Toolkit used for pathway analysis of | the Zhang Lab, Oak Ridge, USA

transcriptome and proteome data
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3 Methods

3.1 Cell culture

All cell culture work was performed under sterile conditions using class Il laminar airflow
cabinets. Cells were cultivated using the medium specified in table 2.5 at 37°C and 5% CO; in
a Hera Cell 150 incubator.

Suspension cells were directly harvested in Falcon tubes, washed by centrifugation (500 rcf,
5 min, room temperature (RT)) and, after discarding the supernatant, resuspended in fresh
culture medium and seeded in a 1:10 — 1:20 dilution.

Adherent cells were harvested by trypsinization. To this end, the culture medium was
removed, cells were washed with DPBS and 20 pl Trypsin/EDTA was added per cm?. After
incubation for 5 min at 37°C, the reaction was stopped with the 10fold volume of the
respective culture medium. Cells were harvested, centrifuged as described above,

resuspended in culture medium and seeded in a 1:5 — 1:10 dilution.

For long-term storage, cells were harvested, washed and resuspended in ice-cold cell freezing
medium at a concentration of 1 =5 x 10° cells/ml. Then, 1 ml of the obtained cell suspension
was transferred into a pre-cooled cryo tube and slowly chilled at -80°C for 24 h using a
Mr. Frosty™ freezing container. Finally, the tubes were transferred to liquid nitrogen. To
resume the culture, the frozen cell suspension was thawed in a water bath at 37°C,
immediately transferred to 10 ml prewarmed medium and mixed gently by inverting. The cells

were washed twice (500 rcf, 5 min, RT) and finally seeded in the respective medium.

3.2 Cultivation of T. cruzi parasites in vitro

Since T. cruzi is an obligatory intracellular parasite, host cells are indispensable for the in vitro
culture. Here, the human glioblastoma cell line 86-HG-39 was chosen, which enables an
efficient and secular infection. The 86-HG-39 cells were cultured in T175 flasks until a
confluency of 60 — 80% was reached and infected with 5 — 10% of the culture supernatant
from the previously T. cruzi-infected cell culture flask. The first parasites were released 3 — 4

days post infection and could be used for in vitro experiments.
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To this end, the supernatant of 1 —4 T175 flasks was harvested into 50 ml Falcon tubes and
centrifuged at 300 rcf for 5 min at RT to remove detached 86-HG-39 host cells. After that, the
supernatant was transferred to fresh tubes and centrifuged at 2670 rcf for 15 min at RT to
pellet the parasites. After the supernatant was carefully removed by pipetting, the pellet was
resuspended in 1 — 10 ml of the respective required culture medium, depending on the

cellularity. Parasites were counted as described in section 3.3.

3.3 Cell counting

To assess the number of eukaryotic cells, an aliquot of appropriately diluted cell suspension
was mixed 1:2 with Trypan Blue solution. Then, 10 pl of the suspension were loaded on a
Neubauer chamber with a height of 0.1 mm. Unstained, viable cells were counted in 4 big

squares and the cell concentration was calculated using the following formula:

countedcells
Cells/ml = —  x dilution factor x 10*
4 big squares

For the determination of the parasite count, 5 pl of parasite suspension were loaded on a
Neubauer chamber with a height of 0.02 mm. Motile trypomastigotes were counted in 4 big
squares, whereupon the parasite concentration was calculated via the stated below formula.
Due to the reduced chamber height, a chamber factor of 5 had to be considered.

counted cells

Parasites/ml = —— x dilution factor x chamber factor x 10*
4 big squares

3.4 T. cruziin vitro infection

Unless otherwise stated, fibroblasts or Vero81 cells were seeded at 4 x 10* cells/cm? in flat-
bottom (F-bottom) cell culture plates and cultured for 24 h at 37°C and 5% CO.. A dedicated
well was harvested by trypsinization and cells were counted (section 3.3) to determine the
final required T. cruzi trypomastigote number per well. Before infection, culture medium was
exchanged. After that, T. cruzi trypomastigotes were harvested, resuspended in respective
culture medium and counted. The required volume of parasite suspension for a multiplicity of

infection (MOI) of 3 was added to designated wells. For mock controls, the equivalent volume
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of culture medium was added to the dedicated wells. The cells were cultured for 24 h at 37°C

and 5% CO,, before culture medium was exchanged to remove not-infiltrated parasites.

3.5 Immunofluorescence microscopy

Immunofluorescence staining was performed to visualize the intracellular proliferation
process of T. cruzi in fibroblasts.

Initially, fibroblasts were seeded into a 16-well chamber slide with a density of 1 x 10*
cells/well and infected 24 h later with an MOI of 3, as described previously. All the following
steps were performed at RT unless otherwise stated. At indicated time points, fibroblasts were
washed twice with DPBS, fixed with 4% PFA solution for 15 min and washed twice with DPBS
again. Afterwards, fibroblasts were permeabilized with 0.1% Triton X-100 solution for 5 min.
For the pathogen detection, fibroblasts were incubated with murine T. cruzi Brazil immune
serum diluted in antibody diluent for 1.5 h at 37°C and washed three times with DPBS.
Subsequently, a FITC-conjugated goat anti-mouse IgG secondary antibody diluted in antibody
diluent was added for 45 min. After double washing, the chambers were removed from the
microscope slide, which was afterwards coated with Roti®-Mount FluorCare DAPI embedding
medium and covered with a cover slip. The embedding medium dried overnight in the dark.
Finally, the microscope slides were stored at -4°C for the microscopic analysis via the Axio

Imager M.1 fluorescence microscope.

3.6 Flow cytometry

Flow cytometric analysis allows the characterization of single cells based on size (forward
scatter, FSC), granularity (sideward scatter, SSC) and fluorescence-labeled cellular structures.
Cells of interest were stained in 96-well U-bottom plates. To exclude dead cells, samples were
washed with DPBS (500 rcf, 5 min, 4°C), then incubated, if indicated, with Zombie NIR™ fixable
viability dye diluted 1:1000 in DPBS for 15 min at 4°C and washed again with DPBS. Afterthat,
antibodies against surface molecules diluted in FACS buffer (table 2.8) were added for 30 min
at 4°C and removed by washing twice with FACS buffer. The samples were fixed and
permeabilized using 150 pl fix/perm solution per well for 45 min in the dark at RT and washed
twice with perm/wash buffer. The samples were resuspended in 120 pl perm/wash buffer,

respectively.
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Apart from HLA-C knockout (KO) fibroblasts (section 3.14.2), all cells were measured at the
LSRFortessa™ flow cytometer using the FACSDiva software. Due to the expression of red
fluorescent protein (RFP) in HLA-C KO fibroblasts, these cells were measured using the Cytek™
Aurora CS spectral flow cytometer. On account using the full spectrum instead of particular
wavelengths, this flow cytometer allows more precise discrimination between the expressed

RFP and the fluorochrome PE used for binding assays (section 3.10).

3.7 Flow cytometric bead-based immunoassay - LEGENDplex™

BioLegend’s LEGENDplex™ bead-based immunoassays were used to analyze soluble factors
released by fibroblasts in reaction to infection (Human Type I/1l/1ll Interferon Panel, 5-plex)
and NK cells in response to infected fibroblasts (Human CD8/NK Panel, 13-plex).

Respectively indicated culture supernatants were processed according to the manufacturer’s
instructions without prior pre-dilution. This method uses the same principle as a sandwich
immunoassay. They contain beads, which can be distinguished by size and internal
fluorescence intensity in the APC channel, resulting in a distinct bead population for each
analyte. The different bead populations are coupled to analyte-specific antibodies, which bind
the analytes in the investigated culture supernatant. In the next step, the analytes are bound
by biotinylated secondary antibodies, which are finally detected by Streptavidin PE. The
fluorescence intensity in the PE channel provides information on the amount of the
considered analyte. All samples were measured using the Accuri C6 flow cytometer. Finally,
the concentration of the respective analytes was calculated on the basis of a standard series

using the web-based LEGENDplex software.

3.8 ELISA (enzyme-linked immuno-sorbent assay)

Abnova’s Human Vimentin ELISA Kit is based on the principle of a sandwich ELISA and was
used to determine the concentration of soluble vimentin released by mock and
T. cruzi-infected fibroblasts. Culture supernatants were analyzed without prior pre-dilution
according to manufacturer's instructions (version 24). Briefly, test samples and serially diluted
standard solution were added to a provided 96-well plate that had been pre-coated with a
purified anti-vimentin antibody. Then, a horse radish peroxidase (HRP)-conjugated

anti-vimentin antibody was used for detection. After removing unbound conjugates,
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3,3’,5,5’-Tetramethylbenzidine (TMB) substrate was added to enable the enzymatic reaction
catalyzed by HRP, resulting in a blue color product that turns yellow after addition of acidic
stop solution. The color intensity is proportional to the amount of vimentin and was measured
via the optical density (OD) absorbance at 450 nm in a microplate reader. The vimentin

concentrations in the tested samples were calculated based on the standard series.

3.9 Expression analysis of NK cell receptor ligands on fibroblasts

In order to analyze the expression of NK cell receptor ligands on T. cruzi-infected fibroblasts,
the cells were seeded in 12-well F-bottom cell culture plates and infected with T. cruzi
trypomastigotes with an MOI of 3, as described in section 3.4. At the indicated time points,
the fibroblasts were washed with DPBS and harvested treating the cells with 200 pl
TrypsinLE™ solution per well at 37°C and 5% CO; for 3 min. Subsequently, the digestion was
stopped by adding 800 ul complete medium per well. After cell counting (section 3.3),
1.5 x 10° fibroblasts per condition were transferred to a 96-well U-bottom plate, centrifuged
at 500 rcf for 5 min at 4°C and used for flow cytometric staining (section 3.6) of HLA-A,B,C as
well as HLA-C, HLA-E, HVEM, nectin-2 and vimentin. In the case of vimentin expression
analysis, permeabilized cells were also stained using the Zombie NIR™ viability dye

beforehand to avoid false positive signals from intracellularly stained vimentin.

In addition, whether altered ligand expression was due to direct T. cruzi infection or to soluble
factors released by infected fibroblasts was investigated. To this end, pre-seeded fibroblasts
were treated for 24 h with sterile-filtered supernatants of mock and T. cruzi-infected
fibroblasts from the indicated time points. Afterwards, supernatant-treated fibroblasts were

harvested and stained as described above.

3.9.1 Neutralization of IFN-B in fibroblasts supernatants

IFN-B neutralization of supernatants from mock and T. cruzi-infected fibroblasts was
performed to determine the influence of fibroblast-derived IFN-B on the expression of MHC-I
ligands on the fibroblast surface.

To this end, fibroblasts were seeded and infected with T. cruzi as previously described

(section 3.4). After 24 h, medium was exchanged and fibroblasts were cultured until 48 hpi,
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whereupon supernatants from infected fibroblasts and mock controls were harvested and
sterile filtered. In order to neutralize secreted IFN-B, the supernatants were pre-treated with
30 ug/ml of the anti-IFN-B antibody clone IFNb/A1 or an IgG1 isotype control for 1 h at 4°C.
Afterwards, pre-seeded fibroblasts were treated with the described supernatants for 24 h.
Finally, the cells were harvested and stained for flow cytometric analysis (section 3.6) of

HLA-A,B,C and HLA-C expression.

3.10 Receptor-Fc/recombinant receptor binding assay

To investigate the binding of the NK cell receptors NKp46, KIR2DL1, KIR2DL2 and CD160,
fibroblasts were seeded and infected with T. cruzi trypomastigotes with an MOI of 3
(section 3.4). Fibroblasts were harvested 48 hpi by TrypsinLE™ treatment as described in
section 3.9. 1.5 x 10° fibroblasts per condition were transferred to a 96-well U-bottom plate
and incubated with NKp46-Fc, KIR2DL1-Fc or KIR2DL2-Fc chimera constructs for 1 h on ice or
with recombinant CD160 protein diluted in binding assay buffer for 1 h at 37°C. The
concentrations used are listed in table 2.11. Afterwards, the cells were washed three times
with binding assay buffer and treated with the respective secondary antibody diluted in
binding assay buffer (table 2.8) for 20 min at 4°C in the dark. Fc-chimera molecule-treated
fibroblasts were incubated with a PE-conjugated goat anti-human IgG secondary antibody,
whereas recombinant CD160 protein-bound fibroblasts were detected using a PE-conjugated
anti-His secondary antibody, targeting the His-tag of the recombinant CD160 protein. After
two washing steps with DPBS, fibroblasts were fixed with 150 pl fix/perm solution per well for
45 min at RT in the dark, washed twice with perm/wash buffer and finally resuspended in

120 pl perm/wash buffer for flow cytometric analysis.

3.11 Reporter cell assay

A reporter cell assay was applied to prove the functional binding of NKp46 to fibroblasts.
Jurkat cells modified for B,-microglobulin (Bam) deficiency via Cas9-mediated deletion [202]
and subsequent lentiviral transfection of an NKp46{ construct were used. The NKp46(
construct consists of the extracellular NKp46 domain, the transmembrane domain of KIR3DL1
and the cytoplasmatic domain of the CD3{ chain [203]. The CD3{ chain mediates the signal

transduction after ligand binding and thus the subsequent expression of the activation marker
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CD69 on the Jurkat cell surface. Bom-deficient Jurkat cells without transfected NKp46(
construct were used as a background control. To avoid background signals due to nutrient
deficiency, Jurkat cells were seeded 24 h before stimulation with a density of

2.5 x 10° cells/ml.

3.11.1 Stimulation by coculture with fibroblasts

Fibroblasts were seeded in 48-well F-bottom cell culture plates and infected with T. cruzi
trypomastigotes with an MOI of 3 as previously described (section 3.4). To determine the
required number of Jurkat cells for subsequent coculture with an effector to target (E:T) ratio
of 10:1, a dedicated well was trypsinized 30 hpi and fibroblasts were counted (section 3.3).
Jurkat cells were harvested, counted, spun down (500 rcf, 5 min, RT) and resuspended in the
appropriate volume of Jurkat cell medium. After removing medium from fibroblasts and
washing the wells with Jurkat cell medium, 200 ul/well Jurkat suspension was added. To
ensure optimal cell-cell contact, plates were centrifuged at 100 rcf for 30 sec at RT.
Afterwards, the cells were cocultured for 18 h at 37°C with 5% CO,. Jurkat cells were harvested
by pipetting up and down and transferred to a 96-well U-bottom plate for subsequent flow
cytometric staining (section 3.6) of CD3, NKp46 and CD69 following a live/dead staining using
the Zombie NIR™ viability dye.

3.11.2 Stimulation by supernatant from fibroblasts

In order to stimulate NKp46{ reporter Jurkat cells and B.m-deficient controls with supernatant
from mock or T. cruzi-infected fibroblasts, fibroblasts were infected as previously described
(section 3.4). Supernatants were harvested 48 hpi and sterile filtered. Jurkat cells were
harvested, counted (section 3.3), spun down (500 rcf, 5 min, RT) and resuspended in Jurkat
cell medium at a concentration of 1.25 x 10° cells/ml. 20 ul (2.5 x 10* cells) of the respective
Jurkat cell suspension were mixed with 180 pl fibroblast supernatant in a 48-well F-bottom
cell culture plate and cultured for 18 h at 37°C with 5% CO,. Afterwards, the cells were
transferred to a 96-well U-bottom plate and stained for flow cytometric analysis as described

in section 3.11.1.
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3.12 Isolation of NK cells from whole blood

In the first step, PBMCs were isolated from fresh human blood drawn in EDTA collection tubes.
The blood was transferred to 50 ml Falcon tubes and diluted 1:1 with DPBS. SepMate™ tubes
were prepared by pipetting 15 ml Ficoll-Paque™ Plus through the intended hole.
Subsequently, the diluted blood was carefully layered on top, followed by centrifugation at
1200 rcf for 15 min at RT to separate erythrocytes and granulocytes below the membrane and
PBMCs and plasma above. The PBMC/plasma mixture was transferred to a 50 ml Falcon tube
each and filled up to 50 ml with X-VIVO 15™ medium. The Falcon tubes were centrifuged at
550 rcf for 15 min at RT to pellet the PBMCs. The cells were washed a second time with
X-VIVO 15™ medium, resuspended in 10 — 40 ml, depending on the cellularity, and counted
(section 3.3).

Afterwards, NK cells were isolated from purified PBMCs using BioLegend’s MojoSort™ Human
NK Cell Isolation Kit according to the suppliers” protocol. The method is based on negative
selection of NK cells using a biotin antibody cocktail against surface antigens expressed on
other immune cells and erythrocytes. The following treatment with magnetic streptavidin
nanobeads and a magnetic separator allows the retainment of the labeled fraction and the
collection of untouched NK cells in the decanted liquid. The purity of the obtained NK cells
was determined by flow cytometric analysis (section 3.6) of CD3, CD14, CD19 and CD56.
NK cells were rested overnight in NK cell medium with 5 ng/ml hrIL-15 for regeneration after

the isolation process.

3.13 NK cell stimulation by T. cruzi-infected fibroblasts

Different approaches were used to investigate the effect of T. cruzi-infected fibroblasts and

their secreted soluble factors on the activity of NK cells.

3.13.1 Degranulation assay after coculture

The activation status of NK cells can be measured by their release of cytotoxic granules. The
granule lipid bilayer contains lysosomal-associated membrane glycoproteins (LAMPs),
including CD107a (LAMP-1), which can be detected on the NK cell surface after
degranulation [204].
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To analyze NK cell degranulation in response to mock and T. cruzi-infected fibroblasts,
fibroblasts were seeded in fibroblast medium in a 24-well F-bottom cell culture plate and
infected 24 h later with an MOI of 3 (section 3.4). In parallel, human NK cells were isolated
from purified PBMCs from fresh blood of healthy donors and rested overnight (section 3.12).
Not-infiltrated trypomastigotes were removed from fibroblasts 24 hpi by washing three times
with DPBS. A dedicated well was trypsinized and the fibroblast number/well was determined
by counting (section 3.3). NK cells were harvested, washed (500 rcf, 5 min, RT), counted and
adjusted to the required cell concentration. Coculture with mock and T. cruzi-infected
fibroblasts was prepared with an E:T ratio of 1:10 in a total volume of 200 pl NK cell medium
per well. To ensure direct cell-cell contact, plates were centrifuged at 100 rcf for 30 sec at RT.
After that, fibroblasts and NK cells were cocultured for 24 h at 37°C and 5% CO..

To prove the general responsiveness of used NK cells, an additional coculture with HEK293
cells, which are described to highly express ligands for the NK cell-activating receptor NKG2D
[205], was performed as positive control. Here, coculture was performed for 5 h instead of
24 h to prevent NK cell overactivation and cell death.

To optimally display NK cell degranulation, the internalization of CD107a was impeded by
adding 1.5 pul PE/Cy7-labelled anti-CD107a antibody per well for the last 5 h of coculture.
Finally, NK cells were harvested and transferred to a 96-well U-bottom plate for flow

cytometry staining (section 3.6) of CD3, CD14, CD19 and CD56.

3.13.2 Degranulation assay after stimulation by supernatants

NK cells were stimulated with supernatants from mock and T. cruzi-infected human fibroblasts
and Vero81 cells from the African green monkey to evaluate whether cellular or parasitic
soluble factors induce NK cell activation.

Fibroblasts and Vero81 cells were seeded in the respective culture medium in 24-well
F-bottom cell culture plates and infected 24 h later with an MOI of 3 (section 3.4). After 24 h,
the medium was exchanged to 200 ul/well NK cell medium after one washing step. Fibroblasts
and Vero81 cells were incubated for a further 24 h at 37°C with 5% CO,. In parallel, NK cells
were purified and rested overnight as described previously (section 3.12). BJ fibroblast and
Vero81 culture supernatants were harvested 48 hpi and centrifuged at 500 rcf for 5 min at 4°C
to remove cell debris. This was followed by two centrifugation steps with 2670 rcf for 15 min

at 4°C to remove remaining parasites. NK cells were harvested, washed and adjusted to
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2.25 x 10° cells/ml in NK cell medium. Afterwards, 20 ul NK cell suspension (4.5 x 10° cells)
were mixed with 180 ul BJ fibroblast or Vero81 culture supernatant in a 24-well F-bottom cell
culture plate and incubated for 24 h at 37°C with 5% CO,. As described above, PE/Cy7-labelled
anti-CD107a antibody was added for the last 5 h of stimulation before further flow cytometric
staining (section 3.6) of CD3, CD14, CD19 and CD56 was performed in a 96-well U-bottom

plate.

3.13.3 Analysis of secreted NK cell effector molecules during coculture

Besides illustrating the release of cytotoxic granules via flow cytometric analysis of CD107a,
different secreted NK cell effector molecules were also analyzed in the coculture
supernatants.

Fibroblasts were seeded in a 48-well F-bottom cell culture plate and infected 24 h later with
T. cruzi trypomastigotes an MOI of 3 (section 3.4). As described in section 3.12, NK cells were
isolated and rested overnight. 24 hpi, fibroblasts were washed three times with DPBS to
remove not-infiltrated trypomastigotes. A dedicated well was utilized to determine fibroblast
number per well (section 3.3). NK cells were harvested, washed (500 rcf, 5 min, RT), counted
and adjusted to the required cell concentration. The coculture with mock and T. cruzi-infected
fibroblasts was prepared with an E:T ratio of 1:2.5 in a total volume of 100 ul NK cell medium
per well. The higher E:T ratio compared to the degranulation assay enabled higher
concentrations of the subsequently analyzed effector molecules. After centrifugation at
100 rcf for 30 at RT, fibroblasts and NK cells were cocultured for 24 h at 37°C and 5% CO..
Then, supernatants were harvested in a 96-well U-bottom plate and centrifuged at 500 rcf for
5 min at 4°C to remove cell debris. Subsequently, supernatants were transferred to a new
plate and centrifuged at 2670 rcf for 15 min at 4°C to eliminate remaining T. cruzi parasites.
The process was repeated once. After transfer to a fresh 96-well U-bottom plate, supernatants
were stored at -20°C until LEGENDplex™ analysis using the Human CD8/NK Panel (section
3.7).
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3.14 Interruption of regulatory interactions

Different interactions between NK cells and T. cruzi-infected fibroblasts were examined for
their physiological impact on the NK cell response. Accordingly, different approaches were

used depending on the interaction to be analyzed.

3.14.1 Blockade of NKp46 and CD160 on NK cells

To investigate the impact of the engagement of the NK cell receptors NKp46 and CD160 on
the NK cell activation by T. cruzi-infected fibroblasts, the receptors were blocked before
NK cell fibroblast coculture was started.

Specifically, PBMCs and NK cells were isolated as described in section 3.12. During the
overnight resting step, NK cells were treated with 20 ug/ml anti-NKp46 antibody (clone 9E2)
or anti-CD160 antibody (clone BY55), respectively. Afterwards, an aliquot of 5 x 10* NK cells
was used to verify the success of the blockade by flow cytometric staining (section 3.6) of the
respective receptor. Blocking antibodies were removed by washing NK cells with NK cell
medium and coculture with mock and T. cruzi-infected fibroblasts was prepared as described
above, either for analysis of degranulation (section 3.13.1) or of secreted NK cell effector

molecules (section 3.13.3).

3.14.2 HLA-C KO in fibroblasts

To investigate the impact of altered fibroblast HLA-C expression on the NK cell response,
HLA-C KO of BJ fibroblasts was performed using clustered regulatory interspaced short

palindromic repeats (CRISPR)/Cas9 technology.

3.14.2.1 Generation of HLA-C KO fibroblasts via CRISPR/Cas9 technology

Pre-designed KO and homology directed repair (HDR) plasmids, transfection reagent and
transfection medium from Santa Cruz Biotechnology were used. Initially, fibroblasts were
seeded in 6-well cell culture plates in antibiotic-free fibroblast culture medium and cultivated
until a confluency of 70 — 80% was reached. Before transfection, medium was exchanged for
3 ml of fresh antibiotic-free fibroblast culture medium. Subsequently, a cotransfection of

pre-designed HLA-C KO and HDR plasmids was performed according to the manufacturer’s
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instructions. Briefly, 10 pl of UltraCruz® transfection reagent, 2 ug of HLA-C KO and HDR
plasmids each were prepared per well in transfection medium in a complete volume of 300 pl.
The mixture was added to the fibroblasts dropwise and distributed by gently swirling the
culture plate.

The plasmids transfected in this way should subsequently mediate the HLA-C KO using
CRISPR/Cas9 technology with subsequent HDR. To be precise, the provided HLA-C KO plasmids
encode the two major components of the CRISPR/Cas9 system: the unspecific endonuclease
Cas9 and one each of three different pre-designed single guide RNAs (sgRNAs) that contain a
target-specific sequence. Usage of multiple sgRNAs is necessary to increase efficiency, since
their specificity and activity can vary. Together, the endonuclease Cas9 and one sgRNA form
a ribonucleoprotein (RNP) complex. The target-specific sequence of the sgRNA binds to the
complementary sequence of the gene of interest, which is immediately upstream of a
protospacer adherent motif (PAM), thus directing Cas9 to the target DNA. Cas9 binds to the
target DNA at the PAM and mediates a double-strand break 3 — 4 nucleotides upstream of the
motif [206]. In the absence of template DNA, repair proceeds via non-homologous end joining
(NHEJ). This is often accompanied by insertions or deletions, resulting in a frameshift mutation
of the target gene. However, higher efficiency can be achieved by HDR using a template
sequence [207], as performed in this study. The HDR plasmid contains homologous regions to
the cleavage site, which allows the incorporation of the HDR plasmid-encoded puromycin
resistance gene and RFP gene by homologous recombination. Thus, the HLA-C gene should be
replaced by the named genes, which facilitate the subsequent selection of successful

HLA-C KO clones.

3.14.2.2 Selection of an HLA-C KO single-cell clone

After incubation for 48 h, the medium was exchanged for antibiotic-free culture medium. The
fibroblasts were grown to a confluence of 70— 80% before the selection of HLA-C KO single-cell
clones was started. The selection was done in three main steps with increasing specificity.

First, cells that do not express the puromycin resistance gene, meaning that no homologous
recombination has occurred, were mortified by treatment with 2.5 ug/ml puromycin for 96 h.
The remaining fibroblasts were cultured in antibiotic-free culture medium until a confluency

of 70 — 80% was reached.
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In the second step, the fibroblasts were sorted for the presence of RFP expression, the gene
for which was also inserted by homologous recombination, and the absence of HLA-C
expression. Since HLA-C expression of BJ fibroblasts was observed to be weak in steady state,
it was enhanced by treatment with 1000 U/mL of human recombinant IFN-y (hrlFN-y) for 24 h
before sorting. IFN-y has been shown to upregulate antigen presentation by MHC-I molecules
and thus the presence of MHC-I molecules on the cell surface [208]-[210]. Following IFN-y
stimulation, fibroblasts were harvested using TrypsinLE™, as described in section 3.9, washed
with sorting buffer and stained with an APC-labeled anti-HLA-C antibody diluted 1:20 in a total
volume of 300 pl sorting buffer for 30 min at RT. After washing twice, the fibroblasts were
resuspended in 500 ul sorting buffer and sorted into antibiotic-free culture medium with
20% FCS at RT using a 70 mm nozzle. After collecting approximately 6 x 10® RFP* HLA-C
fibroblasts, the cells were pelleted at 300 rcf for 5 min at RT, resuspended in 500 pl
antibiotic-free culture medium with 20% FCS and seeded in one well of a 48-well F-bottom
cell culture plate. The sorted fibroblasts were cultured until a confluency of 70 — 80% was
reached, enabling the fibroblasts to recover from the sorting procedure.

Finally, single-cell clones were selected based on HLA-C expression in response to T. cruzi
infection. For this purpose, the serial dilution method was applied. The sorted fibroblasts were
seeded in 96-well F-bottom cell culture plates at a theoretical density of 0.3 cells/well,
1 cell/well, or 3 cells/well. The cells were seeded in 5 plates per condition to obtain a sufficient
number of single-cell clones. Feeder cells were not required here. The fibroblasts were
cultured until the first 24 wells showed a confluent cell layer. These 24 clones were
subsequently divided into 2 wells each in 24-well F-bottom cell culture plates. While the first
plate was used for expansion, the second plate was utilized for stimulation by T. cruzi infection
for further screening. Wildtype (WT) BJ fibroblasts were used as a control. Single-cell HLA-C KO
and WT fibroblasts were infected with an MOI of 3 (section 3.4) and analyzed 48 hpi for their
HLA-A,B,C and HLA-C expression by flow cytometric analysis (section 3.6). Analysis of general
expression of MHC-I molecules, including HLA-A, -B and -C, was performed to identify possible
off-target effects during the CRISPR/Cas9-mediated KO, resulting in the impairment of MHC-I
molecules apart from HLA-C. A single-cell clone was selected that lacked HLA-C expression
while having the least impaired HLA-A,B,C expression. To verify, that the HLA-C KO of the
selected clone was functional, the binding of corresponding KIRs KIR2DL2 and KIR2DL1 to

HLA-C1 and HLA-C2 was investigated using receptor-Fc binding assays (section 3.10).
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3.14.2.3 Use in coculture experiments

Following the expansion of this HLA-C KO fibroblast single-cell clone, the cells were used for
coculture experiments with NK cells. These were performed as previously described in
sections 3.12.1 and 3.12.3, comparing NK cell degranulation and secretion of effector

molecules in response to mock and T. cruzi-infected WT and HLA-C KO BJ fibroblasts.

3.14.3 Neutralization of IFN-B in the supernatant

Furthermore, the impact of IFN-B secreted by T. cruzi-infected fibroblasts on NK cell activity
was investigated. To this end, two possible modes of action were analyzed. Firstly, the direct
effect of IFN-B on NK cells and secondly, the indirect effect on NK cell activation via the

modulation of ligand expression on fibroblasts.

The direct effect of IFN-B secreted by T. cruzi-infected fibroblasts on NK cell activity was
determined by neutralization of IFN-B in fibroblast supernatant that was later used for NK cell
stimulation. Specifically, supernatants from mock and T. cruzi-infected fibroblasts were
generated as described in section 3.13.2. Harvested supernatants were pre-treated with
30 ug/ml of the anti-IFN-B antibody clone IFNb/A1 or an IgG1 isotype control for 1 h at 4°C.
Isolated and rested NK cells (section 3.12) were harvested, washed and adjusted to a
concentration of 2.25 x 108 cells/ml in NK cell medium. Subsequently, 20 pl NK cell suspension
(4.5 x 10° cells) were mixed in a 24-well F-bottom plate with 180 pl of one of the pre-treated
fibroblast supernatants and incubated for 24 h at 37°C with 5% CO;. The NK cell response was
measured by their degranulating activity. To this end, PE/Cy7-labelled anti-CD107a antibody
was added for the last 5 h of stimulation, before further flow cytometric staining (section 3.6)

of CD3, CD14, CD19 and CD56 was performed in a 96-well U-bottom plate.

The indirect effect of IFN-B on NK cell activity by modulating the ligand expression on
fibroblasts was determined by IFN-B neutralization during NK cell coculture with mock and
T. cruzi-infected fibroblasts. First, cocultures were prepared for analysis of NK cell
degranulation and secretion of effector molecules as described in section 3.13.1 and section
3.13.3. Before starting the 24 h incubation at 37°C and 5% CO3, 30 pg/ml of the anti-IFN-$

antibody clone IFNb/A1 or an IgG1 isotype control were added to the coculture medium. This
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approach was intended to directly neutralize newly secreted IFN-B during coculture. NK cell
degranulation and secretion of effector molecules was determined as indicated in section

3.13.1 and section 3.13.3.

3.15 HLA-C and KIR genotyping

Since different inhibitory and activating KIRs have been shown to interact with distinct HLA-C
allotypes [62], BJ fibroblasts were genotyped for allotypes of the HLA-C1 and C2 group to
examine whether all interactions of interest can be investigated properly using the
BJ fibroblast model.

Moreover, the composition of KIR genes of all NK cell donors was determined to analyze the
impact of individual HLA-C corresponding KIRs on NK cell activation by T. cruzi-infected

BJ fibroblasts.

3.15.1 DNA Isolation

DNA was isolated from 2 x 10° BJ fibroblasts or 5 x 10° PBMCs via Qiagen’s QlAamp DNA Mini
Kit using silica membrane spin columns according to the manufacturer’s instructions.
The fibroblast DNA for HLA-C genotyping was eluted in 200 pl supplied buffer AE. PBMC DNA
was eluted in 100 pl Tris-HCl solution as indicated in the manufacturer’s instructions for the
following KIR genotyping (section 3.15.3). Subsequently, the DNA concentration was
determined using a NanoDrop 2000 microvolume spectrophotometer and the NanoDrop 2000

Software.

3.15.2 HLA-C typing by polymerase chain reaction (PCR)

The PCR method is utilized to amplify a defined nucleic acid sequence in vitro. In this case, PCR
was performed using primer sequences and a PCR program published by Gamliel et al., 2016
[211] to determine whether BJ fibroblasts are homozygous for HLA-C1, homozygous for
HLA-C2 or heterozygous. While the forward primer binds the same sequence for both HLA-C1
and -C2 within the HLA-C gene, the different reverse primers distinguish encoded asparagine

(HLA-C1) or lysine (HLA-C2) at position 80 of the encoded protein.
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Reaction mixtures were prepared from 2 ng template DNA, 0.2 mM dNTPs, 0.5 uM forward
and reverse primer, 2 pl 10 x DreamTaq buffer, and 1 U DreamTaq polymerases. A total
volume of 20 ul was reached by adding Ampuwa water. Additionally, a negative control
without template DNA was prepared to exclude false positive signals through DNA
contamination.

The following PCR program was performed using the thermocycler PeqSTAR 96X:

Initial melting 95°C 180 sec
Denaturation 95°C 10sec

Primer annealing 65°C 30 sec — 10 x
Elongation 72°C 45sec _
Denaturation 95°C 10sec )

Primer annealing 58°C 30 sec — 22X
Elongation 72°C 45sec _

Final elongation 72°C 600 sec

Storage 4°C oo

The amplification success of the respective sequences was verified by agarose gel

electrophoresis (section 3.15.4).

3.15.3 KIR genotyping PCR

Since not all of the 15 KIR genes are present in every individual, the KIR genotype of every
NK cell donor was determined by PCR using the KIR Typing Kit from Miltenyi Biotec according
to the manufacturer’s instructions. The kit contains PCR plates with lyophilized enzyme mixes
and KIR-specific primers, enabling the detection of all known human KIR genes and two
pseudogenes. In addition, a second primer pair detecting B-actin was added to each PCR
reaction. This served as an internal control to verify the success of the amplification. Besides
the KIR typing PCR mixes, the kit contains a positive control for the PCR reaction with only

B-actin-specific primers and a negative control, to which no template DNA is added.
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After the addition of purified template DNA diluted in the provided resuspension buffer to the

lyophilized mixes, the following PCR program was performed utilizing the thermocycler

PeqSTAR 96X:
Initial melting 95°C 60 sec
Denaturation 94°C 20 sec
Primer annealing 63°C 20 sec 28 x
Elongation 72°C 90 sec
Storage 4°C oo

Agarose gel electrophoresis was used to monitor the presence of amplicons for the respective

KIR genes and controls (section 3.15.4).

3.15.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to evaluate HLA-C and KIR genotyping. In this process,
PCR products, in this case, are separated according to their size by an electric field, which
allows the identification of the different amplicons.

Agarose gels for the evaluation of the HLA-C genotype were prepared with 1.5% (w/v) agarose
in TAE buffer, or with 2% (w/v) agarose for the evaluation of the KIR genotype. After boiling
the agarose/TAE buffer mixture to melt the agarose, the DNA-intercalating dye ethidium
bromide was added. It allows the detection of DNA bands under UV light following
electrophoresis. The gel was poured into a gel chamber to cool down, allowing the
polymerization of the agarose. In the case of HLA-C genotyping, 10 pl PCR product were mixed
with 2 pl 6 x loading buffer. This step was not necessary for PCR products for KIR genotyping,
since the provided enzyme mixes already contained the buffer. The glycerol contained in the
loading buffer ensures that the DNA in the sample forms a layer on the bottom of the well.
Furthermore, two included dyes allow the visualization of the DNA during electrophoresis. The
fragment sizes were determined by the GeneRuler 100 bp DNA ladder in the case of HLA-C
typing and a combination of the GeneRuler 100 bp and 1 kb DNA ladder in the case of KIR

genotyping. The electrophoresis was carried out at 80 V for 1 h. Subsequently, the gels were
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exposed to UV light in the ChemiDoc Touch Imaging System and images were captured using

the associated software.

3.16 Transcriptomic analysis

Transcriptome analysis, also referred as RNA sequencing, of mock and T. cruzi-infected
primary dermal fibroblasts and the fibroblast cell line BJ was performed to evaluate the
suitability of BJ fibroblasts for an in vitro model of a dermal T. cruzi infection. In addition, the
induced gene signatures after T. cruzi infection should provide information on possible
mechanisms for the modulation of NK cell activity.

The required RNA samples were prepared as follows. Depending on the available number of
cells, 2 — 3 x 10° fibroblasts per condition were seeded in 6-well F-bottom cell culture plates
and infected with T. cruzi trypomastigotes with an MOI of 3 (section 3.4). Due to the limited
cell number of primary fibroblasts, replicates could not be generated here. In the case of
BJ fibroblasts, biological replicates were generated though two independent infections.
48 hpi, the medium was removed, fibroblasts were washed once with DPBS and harvested by
scraping in DPBS. After transfer into a 1.5 ml tube, the fibroblasts were pelleted at 500 rcf for
5 min at 4°C and resuspended in 350 pl RLT cell lysis buffer provided in Qiagen’s RNeasy Mini

Kit with 1% R-mercaptoethanol.

3.16.1 Total RNA isolation

Total RNA was isolated using Qiagen’s RNeasy Mini Kit according to the manufacturer’s
instructions using silica membrane spin columns. In the final step, RNA was eluted with 30 pul
of RNAse-free water provided in the kit. The procedure was repeated once with the first eluate
to obtain a higher yield. Subsequently, the RNA concentration was determined using the
NanoDrop 2000 microvolume spectrophotometer and the associated. The RNA was aliquoted

and stored at -80°C until further procedure.

3.16.2 Determination of RNA Integrity Number (RIN)

To exclude a possible degradation of the isolated RNA, for example due to unavoidable

freezing and thawing, the RIN was determined using the Bioanalyzer System Agilent 2100. To
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this end, RNA samples were prepared using the Agilent RNA 6000 Pico Kit according to the
manufacturer’s instructions. Here, the RNA was treated with an interacting fluorescent dye,
loaded onto the provided RNA Pico Chip and separated by fragment size using electrophoresis.
The Agilent 2100 Expert Software evaluates the data and calculates the RIN with values
between 1 and 10 using a specially developed algorithm. The level of the value correlates with
the integrity of the RNA, with a RIN > 8 needed to ensure sufficient RNA quality for subsequent

sequencing.

3.16.3 RNA sequencing library preparation and next-generation sequencing
(NGS)
The following steps were performed by the NGS core facility of the BNITM by Dr. Daniel Cadar
and Heike Baum. In brief, using Qiagen’s QlAseq Stranded mRNA Select Kit, mRNA was
enriched from the previously purified RNA based on its polyadenylation. Moreover, the kit
was used to prepare the RNAseq library for NGS. Subsequently, the sequencing was
performed using lllumina’s NextSeq 500/550 Mid Output Kit and Illlumina’s NextSeq 550
system. The first bioinformatic evaluation was performed by Dr. Daniel Cadar, providing the
Reads per kilobase of transcript per Million mapped reads (RPKM) values that were used for

further analysis.

3.16.4 Transcriptome data analysis

RPKM values of biological replicates were used as mean values for further analysis. The fold
change was calculated by the ratio of RPKM values of T. cruzi-infected fibroblasts and the
corresponding mock controls. Subsequently, the values were log,-transformed to model
proportional changes. Statistical significance was evaluated using the GraphPad Prism 9
software using multiple paired t-tests. Changes with a p-value < 0.05 were considered
statistically significant.

Unless otherwise stated, the following analyses were performed using the GraphPad Prism 9
software to compare changes in gene expression after T. cruzi infection of primary fibroblasts
and the fibroblast cell line BJ. To this end, log>-transformed RPKM values of significantly
differentially expressed genes (DEGs) were used to perform principal component analysis.

Here, all variables were combined into two principal components, enabling the depiction of
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the degree of similarity between individual samples. For further visualization, a heat map was
created to show the relative expression of significant DEGs using logy-transformed RPKM

values in relation to the mean RPKM value of all genes considered.

For a more detailed evaluation of potentially biologically relevant genes, a volcano plot was
created. This representation of the RNA sequencing data enables the identification of
individual genes with a high fold change and statistical significance.

In addition, pathway analysis of significantly upregulated genes was conducted. To this end,
an over-representation analysis was performed using the web-based tool webgestalt.org on

the basis of the reactome pathway database. The top 5 significant pathways were calculated.

3.17 Proteomic analysis

Proteomic analysis of T. cruzi-infected BJ fibroblasts and mock controls was performed to
validate induced genes and signalling pathways which were identified in the previous
transcriptome analysis.

Here, BJ fibroblasts were seeded in 6-well F-bottom cell culture plates for each condition and
infected with T. cruzi trypomastigotes with an MOI of 3 (section 3.4). The fibroblasts were
harvested 48 hpi by removing the medium, washing with DPBS 3 times and scraping the cells
in ice cold DPBS. After transfer into a 1.5 ml tube, the fibroblasts were pelleted at 500 rcf for
5 min at 4°C. Supernatants were removed as completely as possible by pipetting. The samples

were snap frozen in liquid nitrogen and stored at -20°C until further processing.

3.17.1 Sample processing and liquid chromatography tandem mass
spectrometry (LC-MS/MS)
The following steps were performed by the core facility for mass spectrometry proteomics of
the University Medical Center Hamburg-Eppendorf by Dr. Christoph Krisp and Bente Siebels.
In brief, proteins were extracted by sonification, disulfide bounds were reduced with
dithiothreitol (DTT) and cysteine residues were alkylated with iodoacetamide (IAA).
Subsequently, tryptic digestion was performed to fragment the proteins into peptides. The
generated peptides were separated by ultra performance liquid chromatography (UPLC) using

the nanoACQUITY UPLC System from Waters Corporation. The following tandem mass
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spectrometry was performed using Thermo Fisher Scientific’s Q Exactive™ Quadrupole
Orbitrap hybrid mass spectrometer. The relative abundances determined in this process were

used for subsequent analyses.

3.17.2 Proteome data evaluation

The fold change was calculated by the ratio of relative abundances of peptides from
T. cruzi-infected fibroblasts and the corresponding mock controls. Statistical significances
were evaluated using multiple t-tests. Changes with a p-value <0.05 were considered
statistically significant.

Analogously to the transcriptome analysis, a volcano plot was generated, enabling the
identification of individual proteins with a high fold change and statistical significance.
Analysis of upregulated signaling pathways was also performed here using the web-based tool
webgestalt.org. Analogous to section 3.16.4, an over-representation analysis was conducted

on the basis of the reactome database and the top 5 significant pathways were calculated.

3.18 Statistical analysis

The GraphPad Prism 9 software was used to perform all statistical analyses. If indicated,
outliers were identified using the ROUT method. Gaussian distribution was tested using a
Shapiro-Wilk test. If all groups to be compared were normally distributed, statistical
significance was tested for unpaired values using unpaired t-tests and for paired values using
paired t-tests. If at least one of the groups being compared was not normally distributed,
statistical significance was determined for unpaired values by Mann-Whitney test and for
paired values by Wilcoxon test. P-values were indicated as * p<0.05; ** p<0.01; *** p<0.001;
**** p<0.0001. For clarity, only differences tested as significant are labeled. As an exception,

p-values <0.1 were stated to indicate a strong tendency.
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4 Results

The skin is the initial site of infection during the vector-borne transmission of the protozoan
parasite T. cruzi, the causative agent of Chagas disease. In this study, in vitro infections of
dermal fibroblasts with the T. cruzi strain Brazil were utilized to mimic this incipient phase.
The early immune response against infected dermal fibroblasts is thought to influence further
distribution of parasites to other tissues and organs. Since T. cruzi is an obligate intracellular
parasite, it can be assumed that NK cells are the main drivers of the innate immune response
and contain the parasite load until the onset of the adaptive immune response. Accordingly,
the NK cell response and underlying stimulatory and inhibitory mechanisms were

characterized in the context of this study.

4.1 Activation of human NK cells by T. cruzi-infected dermal fibroblasts

First, it was investigated whether T. cruzi-infected primary human dermal fibroblasts (HDF)
were able to directly activate NK cells. For this purpose and for further experiments, a protocol
was established for a heterologous coculture of isolated NK cells from healthy donors and
in vitro T. cruzi-infected fibroblasts (figure 4.1 A).

Peripheral blood mononuclear cells (PBMCs) isolated from whole blood of healthy donors
were processed for NK cell isolation. The NK cell purification success was verified by flow
cytometric staining. A representative plot is depicted in figure 4.1 B. While NK cells accounted
for approximately 5 — 15% of PBMCs before purification, the percentage increased to
approximately 85 —95% after purification. Before starting the coculture the following day, the
purified NK cells were rested overnight to allow them to recover from the isolation procedure.
In parallel, the fibroblasts were seeded and infected in vitro with T. cruzi trypomastigotes with
an MOI of 3. Using this MOI, constant infection rates of 50 — 70% were reached as observed
by light microscopy (data not shown).

Cocultures with rested NK cells and mock or T. cruzi-infected fibroblasts were set up 24 hpi
using an effector to target (E:T) ratio of 1:10 to ensure optimal NK cell stimulation for the
following analysis. The cells were cocultured for 24 h and NK cell degranulation was evaluated
via flow cytometric analysis of CD107a on the NK cell surface.

Before evaluating the NK cell response to T. cruzi-infected fibroblasts, the general

responsiveness of NK cells to adherent cells was tested. For this positive control, the purified
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and rested NK cells were cocultured with HEK293 cells for 5 h. This cell line has been shown
to highly express ligands for the activating NK cell receptor NKG2D [205]. The short duration
of coculture was chosen due to the high NK cell stimulating capacity of HEK293 cells, which
led to NK cell exhaustion and cell death in response to longer stimulations (data not shown).
As displayed in a representative histogram in figure 4.1 C, all tested NK cells exhibited strong
degranulation in response to coculture with HEK293 cells.

After general NK cell responsiveness against adherent cells was confirmed, the NK cell
response against T. cruzi-infected HDF and respective mock controls was evaluated.
Figure 4.1 D depicts the NK cell degranulation displayed by the frequency of CD107a* NK cells
in response to the respective cocultures. As illustrated in the representative histogram,
CD107a gating was performed based on CD107a expression on NK cells cultured without
target cells. Based on this, about 18% of NK cells cocultured with mock-infected HDF displayed
CD107a on their cell surface. In contrast, coculture with T. cruzi-infected HDF resulted in
significantly higher NK cell degranulation (p<0.0001) with around 66% CD107a* NK cells. These

results indicate that T. cruzi-infected human dermal fibroblasts directly activate NK cells.
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Figure 4.1: Coculture of human NK cells and T. cruzi-infected primary human dermal fibroblasts (HDF) results
in NK cell degranulation. (A) Experimental layout of heterologous coculture of isolated NK cells from healthy
donors and mock or T. cruzi-infected HDF (MOI=3). Coculture was started 24 hpi with an E:T ratio of 1:10. Cells
were cocultured for 24 h, after which flow cytometric analysis of NK cells was performed. (B) Representative
plots of PBMCs before and after NK cell isolation to verify purification success. (C) Representative histogram to
verify general responsiveness of used NK cells to adherent cells using coculture with the cell line HEK293, which
is described to highly express ligands for the NK cell-activating receptor NKG2D. This coculture was performed
for 5 h instead of 24 h to prevent NK cell overactivation and cell death. NK cell degranulation was visualized by
the presence of CD107a on the NK cell surface. The gating was performed on the basis of NK cells cultured
without target cells. (D) NK cell degranulation after heterologous coculture with mock and T. cruzi-infected HDF.
Left: representative histogram. Right: diagram illustrating 18 coculture combinations of NK cells isolated from
3 donors with HDF originating from 6 donors. Respective medians for each group are depicted by bars. After
positive test for normal distribution, statistical significance was analyzed by paired t-test: **** p<0.0001.
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4.2 Implementation of BJ fibroblasts as a model for dermal T. cruzi infection
and related NK cell activation

Due to the limited cell number of primary fibroblasts due to finite expansion, it was not
feasible to use these for subsequent analyses. Therefore, a fibroblast cell line was used to
mimic the acute, dermal T. cruzi infection and decipher the mechanisms of NK cell modulation
by infected fibroblasts. To this end, the foreskin fibroblast cell line BJ was first examined for
similarity of response to T. cruzi infection. Both HDF and BJ fibroblasts exhibited comparable
infection rates of approximately 50 — 70% using an MOI of 3, as observed by light microscopy
(data not shown). Afterwards, RNA sequencing of mock and T. cruzi-infected HDF from
5 donors and BJ fibroblasts was conducted 48 hpi to perform a comparative transcriptome
analysis. Out of all 67 x 10%identified genes, 581 genes were found to be significantly (p<0.05)
differentially expressed with a log> fold change of 21 or <-1. This reflects a doubling or halving
of the expression. These significantly differentially expressed genes (DEGs) were used for
principal component analysis. Here, all variables, thus the expression intensities of all analyzed
genes, were combined into two principal components (PC1 and PC2). Using this approach, the
degree of similarity between all individual samples could be illustrated. The greater the
distance between samples, the more they differ from each other. The results are depicted in
figure 4.2 A. Two clusters were found, one formed from all infected fibroblasts and the other
from mock controls. Although mock and T. cruzi-infected BJ fibroblasts were located higher in
PC2 than their respective HDFs, the shift in PC1 correlated to the infection was very similar for
HDF and BJ fibroblasts.

The comparable reaction of HDF and BJ fibroblasts to T. cruzi infection was further visualized
by a heatmap displaying the relative expression of significantly (p<0.05) DEGs. For optimal
clarity, the cutoff for the log fold change was set to 2 or -2, corresponding to a quadrupling
and reduction to a quarter of the expression. This cutoff resulted in 99 genes being displayed
(figure 4.2 B). The generated heatmap shows comparable expression patterns of
T. cruzi-infected HDF and BJ fibroblasts and the respective mock controls, respectively.

Thus, a similar response of HDF and BJ fibroblasts to T. cruzi infection was confirmed.
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Figure 4.2: Transcriptome analysis reveals comparable transcriptional changes of HDFs and BJ fibroblasts in
response to T. cruzi infection. RNA sequencing was performed using mock and T. cruzi-infected HDFs and
BJ fibroblasts 48 hpi (MOI=3). HDFs from 5 healthy donors were compared with BJ fibroblasts. In the case of
BJ fibroblasts, the mean from 2 independent infections was used. (A) Principal component analysis of
significantly (p<0.05) differentially expressed genes (DEGs) with a log, fold change of >1 or <-1. (B) Heatmap
displaying the relative expression of significantly (p<0.05) DEGs with a log; fold change of 22 or <-2 using
log>-transformed Reads per kilobase of transcript per Million mapped reads (RPKM) values in relation to the
mean RPKM value of all considered genes.

In the next step it was investigated, whether a T. cruzi infection in BJ fibroblasts results in
enhanced NK cell degranulation, as observed for infected HDFs. To this end, coculture
experiments were performed analogous to section 4.1. Here, a significant increase (p<0.001)
in the frequency of CD107a* NK cells after coculture with T. cruzi-infected BJ fibroblasts was
observed compared to the coculture with mock controls (figure 4.3). Whereas around 15% of
NK cells cocultured with mock controls exhibited CD107a on their surface, approximately 75%
of NK cells cocultured with infected BJ fibroblasts were CD107a*. The effect was comparable
to the increased NK cell degranulation after coculture with mock or T. cruzi-infected HDFs,

respectively.
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Figure 4.3: Coculture of human NK cells and T. cruzi-infected BJ fibroblasts induces NK cell degranulation.
Coculture was started 24 hpi (MOI=3) with an E:T ratio of 1:10 using NK cells derived from 8 healthy donors. Cells
were cocultured for 24 h and NK cell degranulation was visualized by flow cytometric analysis of the presence of
CD107a on NK cell surfaces. Bars display respective medians. After negative test for normal distribution,
statistical significance was analyzed by paired Wilcoxon test: ** p<0.01.

Based on comparable transcriptional changes of HDFs and BJ fibroblasts after T. cruzi infection
and the comparable induction of NK cell degranulation after coculture, BJ fibroblasts were

used for subsequent mechanistic analyses.

4.3 T. cruzi-infected fibroblasts exhibit no reduction of MHC-I expression

The oldest-known mechanism of NK cell activation is the reduction of inhibitory signals by
MHC-I-recognizing receptors [27]. Therefore, the MHC-I expression of BJ fibroblasts was
investigated during T. cruzi infection between 24 and 72 hpi. As shown by fluorescence
microscopy in figure 4.4 A, the intracellular multiplication process of the parasites in the
amastigote stage takes place during this time. Whereas the first replications of T. cruzi
amastigotes started 24 hpi and 2 — 4 parasites were usually present per fibroblast, at 72 hpi
the first fibroblasts were already filled by the parasites.

The MHC-I expression on BJ fibroblasts in the course of a T. cruzi infection was evaluated by
flow cytometry using an antibody clone detecting all classical human MHC-I molecules, HLA-A,
-B and -C (figure 4.4 B). Since nearly all fibroblasts were positive for HLA-A,B,C as displayed in
the representative histogram, the mean fluorescence intensity (MFI), displaying the density
of the expressed HLA-A,B,C molecules, was evaluated. All MFI values were normalized to the
average MFI of all respective mock controls. A slight increase in HLA-A,B,C expression was

observed in the course of infection. Whereas a trend was apparent at 24 hpi, normalized
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HLA-A,B,C MFIs were significantly (p<0.05) increased by approximately 12% compared to
controls at 48 and 72 hpi.
Since no reduction of HLA-A,B,C expression was observed in response to the infection, other

potential mechanisms of NK cell activation were investigated.
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Figure 4.4: Expression of the classical MHC-1 molecules HLA-A,B,C is slightly increased on the BJ fibroblast
surface in the course of T. cruzi infection. (A) Representative immunofluorescence microscopy of
T. cruzi-infected BJ fibroblasts 24, 48 and 72 hpi (MOI=3). Fibroblast nuclei were visualized via DAPI (blue);
intracellular T. cruzi parasites were stained with murine anti-T. cruzi Brazil immune serum and a FITC-labeled
anti-mouse IgG secondary antibody (green). Scale: 10 um. (B) Flow cytometric analysis of HLA-A,B,C expression
on the BJ fibroblast surface. Left: representative histogram, 48 hpi; right: normalized HLA-A,B,C MFl in the course
of infection (24, 48, 72 hpi; MOI=3). MFI values were normalized to the average MFI of all mock controls. Bars
display respective medians (n=9). After positive test for normal distribution, statistical differences were
calculated by unpaired t-test with Welch's correction: * p<0.05.
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4.4 NK cell response to T. cruzi-infected fibroblasts is facilitated by the
engagement of NKp46

Another way to induce NK cell activation is the enhancement of stimulatory interactions. One

activating NK cell receptor is the natural cytotoxicity receptor NKp46, which has been shown

to interact with cell surface vimentin (csVimentin) as a cellular ligand promoting NK cell

activation [92].

4.4.1 Increased presence of csVimentin on fibroblasts in response to T. cruzi
infection
Since vimentin is expressed intracellularly by fibroblasts as an intermediate filament, the
possibility of it being present on the fibroblast surface in response to T. cruzi infection was
examined. In this context, flow cytometric analysis of csVimentin was performed during
infection between 24 and 72 hpi (figure 4.5). The gating was set based on fluorescence minus
one (FMO) controls as depicted in the representative histogram. The FMO controls were
prepared by staining a mixture of mock and T. cruzi-infected BJ fibroblasts with all
fluorochrome-labeled antibodies used in the experiment except the FITC-labeled
anti-vimentin antibody. Although a small fraction of approximately 10% of the mock controls
displayed csVimentin, there was a significant increase in csVimentin in the course of the
infection. Whereas 24 hpi the frequency of csVimentin® BJ fibroblasts was around 20%

(p<0.0001), the fraction increased to 42% (p<0.0001) 48 hpi and to 48% (p<0.001) 72 hpi.
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Figure 4.5: BJ fibroblasts show increased presence of vimentin on their cell surface in the course of T. cruzi
infection. Flow cytometric analysis of csVimentin on mock and T. cruzi-infected BJ fibroblasts (MOI=3). Left:
representative histogram, 48 hpi. Right: frequency of csVimentin* BJ fibroblasts in the course of infection (24, 48
and 72 hpi). Bars display respective medians (n=9). After negative test for normal distribution, statistical
differences were calculated by Mann-Whitney test: *** p<0.001; **** p<0.0001.
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4.4.2 Increased binding of NKp46 to T. cruzi-infected fibroblasts

The binding of the NK cell receptor corresponding to csVimentin, NKp46, was investigated.
Here, like for later analyses, fibroblasts were examined 48 hpi. This time point was chosen
since the presence of the ligand was already strongly increased (figure 4.5), but intracellular
parasites had not yet completely filled their host cells, thereby destabilizing them
(figure 4.4 A).

Two different approaches were utilized to study the NKp46 binding to mock and
T. cruzi-infected fibroblasts. First, a binding assay using NKp46-Fc chimera molecules, which
were detected by a fluorochrome-labeled secondary anti-human IgG Fc antibody, was
performed (figure 4.6 A). As shown in the representative histogram on the left, gating was
performed based on BJ fibroblasts stained only with the fluorochrome-labeled secondary
anti-human IgG-Fc antibody without prior treatment with NKp46-Fc chimera molecules. The
results showed a significantly (p<0.0001) higher frequency of NKp46-Fc bound
T. cruzi-infected BJ fibroblasts (median ~10%) compared to the mock controls (median ~1.6%).
Furthermore, the functionality of the NKp46 binding to BJ fibroblasts was verified by a
reporter cell assay (figure 4.6 B). Here, Bm-deficient Jurkat cells transfected with an NKp46T
construct were cocultured with mock or T. cruzi-infected BJ fibroblasts for 18 h (figure 4.6 B
above). Subsequently, the reporter cells were assessed for their activation status by flow
cytometric analysis of cell surface expression of the activation marker CD69, which is
expressed after functional ligand binding to the NKp46C construct in response to signaling
transduction induced by the intracellular Z-chain [203]. To exclude unspecific responses,
Bom-deficient Jurkat cells without an NKp46T construct were used as background controls
(figure 4.6 B below). As depicted in the representative histograms on the left, gating was
performed on the basis of FMO controls. Only NKp46C* Jurkat reporter cells showed a clear
and differentiated activation after coculture with BJ fibroblasts. The frequency of CD69* out
of NKp46T" Jurkat reporters was significantly (p<0.0001) higher after coculture with
T. cruzi-infected BJ fibroblasts (median ~20%) compared to mock controls (median ~13%).
These results confirm an increased interaction of NKp46 with fibroblasts after T. cruzi

infection.
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Figure 4.6: Binding of NKp46 to fibroblasts is increased after T. cruzi infection. (A) Receptor-Fc binding assay
was conducted with mock or T. cruzi-infected BJ fibroblasts 48 hpi (MOI=3) using NKp46-Fc chimera molecules
and anti-human 1gG Fc secondary antibody with subsequent flow cytometric analysis. Left: representative
histogram, 48 hpi. Right: frequency of NKp46-Fc bound BJ fibroblasts. Bars display respective medians (n=6).
After positive test for normal distribution, statistical differences were calculated by unpaired t-test with Welch's
correction: **** p<0.0001. (B) Reporter cell assay was performed using ;m-deficient Jurkat cells with (above)
or without (below) the transfected NKp46{ construct. They were cocultured with mock or T. cruzi-infected
BJ fibroblasts (MOI=3) for 18 h between 30 and 48 hpi. The Jurkat cell activation status was monitored via the
activation marker CD69 on the cell surface. Left: representative histogram, 48 hpi. Right: frequency of CD69*
Jurkat cells. Bars display respective medians (n=9). After positive test for normal distribution, statistical
differences were calculated by unpaired t-test with Welch's correction: **** p<0.0001.
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Subsequently, it was investigated whether the engagement of NKp46 is solely dependent on
cell-cell contact or whether soluble factors in the fibroblast culture supernatants, such as
soluble vimentin, also interact with this activating NK cell receptor. To this end, NKp46T* Jurkat
reporter cells were stimulated by coculture with mock or T. cruzi-infected BJ fibroblasts or
solely with the culture supernatants of the respective cells (figure 4.7 A). As previously
observed, the reporter cells showed a significantly (p<0.0001) higher frequency of CD69* cells
after coculture with T. cruzi-infected BJ fibroblasts (median ~13%) compared to mock controls
(median ~19.5%). In contrast, stimulation of NKp46Z* Jurkat reporter cells solely with the
culture supernatant of T. cruzi-infected BJ fibroblasts resulted in significantly (p<0.0001) lower
activation compared to the mock controls. Whereas around 9% CD69* reporter cells were
detected after stimulation with supernatant from infected BJ fibroblasts, only about 1.5%
CD69* reporter cells were found in response to stimulation with the mock control
supernatants.

These results were supported by the measurement of soluble vimentin in the culture
supernatants of mock and T. cruzi-infected BJ fibroblasts via ELISA (figure 4.7 B). Although not
significant, a trend toward lower levels of soluble vimentin was measured in the supernatants
of infected BJ fibroblasts compared to mock controls.

Taken together, these results indicate a cell-cell contact-dependent engagement of NKp46 in

the context of T. cruzi-infected BJ fibroblasts.
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Figure 4.7: Engagement of NKp46 in the context of T. cruzi-infected BJ fibroblasts is dependent on cell-cell
contact. (A) Reporter cell assay using NKp46C* Jurkat reporter cells stimulated with mock or T. cruzi-infected
BJ fibroblasts 48 hpi (MOI=3) or solely with culture supernatant (SN) of the named fibroblasts. Bars display
respective medians (n=9). After positive test for normal distribution, statistical differences were calculated by
unpaired t-test with Welch's s correction: **** p<0.0001. (B) Concentration of soluble vimentin in the culture
supernatant of mock and T. cruzi-infected fibroblasts 48 hpi (MOI=3) was measured via ELISA. Bars display
respective medians (n=3). After negative test for normal distribution, statistical differences were analyzed using
Mann-Whitney test. No statistical differences were found.
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4.4.3 NKp46 blockade reduces NK cell response to fibroblasts

Finally, the impact of NKp46 engagement on NK cell effector functions by T. cruzi-infected
BJ fibroblasts in particular was investigated. In order to this, NKp46 was blocked on NK cells
using the monoclonal antibody clone 9E2 before cocultures with mock and T.cruzi-infected
BJ fibroblasts were started. The antibody clone was chosen for its proven blocking effect on
NKp46 [213]. The efficiency of the blockade was validated by flow cytometric staining of the
receptor (figure 4.8 A). While NKp46 could be found on a majority of the untreated NK cells,
only a weak NKp46 staining was detectable on the NKp46 blocking antibody-treated NK cells.
Based on these results, NKp46 blockade was assessed to be sufficiently efficient for
subsequent coculture experiments. Here, the effect of NKp46 blockade on different NK cell

effector functions was investigated.

First, NK cell degranulation was examined after coculture with an E:T ratio of 1:10 by flow
cytometric analysis of CD107a (figure 4.8 B). NKp46 blockade resulted in significantly reduced
frequencies of CD107a* NK cells by approximately 75 — 80% following cocultures with mock
(p<0.05) as well as with T. cruzi-infected BJ fibroblasts (p<0.001). However, since a higher
frequency of NK cells generally degranulated in response to fibroblasts infected with T. cruzi
compared with mock controls, degranulation was impeded in a higher amount of NK cells by
blocking NKp46.

Second, coculture experiments were performed for the following analysis of the supernatants
for different secreted effector molecules using the LEGENDplex™ Human CD8/NK Panel
(figure 4.8 C). To ensure optimal amounts of secreted effector molecules, the E:T ratio was
increased to 1:2.5. Only the mediators that were increased after coculture with
T. cruzi-infected BJ fibroblasts compared to mock controls are displayed.

The cytotoxic NK cell effector function was assessed by measuring the amounts of granzyme A,
granzyme B, perforin, and granulysin in addition to NK cell degranulation, as displayed
previously by flow cytometric analysis of CD107a. Granzyme A, granzyme B and granulysin
were secreted at significantly (p<0.01, p<0.05 and p<0.01) lower levels in response to
T. cruzi-infected BJ fibroblasts when NKp46 signaling was blocked. There was also a tendency
for less perforin to be released after NKp46 blockade (p=0.08). Regarding the coculture with
mock controls, there was a significant (p<0.01 and p<0.05) effect of NKp46 blockade on the

secretion of granzyme A and granzyme B, but not on the secretion of perforin and granulysin.
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Moreover, NK cell-mediated cytotoxicity through the engagement of apoptosis-inducing
death receptors was investigated by determining the levels of soluble Fas ligand (sFasL) in the
coculture supernatant. NKp46 blockade resulted in a significantly (p<0.01) lower
concentration of sFasL after coculture with T. cruzi-infected fibroblasts, but not after coculture
with mock controls.

Apart from cytotoxic NK cell effector functions, the secretion of the cytokine IFN-y was
guantified. IFN-y is a potent modulator of the immune response and has been shown to be
crucial for control of the T. cruzi parasite [175], [177]. When NKp46 was blocked, significantly
(p<0.05) lower secretion of IFN-y was observed after both coculture with T. cruzi-infected

BJ fibroblasts as well as with mock controls.

Taken together, the results demonstrate a reduced NK cell response to mock as well as to
T. cruzi-infected BJ fibroblasts when NKp46 is blocked. Nevertheless, the effect seems more

pronounced in coculture with infected fibroblasts compared to mock controls.
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To be continued on the next page.
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Figure 4.8: NKp46 blockade reduces NK cell response to fibroblasts. (A) Blockade of NKp46 on the NK cell surface
by antibody clone 9E2 was validated before coculture setup by flow cytometric analysis. A representative
histogram is depicted. (B) Flow cytometric analysis of CD107a on the NK cell (CD3°CD56*) surface after coculture
with mock and T. cruzi-infected BJ fibroblasts without and with prior NKp46 blockade. Cocultures were started
24 hpi (MOI=3) with an E:T ratio of 1:10 using NK cells derived from 11 healthy donors. Cells were cocultured for
24 h before flow cytometric analysis was performed. Respective medians are depicted by bars. After negative
test for normal distribution, statistical significances were calculated by paired Wilcoxon test: * p<0.05;
*** p<0.001. (C) Analysis of supernatants after NK cell coculture with mock and T. cruzi-infected BJ fibroblasts
without and with prior NKp46 blockade. Cocultures were started 24 hpi (MOI=3) with an E:T ratio of 1:2.5 using
NK cells derived from 8 healthy donors. Cells were cocultured for 24 h before concentrations of granzyme A,
granzyme B, perforin, granulysin, sFasL, and IFN-y were determined using the Human CD8/NK Panel of the
LEGENDplex™ kit. Outliers were identified by ROUT method and excluded. Respective medians are depicted by
bars. After negative test for normal distribution, statistical significances were calculated by paired Wilcoxon test:
* p<0.05; ** p<0.01.
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4.5 NK cell response to T. cruzi-infected fibroblasts is promoted by the
engagement of CD160

Since the activation of NK cells requires an interplay of several factors, the engagement of

another stimulatory receptor was investigated in the context of NK cell activation by

T. cruzi-infected fibroblasts. Here, the receptor CD160, which acts upon NK cells in a

stimulatory manner, was chosen. Both HLA-C and HVEM have been described as ligands for

CD160, with HVEM having a higher affinity [32], [97].

4.5.1 Increased expression of the CD160 ligand HVEM on fibroblasts in
response to T. cruzi infection

Transcriptome analysis revealed a significantly (p<0.01) increased expression rate of the

HVEM-encoding gene TNFRSF14 after T. cruzi infection of HDF as well as BJ fibroblasts 48 hpi

(figure 4.9). In the case of BJ fibroblasts, TNFRSF14 gene expression increased by nearly 40%

in response to the infection. Although all HDF donors exhibited lower TNFRSF14 gene

expression overall, the increase in response to the infection was comparable. Based on these

results, further analyses were performed using BJ fibroblasts.
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Figure 4.9: Transcriptome analysis reveals increased HVEM expression in BJ fibroblasts and HDF in response to
T. cruzi infection. RNA sequencing was performed using mock and T. cruzi-infected HDFs and BJ fibroblasts 48 hpi
(MOI=3). RPKM values display TNFRSF14 (HVEM encoding) gene expression of BJ fibroblasts and 5 HDF donors.
After positive test for normal distribution, statistical significance was analyzed by paired t-test: ** p<0.01.
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The HVEM protein expression on BJ fibroblasts was investigated during T. cruzi infection
between 24 and 72 hpi by flow cytometric analysis (figure 4.10). The gating was performed
based on FMO controls. While HVEM could be stained on about 3% of the mock controls, the
frequency of HVEM™ BJ fibroblasts increased significantly and steadily over the course of the
T. cruzi infection. The proportion of HYEM* BJ fibroblasts increased at the to a median of

around 5% 24 hpi (p<0.0001), to around 9% 48 hpi (p<0.001) and to approximately 14% 72 hpi

(p<0.001).
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Figure 4.10: Expression of HVEM is increased on the BJ fibroblast surface in the course of T. cruzi infection.
Flow cytometric analysis of HVEM on mock and T. cruzi-infected BJ fibroblasts (MOI=3). Left: representative
histogram at 48 hpi. Right: frequency of HYEM* BJ fibroblasts in the course of infection (24, 48 and 72 hpi). Bars
display respective medians (n=9). After positive test for normal distribution, statistical differences were
calculated by unpaired t-test with Welch's correction: *** p<0.001; **** p<0.0001.

4.5.2 Increased binding of CD160 to T. cruzi-infected fibroblasts

In the next step, the binding of the corresponding stimulatory NK cell receptor CD160 to HVEM
was examined 48 hpi (figure 4.11). Since no receptor-Fc chimera molecules were available for
human CD160, the receptor binding assay was modified. To this end, mock and
T. cruzi-infected BJ fibroblasts were treated with human recombinant CD160 (hrCD160)
proteins containing a His-tag. Subsequently, the recombinant proteins bound to the
fibroblasts were detected by a fluorochrome-labeled anti-His secondary antibody. As depicted
in the representative histogram on the left, gating was performed based on BJ fibroblasts
stained only with the fluorochrome-labeled anti-His secondary antibody without prior
treatment with hrCD160 molecules. Using this approach, significantly (p<0.001) increased
binding of CD160 to T. cruzi-infected BJ fibroblasts was observed compared to mock controls.

The percentage of hrCD160-bound fibroblasts doubled from about 20% to approximately 40%.
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Figure 4.11: Binding of CD160 is increased after T. cruzi infection. A receptor binding assay was conducted with
mock or T. cruzi-infected BJ fibroblasts 48 hpi (MOI=3) using human recombinant CD160 (hrCD160) molecules
containing a C-terminal 6-His tag and anti-His secondary antibody with subsequent flow cytometric analysis. Left:
representative histogram at 48 hpi. Right: frequency of hrCD160-His bound BJ fibroblasts. Bars display respective
medians (n=8). After positive test for normal distribution, statistical differences were calculated by unpaired
t-test with Welch's correction: *** p<0.001.

4.5.3 CD160 blockade reduces NK cell response to fibroblasts

Subsequently, the role of CD160 engagement in NK cell activation by mock and
T. cruzi-infected BJ fibroblasts was studied. To this end, CD160 was blocked on NK cells using
the antibody clone BY55 before cocultures with mock and T. cruzi-infected BJ fibroblasts were
started. Prior to coculture, blocking efficiency was examined by flow cytometric staining of
CD160 as depicted by the representative histogram in figure 4.12 A. Gating was performed
based on FMO controls. Although a small proportion of NK cells were still stained with the
fluorochrome-labeled anti-CD160 antibody after blockade, over 90% of CD160 molecules
were covered after blockade compared to untreated NK cells. Therefore, the blockade was
considered to be sufficiently efficient for subsequent coculture experiments to analyze

different NK cell effector functions.

First, NK cell degranulation was examined by flow cytometric analysis of CD107a expression
on the NK cell surface (figure 4.12 B) as previously described. The blockade of CD160 caused
a reduced frequency of CD107a* NK cells by around 70 — 75% following cocultures with
T. cruzi-infected BJ fibroblasts (p<0.0001) as well as with mock controls (p<0.01). Since
T. cruzi-infected fibroblasts induced degranulation in a higher fraction of NK cells than
mock-treated fibroblasts, a higher number of NK cells was inhibited by the CD160 blockade.

Further coculture experiments were performed to analyze the culture supernatants for
secreted NK cell effector molecules (figure 4.12 C). As previously described in section 4.4.3,

mediators that were increased in response to T. cruzi-infected BJ fibroblasts compared with
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mock controls are depicted. When CD160 was blocked, the secretion of the cytotoxicity
mediators granzyme A, granzyme B, perforin, granulysin and sFasL as well as the cytokine
IFN-y was significantly reduced after coculture with T. cruzi-infected BJ fibroblasts as well as
with mock controls. T. cruzi infection did not affect the CD160 blockade effect, whereas, due
to higher NK cell activity overall, the magnitude of reduction in secretion was higher for

NK cells cocultured with infected fibroblasts.

In total, the results showed a reduced NK cell response to mock as well as to T. cruzi-infected
BJ fibroblasts when CD160 was blocked. Although the effect was not specific for
T. cruzi-infected fibroblasts, the activity of a higher number of NK cells appeared to be
impacted by the blockade when NK cells were cocultured with infected fibroblasts compared

to mock controls.
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Figure 4.12: CD160 blockade reduces NK cell response to fibroblasts. (A) Blockade of CD160 on the NK cell
surface by antibody clone BY55 was validated before coculture setup via flow cytometric analysis. Representative
histogram is depicted. (B) Flow cytometric analysis of CD107a on the NK cell (CD3'CD56*) surface after coculture
with mock and T. cruzi-infected BJ fibroblasts without and with prior CD160 blockade. Cocultures were started
24 hpi (MOI=3) with an E:T ratio of 1:10 using NK cells derived from 8 healthy donors. Cells were cocultured for
24 h before flow cytometric analysis was performed. Respective medians are depicted by bars. After positive test
for normal distribution, statistical significances were calculated by paired t-test: ** p<0.01; **** p<0.0001.
(C) Analysis of supernatants after NK cell coculture with mock and T. cruzi-infected BJ fibroblasts without and
with prior CD160 blockade. Cocultures were started 24 hpi (MOI=3) with an E:T ratio of 1:2.5 using NK cells
derived from 8 healthy donors. Cells were cocultured for 24 h before concentrations of granzyme A, granzyme
B, perforin, granulysin, sFasL, and IFN-y were determined using the Human CD8/NK Panel of the LEGENDplex™
kit. Outliers were identified by ROUT method and excluded. Respective medians are depicted by bars. After
negative test for normal distribution, statistical significances were calculated by paired Wilcoxon test: * p<0.05;
** p<0.01.
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4.6 Interferons secreted by T. cruzi-infected fibroblasts support NK cell
effector function

Next, whether soluble factors also play a role in NK cell activation by T. cruzi-infected

fibroblasts in addition to direct cell-cell interactions between NK and target cells was

investigated.

4.6.1 NK cell degranulation is promoted by soluble cellular factors released
by T. cruzi-infected fibroblasts

First, it was studied whether soluble cellular or parasitic factors released by T. cruzi-infected
cells contribute to NK cell activation. To this end, NK cells were stimulated for 24 h with culture
supernatants of mock and T. cruzi-infected human BJ fibroblasts or Vero81 cells, which are
derived from African green monkey kidney cells (figure 4.13). Both cell types showed
comparable infection kinetics and infection rates between 50% and 70% with an MOI of 3
when assessed by light microscopy (data not shown).

Figure 4.13 A shows a graphical modeling of the principle of the experiment, which should
allow differentiation of the NK cell response against soluble cellular and parasitic factors.
Activation of human NK cells with supernatants of infected BJ fibroblasts could theoretically
be caused by both cellular and parasitic factors. Since Vero81 cells are not derived from
humans, but from the African green monkey, it is assumed that human NK cell receptors
cannot recognize cellular mediators secreted by Vero81. Therefore, it is likely, that activation
of human NK cells by supernatants of infected Vero81 cells is induced solely by parasitic
factors.

Following NK cell stimulation with the indicated culture supernatants, NK cell degranulation
was examined by flow cytometric analysis of CD107a on the NK cell surface (figure 4.13 B).
NK cell stimulation with supernatants from T. cruzi-infected BJ fibroblasts resulted in a
significantly (p<0.05) increased frequency of CD107a* NK cells (median ~40%) compared to
stimulation with supernatants from mock controls (median ~10%). However, the frequency of
CD107a* NK cells was 10 — 20% lower compared to NK cells directly cocultured with
T. cruzi-infected BJ fibroblasts as observed in previous experiments (figure 4.3, 4.8 B and
4.12 B). In contrast to NK cell stimulation with BJ fibroblast supernatants, there were no
differences in the frequency of CD107a* NK cells after stimulation with supernatants from

mock and T. cruzi-infected Vero81 cells.
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Based on these results, it was concluded that soluble cellular factors secreted by

T. cruzi-infected fibroblasts contribute to NK cell activation.
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Figure 4.13: NK cells are stimulated by soluble cellular factors released by T. cruzi-infected fibroblasts.
(A) Principle of the experiment to decipher whether NK cells are stimulated by soluble cellular or parasitic factors.
Due to the human origin of BJ fibroblasts, activation of human NK cells with supernatants of infected
BJ fibroblasts could potentially be induced by soluble parasitic and cellular factors. In contrast, Vero81 cells are
not derived from humans, but from the African green monkey. Therefore, it is likely that human NK cell receptors
cannot recognize cellular mediators secreted by Vero81, meaning that activation of human NK cells by
supernatants of infected Vero81 cells can only be caused by parasitic factors. Created with Biorender.com.
(B) Flow cytometric analysis of CD107a on the NK cell surface after 24 h stimulation with supernatants from mock
and T. cruzi-infected BJ fibroblasts (left) and Vero81 cells (right). Supernatants were previously obtained from
indicated cells cultured for 24 h in fresh culture medium between 24 and 48 hpi. NK cells from 8 healthy donors
were stimulated. Respective medians are depicted by bars. After positive test for normal distribution, statistical
significance was analyzed by paired t-test: * p<0.05.
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4.6.2 Fibroblasts secrete interferons in response to T. cruzi infection

The next step was to identify cellular factors secreted by fibroblasts infected with T. cruzi that
may trigger NK cell activation. In order to do this, RNA sequencing data from mock and
T. cruzi-infected HDF and BJ fibroblasts, already utilized in section 4.2, were analyzed in more
detail.

Here, a volcano plot with all 67 x 103 determined human genes was created. This enabled the
identification of individual genes with statistically significant (p<0.05) differential expression
and a high fold change in response to T. cruzi infections (figure 4.14 A). Significantly
downregulated genes with a log, fold change <-1 were marked red, whereas significantly
upregulated genes with a log, fold change 21 were marked green. Out of these,
immunologically relevant genes were named in the plot. They were found exclusively within
the significantly upregulated genes. This approach revealed the induction of a variety of
IFN-related genes, such as the IFN-induced GTP-binding protein 1 (MX1) and 2 (MX2), the
IFN-stimulated gene 15 (ISG15), the IFN-induced protein with tetratricopeptide repeats 2
(IFIT2), 3 (IFIT3) and 5 (IFIT5) as well as the IFN-induced transmembrane protein 1 (IFITM1), 2
(IFITM2) and 3 (IFITM3).

To gain detailed insights into the pathways induced by T. cruzi infection, an
over-representation analysis of all significantly (p<0.05) upregulated genes with a log, fold
change 21 was conducted using the web-based tool webgestalt.org [214]. The top 5
significantly (false discovery rate (FDR) <0.05) induced pathways are shown in figure 4.14 B.
The pathways "IFN-a/-B signaling" and "IFN signaling" showed the highest enrichment ratios,
meaning the highest ratio between the number of observed genes and the expected number
of genes within the indicated pathway. Besides that, analyzed genes were significantly
enriched in the pathways "cell cycle", "cell cycle, mitotic" and "cytokine signaling in immune
system" in response to T. cruzi infection.

Overall, transcriptome data showed induction of IFN signaling in response to T. cruzi infection
in BJ fibroblasts as well as in HDF, indicating enhanced expression of IFNs by infected

fibroblasts.
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Figure 4.14: Transcriptome analysis of BJ fibroblasts and HDF reveals induction of IFN signaling in response to
T. cruzi infection. RNA sequencing was performed using mock and T. cruzi-infected HDFs from 5 donors and BJ
fibroblasts 48 hpi (MOI=3). (A) Volcano plot displaying the log, fold change (x-axis) against the
respective -logio p-value calculated by paired t-test (y-axis) of all detected genes. Each gene is represented by a
dot. Significantly (p<0.05) downregulated genes with a log, fold change of <-1 are marked red. Significantly
(p<0.05) upregulated genes with a log, fold change of 21 are marked green. Immunologically relevant genes are
named. (B) Over-representation analysis of significantly upregulated genes (p<0.05; log, fold change of >1) was
performed using the web-based tool webgestalt.org [214]. The top 5 pathways with FDR<0.05 are depicted.

To corroborate transcriptional analysis results of HDF and BJ fibroblasts at protein level, mass
spectrometric analysis was conducted. Due to the limited number of HDF, this analysis could
only be performed with mock and T. cruzi-infected BJ fibroblasts. The resulting proteome data

were evaluated analogously to the analysis of the transcriptome as described above.
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Figure 4.15 A shows the generated volcano plot displaying all identified human 2.7 x 10°
proteins, with red-marked significantly (p<0.05) downregulated (log, fold change <-1) and
green-marked significantly (p<0.05) up-regulated proteins (log> fold change >1). Of these,
immunologically relevant differentially expressed proteins were designated. They were found
solely within the group of significantly upregulated proteins. This illustration shows the clear
induction of IFN-related proteins such as MX1, ISG15, IFIT1, IFIT3, IFIT5 as well as IFITM1.
Analogous to the transcriptome, an over-representation analysis was performed with all
significantly (p<0.05) up-regulated proteins with a log, fold change of >1 to investigate
signaling pathways induced at protein level. The top 5 significantly (FDR<0.05) induced
pathways are depicted in figure 4.15 B. The pathways “IFN-a/-B signaling”, “IFN-y signaling”
and “IFN signaling” showed the highest enrichment ratios indicating the induction of
IFN-mediated processes at protein level. In addition, the pathways "cytokine signaling in
immune system" and "immune system" were also induced in BJ fibroblasts in response to
T. cruzi infection, but with lower enrichment ratios.

Thus, mass spectrometric analysis confirmed the induction of IFN signaling in fibroblasts in

response to T. cruzi infection at protein level.
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Figure 4.15: Proteome analysis of BJ fibroblasts confirms the induction of IFN signaling in response to T. cruzi
infection. Mass spectrometric analysis of the proteome was performed using mock and T. cruzi-infected
BJ fibroblasts 48 hpi (MOI=3). Samples were collected from 3 independent infections. (A) Volcano plot displaying
the log; fold change (x-axis) against the respective -logio p-value calculated by unpaired t-test (y-axis) of all
detected proteins. Each protein is represented by a dot. Significantly (p<0.05) downregulated proteins with a
log, fold change of <-1 are marked red. Significantly (p<0.05) upregulated proteins with a log, fold change of 21
are marked green. Immunologically relevant genes are named. (B) Over-representation analysis of significantly
upregulated proteins (p<0.05; log, fold change of 1) was performed using the web-based tool webgestalt.org
[214]. The top 5 pathways with FDR<0.05 are depicted.

The increased IFN signaling in fibroblasts in response to T. cruzi infection revealed by
transcriptome and proteomic analysis was indicative of increased IFN production.

Therefore, the secretion of IFN-a, -B, -y as well as IFN-A1 and IFN-A2/3 by mock and
T. cruzi-infected BJ fibroblasts during an infection kinetic between 24 and 72 hpi was studied
using the LEGENDplex™ Human Interferon Panel (figure 4.16). IFN-a and IFN-y were not
detectable in any of the samples (data not shown). IFN-B as well as IFN-A1 and IFN-A2/3 were
not detectable in the supernatants of mock controls, but were secreted by T. cruzi-infected
fibroblasts with increasing intensity as the infection progressed.

Concentrations of the type | IFN IFN-B were significantly increased in the supernatant of
infected BJ fibroblasts 48 hpi (p<0.05) and 72 hpi (p<0.01) compared to the respective mock
controls. Whereas 48 hpi around 70 pg/ml IFN-B were found in the supernatant, the
concentration increased to approximately 550 pg/ml at 72 hpi.

Of the type Il IFNs, IFN-A1 was most strongly induced by T. cruzi infection. Its concentration
was significantly (p<0.01) increased in the supernatants of infected BJ fibroblasts 48 and
72 hpi. Approximately 140 pg/ml IFN-A1 were detected in the supernatant from BJ fibroblasts
48 hpi, whereas around 350 pg/ml were measured 72 hpi. Moreover, at 72 hpi, significantly
(p<0.01) increased IFN-A2/3 concentrations were measured in the supernatants of infected

BJ fibroblasts, at about 110 pg/ml.

77



Results

2000 — * skk
1500 —
. 1000 — °
£E _ %o
E 500 1 o r.—l. o
@ 200 T
£ 150 o
°
100 %o
50 - | Oo |
0- Q 30P0X T
SN from mock T cruzi mock T. cruzi mock T cruzi
BJ BJ BJ BJ BJ BJ
24 hpi 48 hpi 72 hpi
Kk Kok
600
°
500+
T 400- %o
\g °
— 300+ 00
z °
i 200 ° °
100+ 0®
0 - —ocogpoo—ofp2 0P T 20000 T
SN from mock T cruzi mock T cruzi mock T. cruzi
BJ BJ BJ BJ BJ BJ
24 hpi 48 hpi 72 hpi
250~ k%
— 2004 °
£ °
D
S 150 °
3 ° o
<
=z 100 0® °
I'_I' o [-)
50 °
0__-.1{-1 0-0[0-0 500P0X I:?:I 500P0X T
SN from mock T cruzi mock T cruzi mock T. cruzi
BJ BJ BJ BJ BJ BJ
24 hpi 48 hpi 72 hpi

Figure 4.16: Type | IFN IFN-B and type Il IFN IFN-A1 and IFN-A2/3 are secreted by BJ fibroblasts after T. cruzi
infection. Concentration of type |, Il and Il IFNs in the culture supernatant of mock and T. cruzi-infected
fibroblasts 48 hpi (MOI=3) were determined via LEGENDplex™ Human Interferon Panel. Measured
concentrations of IFN-B, IFN-A1 and IFN-A2/3 are shown. Not detectable values were set as 0. Bars display
respective medians (n=6). After negative test for normal distribution, statistical significances were calculated by
Mann-Whitney test: * p<0.05; ** p<0.01.
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4.6.3 IFN-B secreted by T. cruzi-infected fibroblasts contributes to increased
NK cell activation

Previous results showed, first, that soluble cellular factors secreted by T. cruzi-infected
BJ fibroblasts promote NK cell cytotoxicity, and second, that T. cruzi-infected BJ fibroblasts
secrete IFNs such as IFN-B. Since the type | IFNs IFN-a and IFN-B have been shown to enhance
NK cell cytotoxicity [128], [129], the effect of IFN-B secreted by infected BJ fibroblasts on
NK cell degranulation was investigated below.

To this end, culture supernatants from mock and T. cruzi-infected BJ fibroblasts were
harvested 48 hpi and treated with the IFN-B neutralizing antibody clone IFNb/A1 [215] or an
IgG1 isotype control. Afterwards, the respective supernatants were used for a 24 h NK cell
stimulation. The subsequent flow cytometric analysis of the NK cell degranulation via the
presence of CD107a on the NK cell surface (figure 4.17) showed no impact of IFN-B
neutralization on the NK cell response against the mock-treated BJ fibroblasts.

In contrast, a significantly (p<0.001) lower frequency of CD107a* NK cells was observed after
stimulation with supernatants from T. cruzi-infected BJ fibroblasts when IFN-B was
neutralized. The median frequency decreased from approximately 37% to around 26%.
However, frequency of CD107a* NK cells was not reduced to the level of mock controls, which

was about 8%.
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Figure 4.17: IFN-B secreted by T. cruzi-infected BJ fibroblasts contributes to increased NK cell activation. Flow
cytometric analysis of CD107a on the NK cell surface after 24 h stimulation with supernatants from mock and
T. cruzi-infected BJ fibroblasts (MOI=3) without and with IFN-B neutralization by antibody clone IFNb/A1.
Supernatants were previously obtained from indicated BJ fibroblasts cultured for 24 h in fresh culture medium
between 24 and 48 hpi. NK cells from 6 healthy donors were stimulated. Respective medians are depicted by
bars. After positive test for normal distribution, statistical significances were calculated by paired t-test:
*** p<0.001.
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4.7 NK cell response against T. cruzi-infected fibroblasts is inhibited by the
engagement of KIR2DL molecules

In addition to mechanisms of NK cell stimulation, it was investigated whether T. cruzi-infected
fibroblasts inhibit NK cell activity through the engagement of inhibitory NK cell receptors. In a
previous part of the present study, increased expression of MHC-I was found after T. cruzi
infection (figure 4.4 B). These data were confirmed by transcriptome and proteome analysis.
Here, an upregulated expression of 3;m, Transporter associated with antigen processing 1
(TAP1) and 2 (TAP2) as well as TAP binding protein (TAPBP) was revealed (figure 4.14 A and
4.15 A). Whereas B;m is a component of MHC-I molecules, TAP1, TAP2 and TAPBP are involved
in the peptide loading process of MHC-I molecules, which is essential for their transport to the
cell surface [216]. Therefore, increased expression of these molecules also suggests an
increased presence of MHC-I molecules on the cell surface.

Based on these previous results, the interaction of mock and T. cruzi-infected BJ fibroblasts
with their primary corresponding NK cell receptors, the inhibitory KIRs, was investigated.
Here, the focus was set on the MHC-I molecule HLA-C, since a previous publication has already
determined a relation between the composition of different HLA-C corresponding KIRs and

the progression of Chagas disease [217].

4.7.1 Increased expression of the KIR ligand HLA-C on fibroblasts in response
to T. cruzi infection
RNA sequencing data from mock and T. cruzi-infected HDF and BJ fibroblasts showed a
tendency (p=0.06) towards increased expression of the HLA-C gene, which encodes for the
HLA-C a-chain, in response to the infection at 48 hpi (figure 4.18). Although 3 out of 5 studied
donors clearly exhibited a lower basal HLA-C gene expression than BJ fibroblasts, the
infection-related increase in expression was comparable. Whereas the different HDF donors
showed an increase of 225 — 500%, BJ fibroblasts exhibited an increase of 315%, reaching an
HLA-C gene expression of around 500 RPKM. Based on these results, further analyses were

performed using BJ fibroblasts.
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Figure 4.18: Transcriptome analysis confirms increased HLA-C expression in BJ fibroblasts and HDF in response
to T. cruzi infection. RNA sequencing was performed using mock and T. cruzi-infected HDFs and BJ fibroblasts
48 hpi (MOI=3). RPKM values display HLA-C gene expression of BJ fibroblasts and 5 HDF donors. After positive
test for normal distribution, statistical significance was analyzed by paired t-test.

The HLA-C protein expression was examined in the course of a T. cruzi infection between 24
and 72 hpi using flow cytometric analysis (figure 4.19). Gating was performed based on FMO
controls, as depicted in the representative histogram on the left. In the mock controls, HLA-C
could be detected in approximately 20% of BJ fibroblasts. While no infection-mediated effect
was visible at 24 hpi, an increase in the frequency of HLA-C* BJ fibroblasts to about 60% was
detectable at 48 hpi. This frequency increased further to around 72% at 72 hpi. The

infection-induced increase in HLA-C expression was highly significant (p<0.0001) at both time

points.
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Figure 4.19: Expression of HLA-C is increased on the surface of BJ fibroblasts during the course of T. cruzi
infection. Flow cytometric analysis of HVEM on mock and T. cruzi-infected BJ fibroblasts (MOI=3). Left:
representative histogram at 48 hpi. Right: frequency of HLA-C* BJ fibroblasts over the course of infection (24, 48
and 72 hpi). Bars display respective medians (n=8). After positive test for normal distribution, statistical
differences were calculated by unpaired t-test with Welch's correction: **** p<0.0001.
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4.7.2 Increased HLA-C expression is mediated by soluble factors like IFN-
released by T. cruzi-infected fibroblasts

In addition, it was investigated whether an increase in HLA-C expression is induced by cell
intrinsic processes of infected fibroblasts or whether soluble factors secreted by infected
fibroblasts influence the HLA-C expression.

To this end, BJ fibroblasts were treated with culture supernatants from mock and
T. cruzi-infected BJ fibroblasts from the indicated time points for 24 h (figure 4.20). Treatment
with supernatants from infected BJ fibroblasts from all time points resulted in significantly
increased HLA-C expression. The treatment with supernatant from infected fibroblasts from
24 hpi induced a mild increase in the frequency of HLA-C* fibroblasts from around 18% in the
mock controls to approximately 25% (p<0.001). In contrast, treatment with supernatants of
infected fibroblasts from 48 and 72 hpi caused a greater increase in HLA-C expression to
around 52 and 56%, respectively (p<0.001). This increased HLA-C expression after treatment
with supernatants from infected fibroblasts was comparable to the increased HLA-C
expression after direct infection, indicating an induction of HLA-C by soluble factors released

by infected fibroblasts.
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Figure 4.20: Increased HLA-C expression is mediated by soluble factors released by T. cruzi-infected
BJ fibroblasts. Pre-seeded BJ fibroblasts were treated with parasite-free supernatants from mock and
T. cruzi-infected BJ fibroblasts from indicated time points (24, 48 or 72 hpi; MOI=3) for 24 h and analyzed for
HLA-C expression by flow cytometry. Bars display respective medians (n=8). After positive test for normal
distribution, statistical differences were calculated by unpaired t-test with Welch's correction: *** p<0.001;
**** p<0.0001.

IFN-B has been shown to increase MHC-I expression in synovial fibroblasts [127]. Since
previous results of the present study revealed IFN-B secretion by T. cruzi-infected
BJ fibroblasts, the effect of secreted IFN-B on HLA-C and overall MHC-I (HLA-A,B,C) expression
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on BJ fibroblasts was examined (figure 4.21). To this end, culture supernatants from mock and
T. cruzi-infected BJ fibroblasts were harvested 48 hpi and treated with the IFN-B neutralizing
antibody clone IFNb/A1 or the respective IgGl isotype control. Subsequently, the
supernatants were used for a 24 h stimulation of pre-seeded BJ fibroblasts. The following flow
cytometric analysis showed no impact of IFN-B neutralization on the HLA-C expression of
fibroblasts treated with supernatants from mock controls (figure 4.21 left). In contrast, it
revealed significantly (p<0.0001) lower frequencies of HLA-C* BJ fibroblasts after stimulation
with supernatant from T. cruzi-infected fibroblasts treated with IFN-B-neutralizing antibody
(median ~45%) compared to the isotype control (median ~55%). Accordingly, the
infection-related increase in HLA-C expression was reduced by about 30%.

Regarding the general MHC-I expression (figure 4.21 right), IFN-B neutralization resulted in
significantly reduced normalized MFIs of HLA-A,B,C on fibroblasts treated with supernatants
from T. cruzi-infected BJ fibroblasts as well as the mock controls. When fibroblasts were
stimulated with supernatants from mock-treated fibroblasts, the IFN-B neutralization caused
a significant (p<0.05) reduction of approximately 5%. In contrast, when fibroblasts were
stimulated with supernatants from T. cruzi-infected fibroblasts, HLA-A,B,C expression was
significantly (p<0.0001) reduced by around 35% when IFN-B was neutralized.

These results suggest a contribution of IFN-B to the T. cruzi infection-mediated increase of

MHC-I molecules such as HLA-C.
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Figure 4.21: IFN-B secreted by T. cruzi-infected BJ fibroblasts contributes to increase of MHC-I molecules such
as HLA-C. Pre-seeded BJ fibroblasts were treated with parasite-free supernatants from mock and T. cruzi-infected
BJ fibroblasts (48 hpi; MOI=3) without and with IFN-B neutralization by antibody clone IFNb/A1. Supernatants
were previously obtained from indicated BJ fibroblasts cultured for 24 h in fresh culture medium between 24
and 48 hpi. Left: frequency of HLA-C* BJ fibroblasts. Right: normalized MFI of HLA-A,B,C. MFI values were
normalized to the average MFI of all mock controls. Bars display respective medians (n=9). After negative test
for normal distribution, statistical differences were calculated by Mann-Whitney test: *p<0.05; ** p<0.01;
**%* p<0.0001.
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4.7.3 Increased binding of KIR2DL1 and KIR2DL2 to T. cruzi-infected
fibroblasts
Following the determination of HLA-C expression in response to T. cruzi infection, the binding
of the corresponding inhibitory KIRs to infected BJ fibroblasts and mock controls was
investigated. To this end, Fc receptor binding assays were performed 48 hpi. HLA-C genotyping
of BJ fibroblasts showed heterozygosity for HLA-C1 and HLA-C2 (data not shown). Therefore,
the binding of KIR2DL1, which primarily interacts with HLA-C2 allotypes, and KIR2DL2, which
primarily binds to HLA-C1 allotypes [62], were examined (figure 4.22). As depicted in the
representative histograms on the left side, gates were set using controls stained with
secondary antibodies, without prior treatment with the respective receptor-Fc molecule.
KIR2DL1-Fc molecules were bound by about 20% of the mock infected BJ fibroblasts. The
frequency was significantly (p<0.0001) increased in response to T. cruzi infection to
approximately 72%. KIR2DL2-Fc molecules were bound by about 9% of mock controls,

whereas the percentage increased significantly (p<0.0001) to 63% in response to T. cruzi

infection.
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Figure 4.22: Binding of KIR2DL1 and KIR2DL2 to BJ fibroblasts is increased after T. cruzi infection. Receptor
binding assay was conducted with mock or T. cruzi-infected BJ fibroblasts 48 hpi (MOI=3) using KIR2DL1-Fc
(above) and KIR2DL2-Fc (below) chimera molecules and anti-human IgG Fc secondary antibody with subsequent
flow cytometric analysis. Left: representative histograms at 48 hpi. Right: frequencies of KIR2DL1-Fc or
KIR2DL2-Fc-bound BJ fibroblasts, respectively. Bars display respective medians (n=8). After positive test for
normal distribution, statistical differences were calculated by unpaired t-test with Welch's correction:
**%* p<0.0001.

4.7.4 Generation of HLA-C KO BJ fibroblasts

Next, the impact of the T. cruzi infection-induced increased fibroblast HLA-C expression on
NK cell activation was investigated. To this end, an HLA-C KO was generated in BJ fibroblasts
using CRISPR/Cas9 technology (figure 4.23 A). To this end, predesigned HLA-C KO and HDR
plasmids were cotransfected, resulting in a Cas9-induced double-strand break and HLA-C
target gene replacement against an RFP and a puromycin resistance gene by homologous
recombination.

After selection of puromycin-resistant RFP* fibroblasts that showed no HLA-C expression after
IFN-y stimulation, single-cell clones were generated and tested for their HLA-C and overall
MHC-I (HLA-A,B,C) expression in response to T. cruzi infection. This, on the one hand, was to
confirm the successful HLA-C KO in the context of T. cruzi infection, and on the other hand,
exclude the impairment of MHC-I, as well as HLA-C, through possible off-target effects during
the CRISPR/Cas9-mediated KO. Figure 4.23 B depicts the results of flow cytometric analysis of
wildtype (WT) BJ fibroblasts and HLA-C KO single-cell clone #8, which was selected for further
analyses. Compared to WT controls, the selected HLA-C KO fibroblasts exhibited only mild
background HLA-C staining, with no difference between T. cruzi-infected HLA-C KO fibroblasts
and the corresponding mock controls. Additionally, the selected HLA-C KO fibroblasts showed

no impairment of the total MHC-I expression.
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Figure 4.23: Generation of HLA-C KO BJ fibroblasts using CRISPR/Cas9 technology. (A) Scheme illustrating the
cotransfection of HLA-C KO and HDR plasmids for the generation of a Cas9-induced double-stand break and
HLA-C target gene replacement against an RFP and a puromycin resistance gene by homologous recombination.
Created with biorender.com based on manufacturer’s information. (B) Flow cytometric analysis of mock and
T. cruzi-infected WT B)J fibroblasts and the selected HLA-C KO single-cell clone that was used for following
experiments. The expression of HLA-C and of all classical MHC-I molecules (HLA-A,B,C) is depicted in
representative plots.

In order to verify that the HLA-C KO of the selected clone was functional, the binding of the
KIRs corresponding to HLA-C2 and HLA-C1, KIR2DL1 and KIR2DL2, respectively, was
investigated using receptor-Fc binding assays (figure 4.24). The binding of
KIR2DL1-/KIR2DL2-Fc molecules was compared for mock and T. cruzi-infected WT and
HLA-C KO fibroblasts.

Under all tested conditions, KIR2DL1 and KIR2DL2-Fc binding to HLA-C KO fibroblasts was
significantly (p<0.0001) reduced compared to WT control. In contrast to WT BJ fibroblasts, no

binding of KIR2DL1-Fc molecules by HLA-C KO fibroblasts was detectable. Furthermore, the
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selected HLA-C KO fibroblasts exhibited a significantly reduced binding of KIR2DL2-Fc
molecules compared to the WT controls. Whereas no binding of KIR2DL2-Fc molecules was
detected for mock-infected HLA-C KO fibroblasts, approximately 2% of T. cruzi-infected
HLA-C KO fibroblasts were bound by KIR2DL2-Fc molecules. However, KIR2DL2-Fc binding was
reduced by more than 20-fold compared to the infected WT fibroblasts.

The HLA-C KO was thus considered as functional and the cells were used for subsequent

analyses.
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Figure 4.24: Successful HLA-C KO was confirmed by missing or strongly reduced binding of KIR2DL1 and
KIR2DL2 to the selected HLA-C KO BJ fibroblast clone. Receptor binding assay was conducted with mock or
T. cruzi-infected WT and HLA-C KO BJ fibroblasts 48 hpi (MOI=3) using KIR2DL1-Fc (above) and KIR2DL2-Fc
(below) chimera molecules and anti-human IgG Fc secondary antibody. Left: representative histograms at 48 hpi.
Right: frequencies of KIR2DL1-Fc or KIR2DL2-Fc-bound BJ fibroblasts, respectively. Bars display respective
medians (n=8). After positive test for normal distribution, statistical differences were calculated by unpaired
t-test with Welch's correction: **** p<0.0001.
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4.7.5 HLA-C expressed on fibroblasts reduces the NK cell response during
coculture
Using the generated HLA-C KO BJ fibroblasts, the impact of upregulated HLA-C expression in
response to T. cruzi infection was examined in terms of its effect on NK cell activation
(figure 4.20). In this context, the genotype of the corresponding KIRs of all studied donors was
determined (figure 4.25 A). This should subsequently allow conclusions to be drawn about
possible differential effects of HLA-C KOs on the response of NK cells from different donors.
Afterwards, coculture experiments of NK cells with mock or T. cruzi-infected WT or HLA-C KO
fibroblasts were performed to determine NK cell degranulation by flow cytometric analysis of
CD107a (figure 4.25 B). NK cells cocultured with mock-treated HLA-C fibroblasts displayed a
high spread in the presence of CD107a on the cell surface. No significant effect of the HLA-C
KO could be detected. Coculture with T. cruzi-infected HLA-C KO fibroblasts resulted in a
slightly but significantly (p<0.05) higher frequency of CD107a* NK cells (median ~62%)
compared to the coculture with infected WT fibroblasts (median ~54%).
Additional coculture experiments were performed to analyze the coculture supernatants and
thus the effector molecules secreted by NK cells (figure 4.25 C), as previously described.
Despite a high spread, a tendency towards increased release of all depicted analytes was
detected after coculture with HLA-C KO fibroblasts compared to WT fibroblasts. This applied
to both coculture with mock and T. cruzi-infected fibroblasts. The increased concentration of
granzyme B and sFasL after coculture with mock-treated HLA-C KO fibroblasts was statistically
significant, as was the increase of granzyme A, perforin, sFasL, and IFN-y after coculture with
T. cruzi-infected HLA-C KO fibroblasts compared to the respective WT controls (p<0.05).
NK cells from donor A, highlighted in blue in figure 4.25, showed a different response to the
HLA-C KO of fibroblasts compared to all other studied NK cell donors (figure 4.25 B and C). The
response to mock-treated fibroblasts was rarely affected by the HLA-C KO. In contrast, donor
A-derived NK cells responded to coculture with T. cruzi-infected fibroblasts when HLA-C was
knocked out with lower secretion of granzyme B, granulysin and sFasL. Regarding the
secretion of the other effector molecules and the frequency of CD107a* NK cells, no change
was observed through the KO of HLA-C on target cells. This NK cell donor uniquely exhibited
the KIR genotype KIR2DL1*/2DL27/2DL3*/2DS1*/2DS2" (figure 4.25 A).
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Collectively, these results suggest that upregulated HLA-C on fibroblasts in response to T. cruzi
infection modulates the NK cell response depending on the KIR phenotype, leading to

dampened NK cell activation in most cases.
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Figure 4.25: HLA-C expressed on BJ fibroblasts reduces NK cell response during coculture. (A) Genotype of KIRs
of NK cell donors used for experiments. Due to its notable KIR genotype and a response that differs from the
other NK cell donors, donor A is highlighted in blue throughout the figure. (B) Flow cytometric analysis of CD107a
on the NK cell surface after coculture with mock and T. cruzi-infected WT and HLA-C KO BJ fibroblasts. Cocultures
were started 24 hpi (MOI=3) with an E:T ratio of 1:10 using NK cells from 8 healthy donors. Cells were cocultured
for 24 h before flow cytometric analysis was performed. Respective medians are depicted by bars. After negative
test for normal distribution, statistical significances were calculated by paired Wilcoxon test: * p<0.05.
(C) Analysis of supernatants after NK cell coculture with mock and T. cruzi-infected WT and HLA-C KO
BJ fibroblasts. Cocultures were started 24 hpi (MOI=3) with an E:T ratio of 1:2.5 using NK cells derived from
8 healthy donors. Cells were cocultured for 24 h before concentrations of granzyme A, granzyme B, perforin,
granulysin, sFasL, and IFN-y were determined using the Human CD8/NK Panel of the LEGENDplex™ kit. Outliers
were identified by ROUT method and excluded. Respective medians are depicted by bars. After negative test for
normal distribution, statistical significances were calculated by paired Wilcoxon test: * p<0.05.
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4.7.6 Stimulatory effect of IFN-B on NK cell response tends to be
predominant
Based on the previous results, IFN-B secreted by T. cruzi-infected BJ fibroblasts exhibits a
bilateral effect on NK cell activity. On the one hand, secreted IFN-B directly promotes NK cell
cytotoxicity (figure 4.17). On the other hand, it facilitates an increased HLA-C expression on
BJ fibroblasts (figure 4.21). Coculture with WT and HLA-C KO BJ fibroblasts revealed a mainly
inhibitory effect of HLA-C on the NK cell response (figure 4.25). Therefore, which of these two
effects predominates was investigated here.
To this end, secreted IFN-B was neutralized by the antibody clone IFNb/A1 during coculture
with mock and T. cruzi-infected BJ fibroblasts. All coculture experiments were performed
using NK cells derived from donors with a KIR genotype that was associated with increased
activation by HLA-C KO fibroblasts in comparison to WT controls (compare section 4.7.5). The
determined genotypes for the corresponding KIRs are shown in figure 4.26 A. Coculture
experiments without and with IFN-B neutralization were performed to determine NK cell
degranulation by flow cytometric analysis of CD107a (figure 4.26 B). No significant differences
in the frequency of degranulated NK cells were found as a result of IFN-B neutralization.
Subsequently, further coculture experiments were performed to analyze coculture
supernatants for effector molecules secreted by NK cells (figure 4.26 C), as previously
described. IFN-B neutralization resulted in a tendentially higher secretion of all studied
analytes in response to coculture with mock-treated BJ fibroblasts. However, the spread was
high and differences were not significant. In contrast, IFN-B neutralization led to lower
concentrations of secreted NK cell effector molecules after coculture with T. cruzi-infected
BJ fibroblasts. In the case of granzyme B, perforin, granulysin and sFasL, the effect was evident
as a trend without statistical significance. The measured concentrations of granzyme A and
IFN-y were significantly lower (p<0.05) when IFN-B was neutralized.

No differences in NK cell response were apparent with regard to the determined KIR genotype.

91



A
NK cell KIR KIR KIR KIR KIR
donor 2DL1 2DL2 2DL3 2DS1 2DS2
D + + + + o
F + + + + +
G il - + - :
H + + + + +
| i 2 + - -
J + - + - -
K il - + - -
L + - + R )
C 800 *
(]
E 600~
&) o °
=%
< %o °
(0] - Q
2 400 .
g ° %c0
S o <
5 2004 o ° o
8
8 o 8 o®0
h i T T T
IFN-B ) + . .\
neutralization
NK cells -
cocult. with mock BJ T. cruzi BJ
1500 -
= o
£ 10004
(o))
=R
£ (]
2 0
g 500 0o A
o
| og | %o
o (]
T T
IFN-B ) +
neutralization
NK ceII_s mock BJ T. cruzi BJ
cocult. with
250 - p=0.06
200
g °
S 1504
A=
2 100 o
@ .
% °
? .: O ...
50— ° ®
&b =
1 5o [301 o0 b - 1
IFN-B ) +
neutralization
NK cells ‘
cocult. with mock BJ T. cruzi BJ

Results

BH 80
&
®
D 60— °®
o
X ° °
% P 00
o 404
©
~
2 ° o
8 20 - o o o
IFN-B 0 ! ! T T
neutralization ) + - +
cocult. with mock BJ T. cruzi BJ
2500
= 2000+ o
£ ] o
E [ ]
o 15004 °
£ 1 ° ° °
S, 1000
5 ] o & 3
S 500+ % ] ee
1 [}
o o
IFN-B I}?;_I_ v o
R | N ! T
neutralization
NK cells ‘
cocult. with mock BJ T. cruziBJ
8000 p=0.08
[ (]
E 6000
(o)
k="
£
£ 4000+
g °
S 20004 © : o
e (1] g
S )
o () <
IFN-B 0L L3113 —
R | N ' T
neutralization
NK cells _
cocult. with mock BJ T cruziBJ
2000 *
1500 ° °
T o
[ o .
2 ° 9
= 1000 °
> ° 0o
£ ° °
T 504 g °
o 8 : o
o ° 8
IFN-B 0-—er - T
R . ! T
neutralization
NK ceII_s mock BJ T cruziBJ
cocult. with

92



Results

Figure 4.26: Despite the dual effect of IFN-B on the NK cell response to T. cruzi-infected BJ fibroblasts, the
stimulatory effect tends to be predominant. (A) Genotype of KIRs of NK cell donors used for experiments.
(B) Flow cytometric analysis of CD107a on the NK cell surface after coculture with mock and T. cruzi-infected
BJ fibroblasts without and with IFN-B neutralization (antibody clone IFNb/A1). Cocultures were started 24 hpi
(MOI=3) with an E:T ratio of 1:10 using NK cells derived from 8 healthy donors. Cells were cocultured for 24 h
before flow cytometric analysis was performed. Respective medians are depicted by bars. After positive test for
normal distribution, statistical significances were calculated by paired t-test: No statistically significant
differences were found. (C) Analysis of supernatants after NK cell coculture with mock and T. cruzi-infected
BJ fibroblasts without and with IFN-B neutralization. Cocultures were started 24 hpi (MOI=3) with an E:T ratio of
1:2.5 using NK cells derived from 8 healthy donors. Cells were cocultured for 24 h before concentrations of
granzyme A, granzyme B, perforin, granulysin, sFasL and IFN-y were determined using the Human CD8/NK Panel
of the LEGENDplex™ kit. Outliers were identified by ROUT method and excluded. Respective medians are
depicted by bars. After negative test for normal distribution, statistical significances were calculated by paired
Wilcoxon test: * p<0.05.

4.8 Nectin-2 and HLA-E are further potential modulators of the NK cell
response against T. cruzi-infected fibroblasts

In addition to the mechanisms described above, two further potential modulators of the

NK cell response against T. cruzi-infected fibroblasts were identified, both of which can

interact with stimulatory as well as inhibitory NK cell receptors.

First, transcriptome analysis revealed a significantly (p<0.05) increased expression of the
NECTIN2 gene in HDF and BJ fibroblasts in response to T. cruzi infection 48 hpi (figure 4.27 A).
The gene expression increase ranged from approximately 60 to 270% in different HDF donors.
In the case of BJ fibroblasts, NECTIN2 gene expression was increased by around 140%.

Based on these results, nectin-2 protein expression was investigated by flow cytometric
analyses of mock and T. cruzi-infected BJ fibroblasts 48 hpi (figure 4.27 B). Since almost all
fibroblasts expressed nectin-2, as shown in the representative histogram on the left, the MFlI,
which indicates the expression intensity of nectin-2 molecules per cell, was evaluated. MFI
values were normalized to the average MFI of all respective mock controls. The normalized
nectin-2 MFI was significantly (p<0.0001) increased by approximately 74% after T. cruzi
infection compared to mock controls. Furthermore, it was investigated whether the increase
in nectin-2 expression is induced by cell-intrinsic processes of infected fibroblasts or by soluble
factors secreted by infected fibroblasts. To this end, pre-seeded BJ fibroblasts were treated
with culture supernatants from mock or T. cruzi-infected BJ fibroblasts for 24 h (figure 4.27 C).
This resulted in a significant (p<0.0001) increase in normalized MFI after treatment with
supernatants from infected BJ fibroblasts compared to mock controls. In this case, the

normalized nectin-2 MFI was only increased by around 26%.
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These data suggest an increased nectin-2 expression in dermal fibroblasts in response to
T. cruziinfection that is at least partially mediated through soluble factors released by infected
fibroblasts. The increased nectin-2 expression could potentially contribute to the modulation
of the NK cell response by engaging the inhibitory receptors TIGIT and PVRIG or the activating
receptor DNAM-1 on NK cells [50].
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Figure 4.27: Dermal fibroblasts exhibit increased nectin-2 expression in response to T. cruzi infection.
(A) Transcriptome analysis reveals an upregulated expression of the NECTIN2 gene in HDF and BJ fibroblasts after
T. cruziinfection. RNA sequencing was performed using mock and T. cruzi-infected HDFs and BJ fibroblasts 48 hpi
(MOI=3). RPKM values display NECTIN2 gene expression of BJ fibroblasts and 5 HDF donors. After negative test
for normal distribution, statistical significance was analyzed by Wilcoxon test: * p<0.05. (B) Flow cytometric
analysis of nectin-2 expression on mock and T. cruzi-infected BJ fibroblast 48 hpi (MOI=3) Left: representative
histogram of mock and T. cruzi-infected BJ fibroblasts. Right: normalized nectin-2 MFI of mock and
T. cruzi-infected BJ fibroblasts. (C) Normalized nectin-2 MFI of BJ fibroblasts treated for 24 h with supernatants
from mock and T. cruzi-infected BJ fibroblasts. Supernatants were previously obtained from indicated
BJ fibroblasts cultured for 24 h in fresh culture medium between 24 and 48 hpi. MFI values were normalized to
the average MFI of all respective mock controls. Bars display respective medians (n=9). After positive test for
normal distribution, statistical differences were calculated by unpaired t-test with Welch's correction:
**%* p<0.0001.
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Besides nectin-2, HLA-E was investigated as a second potential modulator of the NK cell
response against T. cruzi-infected dermal fibroblasts. Transcriptome analyses revealed a
significantly (p<0.001) higher expression of the HLA-E gene in HDF and BJ fibroblasts in
response to T. cruzi infection 48 hpi (figure 4.28 A). In the individual HDF donors, the
infection-mediated HLA-E gene expression increase ranged from about 75 — 450%, whereas
BJ fibroblasts exhibited an increase of approximately 190%.

Afterwards, HLA-E protein expression of mock and T. cruzi-infected BJ fibroblasts was
evaluated by flow cytometric analyses 48 hpi (figure 4.28 B). As depicted in the representative
histogram, nearly all fibroblasts were positively stained for HLA-E. Therefore, normalized MFI
values were assessed to evaluate the density of expressed HLA-E molecules. T. cruzi infection
resulted in a significant (p<0.001) increase in normalized HLA-E MFI of around 100% compared
to the mock controls. In addition, it was investigated whether the increase in HLA-E expression
is induced by cell-intrinsic processes of infected fibroblasts or by soluble factors secreted by
infected fibroblasts. To this end, pre-seeded BJ fibroblasts were treated with supernatants
from mock and T. cruzi-infected fibroblasts for 24 h (figure 4.28 C). Here, a significant
(p<0.0001) increase in normalized HLA-E MFI was likewise evident after treatment with
supernatant from T. cruzi-infected fibroblasts compared to the mock controls. With an
increase of about 80%, this effect was comparable to the increased HLA-E expression in
response to direct T. cruzi infection.

Thus, the results demonstrated a T. cruzi infection-related increase in HLA-E expression on
fibroblasts, which appears to be mediated by soluble factors released by infected fibroblasts.
This increased HLA-E expression has the potential to modulate the NK cell response by
interacting with corresponding with the inhibitory receptor NKG2A and the activating receptor

NKG2C on NK cells [66].
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Figure 4.28: Dermal fibroblasts show increased HLA-E expression in response to T. cruzi infection.
(A) Transcriptome analysis reveals an upregulated expression of the HLA-E gene in HDF and BJ fibroblasts after
T. cruziinfection. RNA sequencing was performed using mock and T. cruzi-infected HDFs and BJ fibroblasts 48 hpi
(MOI=3). RPKM values display HLA-E gene expression of BJ fibroblasts and 5 HDF donors. After positive test for
normal distribution, statistical significance was analyzed by paired t-test: ** p<0.01. (B) Flow cytometric analysis
of HLA-E expression on mock and T. cruzi-infected BJ fibroblasts 48 hpi (MOI=3) Left: representative histogram
of mock and T. cruzi-infected BJ fibroblasts. Right: normalized HLA-E MFI of mock and T. cruzi-infected
BJ fibroblasts. (C) Normalized HLA-E MFI of BJ fibroblasts treated for 24 h with supernatant of mock and
T. cruzi-infected BJ fibroblasts. Supernatants were previously obtained from indicated BJ fibroblasts cultured for
24 h in fresh culture medium between 24 and 48 hpi. MFI values were normalized to the mean of the mock
controls. Bars display respective medians (n=9). After positive test for normal distribution, statistical differences
were calculated by unpaired t-test with Welch's correction: *** p<0.001; **** p<0.0001.
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5 Discussion

The protozoan parasite T. cruzi is the causative agent of the potentially life-threatening Chagas
disease, which is divided into an acute and a chronic stage. Particularly during the chronic
stage, the infection can lead to severe symptoms such as cardiomyopathy [135]. The present
study focuses on the acute stage and the early immune response against infection. Since
T. cruzi parasites are mainly transmitted by triatomine bugs during their blood meal, the skin
is the primary site of infection [218]. Thus, the early immune response at the inoculation site
is important to contain the parasite spread to surrounding cells as well as other tissues and
organs before the adaptive immune response is initiated. In addition to the high relevance of
the skin during the acute stage, the persistence of T. cruzi parasites in the skin during the
chronic stage has also been demonstrated [157]. However, possible effects of T. cruzi

persistence in the skin on the course of the disease are insufficiently understood.

Since T. cruzi is an obligatory intracellular parasite, we assume NK cells play an indispensable
role for the defense against T. cruzi-infected cells in the skin. NK cells can recognize infected
cells via different mechanisms and respond through direct cytotoxicity and the secretion of
cytokines such as IFN-y [31]. NK cells are present in healthy skin and can accumulate there in
response to an inflammatory stimulus, as shown in the example of psoriasis [219], [220]. A
study by Chessler and colleagues in 2009 indirectly demonstrated the recruitment of NK cells
to the T. cruzi infection site in the skin in a murine model. Here, microarray analyses showed
an increase of grza and grzb transcripts at the site of inoculation, which were not detectable
when NK cells were depleted [221].

So far, little is known about NK cells during T. cruzi infection. However, depletion of NK cells
in T. cruzi-infected mice resulted in an increase in parasitemia, demonstrating their relevance
to parasite defense [182], [222]. Moreover, NK cells are the main producers of IFN-y during
the early stage of T. cruzi infection [175], [176]. The secreted IFN-y is shown to be crucial for
the parasite defense [175], [177]. For example, it induces macrophage activation and
enhanced production of reactive oxygen species in infected L929 cells [175], [178], [181]. The
relevance of cytotoxic NK cell activity in the acute stage has not yet been investigated.
However, an increased amount of cytotoxic circulating NK cells was observed in asymptomatic
compared with cardiac Chagas patients during the chronic phase [184]. In addition, increased

expression of NK cell cytotoxicity-related genes was also determined [185]. Therefore, it can
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be assumed that cytotoxic NK cell effector functions also protect against the progression of
Chagas disease.

With increasing knowledge of the role of NK cells during T. cruzi infection, their relevance is
becoming more apparent. Nevertheless, the mechanisms of NK cell activation by
T. cruzi-infected cells are still unknown.

Hence, the NK cell response in the skin and the underlying stimulatory and inhibitory
mechanisms were characterized using in vitro T. cruzi-infected dermal fibroblasts. Since the
activity of NK cells is controlled by the interplay of activating and inhibitory signals from
different receptors [30] and murine NK cells differ greatly from human ones in their receptor

composition [13], only human NK cells were examined.

5.1 NK cell stimulation by in vitro coculture with T. cruzi-infected dermal
fibroblasts

Dermal fibroblasts are the main cell type in the skin [223]. Since fibroblasts are one of the
most susceptible cell types for T. cruzi infection [139], [218], the present study assumes, that
dermal fibroblasts are highly parasitized during initial infection and thus play an essential role
for the induction of the immune response.

Hence, it was investigated whether T. cruzi-infected primary human dermal fibroblasts
(referred to as HDF) can directly activate NK cells. In order to study this, a heterologous
coculture protocol for human NK cells and in vitro T. cruzi-infected HDF was established to

mimic the NK cell response in the skin against parasitized fibroblasts in the dermis (figure 4.1).

Before coculture setup, NK cells were purified from isolated PBMCs by negative selection.
Here, purities between 85 and 95% of NK cells were achieved. The other 5 — 15% could
theoretically be composed of monocytes, DCs, NKT cells, T cells, and B cells. Since a dump
channel was used to exclude non-NK cells, the precise composition could not be determined.
The exact fraction of each cell type would have to be investigated by individual staining with
different fluorochromes. However, since the utilized blood was obtained from healthy
individuals, the lymphocyte populations were not primed for T. cruzi, which makes their
activation during coculture unlikely. Although multiple washes of infected fibroblasts before
coculture removed as many extracellular parasites as possible, a few remaining parasites

cannot be excluded. Therefore, monocytes and DCs could theoretically be infected by
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remaining extracellular parasites and subsequently contribute to NK cell activation by
producing NK cell stimulating cytokines. For instance, T. cruzi-infected monocytes have been
described to produce IL-12, which promotes NK cell activation in terms of cytokine production
[224]. Stimulation of NK cell cytotoxicity by T. cruzi-infected monocytes has not been observed
to date. Furthermore, in vitro T. cruzi infection of human DCs has been shown to induce the
secretion of anti-inflammatory molecules [225], so DC-mediated NK cell activation seems to
be unlikely. Thus, although indirect NK cell stimulation by remaining accessory cells cannot be

completely excluded, it is highly unlikely in this experimental setting.

Before the NK cell response to T. cruzi-infected fibroblasts was investigated, the general
responsiveness of the purified and rested NK cells to adherent cells was verified. To this end,
NK cell coculture with HEK293 cells was performed. The cell line has been shown to express
high levels of MICA and ULBP1 [205], which are both ligands for the activating NK cell receptor
NKG2D [77], [78]. Indeed, strong degranulation of NK cells was observed after only 5 h of
coculture, as indicated by the presence of CD107a on the NK cell surface. The depiction of
NK cell cytotoxicity is based on the fact that CD107a molecules are contained in the lipid
bilayer of cytotoxic granules and translocate to the plasma membrane during the
degranulation process [204]. The coculture results confirmed that all prepared NK cells were
responsive to adherent cells and thus utilizable to study the NK cell response to

T. cruzi-infected fibroblasts.

A 24 h coculture was required to optimally visualize differences in NK cell degranulation in
response to mock and T. cruzi-infected HDF. This suggests that the stimulatory signals
transmitted here were weaker compared to those derived from HEK293 cells, or that
additional inhibitory signals were present. However, statistically significantly higher NK cell
degranulation was observed after coculture with T. cruzi-infected HDF compared to the mock
controls, indicating that T. cruzi-infected HDF directly activate NK cells without the
contribution of accessory cells. These results are in agreement with the increase of NK cell
cytotoxicity mediators in T. cruzi-parasitized murine skin shown by Chessler and colleagues
[221] and confirm the induction of cytotoxic effector functions in response to T. cruzi-infected

cells for human NK cells.
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For the following investigation of underlying mechanisms of NK cell activity modulation by
T. cruzi-infected fibroblasts, the usage of primary fibroblasts was not practical due to their
restricted proliferation and thus limited cell number. Therefore, the foreskin fibroblast cell
line BJ was examined for the similarity of its response to T. cruzi infection compared to HDF.
BJ fibroblasts have already been used in previous publications for in vitro infections with
different T. cruzi strains [226]-[228]. However, a comparable response of the BJ fibroblasts
and HDF to T. cruzi infection has never been demonstrated.

To investigate the similarity of the response, a comparative transcriptome analysis of mock
and T. cruzi-infected HDF and BJ fibroblasts was conducted. A previous publication showed
that immortalized pterygium fibroblasts differ from respective primary fibroblasts by a
strongly increased expression of cell cycle related genes [229]. Since this was also the case for
the dermal fibroblasts studied here, only those genes that were differentially expressed after
T. cruzi infection compared to mock controls were considered for the comparative analysis
(figure 4.2). The principal component analysis of DEGs revealed a similar response of all
examined fibroblasts to the infection, as indicated by the clustering of all mock fibroblasts on
the one hand and all T. cruzi-infected fibroblasts on the other. A heatmap additionally
displayed comparable overall expression pattern of individual DEGs, confirming the similar
responses of BJ fibroblasts and HDF to T. cruzi infection. Nevertheless, it cannot be excluded
that the expression of individual genes relevant for the modulation of NK cell activity may
differ in response to T. cruzi infection. This requires an individual assessment of the respective
genes of interest.

In addition to the studied gene expression, a comparison of altered protein expression of HDF
and BJ fibroblasts in response to T. cruzi infection by mass spectrometric analysis would be
beneficial for further verification. Unfortunately, this was not feasible due to the limited cell
number of the provided HDF.

Finally, examination of NK cell degranulation in response to mock and T. cruzi-infected
BJ fibroblasts revealed significantly enhanced NK cell degranulation in response to infected
BJ fibroblasts compared with mock controls. Here, the frequencies of CD107a* NK cells were
similar to those obtained after coculture with appropriately treated HDF.

Based on the results of comparative transcriptome analysis and the comparable NK cell

activation by infected HDF and BJ fibroblasts, BJ fibroblasts were assumed to be a suitable
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model for further characterization of the NK cell response to T. cruzi-infected dermal

fibroblasts.

5.2 Cell-cell contact-dependent NK cell activation by T. cruzi-infected
fibroblasts

In the following, BJ fibroblasts were used to study the underlying mechanisms of NK cell

activity modulation by T. cruzi-infected dermal fibroblasts. As described in detail in

section 1.1.3, NK cell activation is controlled by an equilibrium of signals recognized by various

inhibitory and stimulatory NK cell receptors, with inhibitory signals predominating in the

steady state [30].

5.2.1 NK cell activation by T. cruzi-infected fibroblasts is not mediated by
reduction of inhibitory signals

The oldest-known mechanism of NK cell activation was described in a review by Ljunggren and
Karre in 1990 as the recognition of "missing self" on target cells [27]. The review was primarily
based on work by Harel-Bellan and colleagues in 1986 and Storkus and colleagues in 1987. The
authors previously demonstrated an inverse relationship between the expression level of
MHC-I molecules on the target cell surface and lysis of target cells by NK cells [230], [231].
MHC-I molecules provide inhibitory signals to NK cells via the binding of the conserved NKG2A
receptor and the variable inhibitory KIR molecules [62], [71], [232]. Downregulation of MHC-I
molecules results in a shift in the equilibrium of stimulatory and inhibitory signals, and finally
in NK cell activation. This mechanism of NK cell activation has been demonstrated for various
viral infections such as Influenza virus or murine cytomegalovirus (MCMV) [233], [234].

To investigate the relevance of this mechanism, the expression of MHC-I molecules on the
surface of T. cruzi-infected BJ fibroblasts was examined during the course of infection. Instead
of a reduction of MHC-| expression, as was previously observed for T. cruzi-infected Hela cells
[235], an increase in MHC-I expression was detected on the BJ fibroblast surface in response
to T. cruzi infection by flow cytometry (figure 4.4). These results were additionally supported
by transcriptomic and proteomic data revealing an increased expression of MHC-I related
genes (figure 4.14 and 4.15). Moreover, the present study shows that the increased

expression of MHC-I molecules is largely dependent on IFN-B secreted by T. cruzi-infected
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fibroblasts (figure 4.21). Whereas there is no evidence that Hela cells are able to produce
IFN-B, secretion of IFN-B by fibroblasts has already been demonstrated in response to various
infections such as Dengue virus and Chlamydia trachomatis infections [127], [236]. Therefore,
it is conceivable that the differential change in MHC-I expressions of Hela cells and fibroblasts
is based on their ability to secrete IFN-B in response to T. cruzi infection.

Overall, it can be concluded that NK cell activation by T. cruzi-infected dermal fibroblasts is

not mediated via the "missing self" pathway.

5.2.2 NK cell activation by T. cruzi-infected fibroblasts is facilitated by the
engagement of NKp46

In addition to the reduction of inhibitory signals, NK cell activation can also be mediated by an
enhanced engagement of activating receptors [30]. One of these activating receptors is the
NCR NKp46, which is constitutively expressed on around 80% of peripheral NK cells [237].
Besides viral pathogen-encoded ligands, HSPGs and vimentin exposed on the cell surface were
identified as cellular ligands for NKp46 [92], [238].

The presence of vimentin on the surface of T. cruzi-infected fibroblasts was of particular
interest. On the one hand, vimentin is the major intermediate filament in fibroblasts and is
therefore constitutively present in the cytosol. Although it was found in most mesenchymal
cells, particularly strong expression was detected in dermal fibroblasts [239], [240]. On the
other hand, autoantibodies against vimentin were detected in acute and symptomatic chronic
Chagas patients [241], suggesting the presence of extracellular or csVimentin.

In the present study, the amount of csVimentin detected on BJ fibroblasts in response to
T. cruzi infection was significantly increased. The frequency of csVimentin® BJ fibroblasts was
increased 48 hpi from circa 10% to about 42% compared to the mock controls. As evident from
the transcriptome data, this effect was not associated with an overall increase in vimentin
expression. Therefore, it seems likely that the non-conventional localization of vimentin to the
fibroblast surface occurs by secretion into the extracellular space via the classical endoplasmic
reticulum/Golgi pathway, as has been shown for activated human macrophages [242].
Furthermore, vimentin released by dead cells could preferentially bind to the surface of
infected fibroblasts. The exact mechanism remains to be investigated. Based on previous
studies, it can be assumed in both cases that the binding of vimentin to the cell surface is at

least partially mediated by the interaction of the amino terminal vimentin and negatively
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charged phospholipids in the plasma membrane [243]. Moreover, Bhattacharya and
colleagues demonstrated that extracellular vimentin can be bound to the cell surface by
B3 integrin and plectin [244]. A tendentially increased expression of the B3 integrin encoding
gene was found in a transcriptome analysis of HDF and BJ fibroblasts in response to T. cruzi
infection (data not shown). Therefore, further investigation of the B3 integrin protein
expression and the associated binding of vimentin to the cell surface would be of great

interest.

In the following step, the binding of NKp46 to T. cruzi-infected BJ fibroblasts was investigated
(figure 4.6). Using an NKp46-Fc binding assay, a significantly increased frequency of NKp46-Fc
bound BJ fibroblasts was detected after infection (~10%) compared to the mock controls
(~1.6%). Although the results confirmed an increased binding of NKp46 to dermal fibroblasts
in response to T. cruzi infection, the frequencies of fibroblasts bound to NKp46-Fc were lower
than those of previously detected csVimentin* fibroblasts A possible explanation could be the
higher number of washing steps while performing the binding assay compared with flow
cytometric staining of csVimentin. This could lead to an increased detachment of the
non-covalently cell surface-bound vimentin [243], [244] and potentially bound NKp46-Fc
molecules, resulting in lower frequency of detected cells. However, using NKp46-transfected
Jurkat reporter cells [203], increased and functional binding of NKp46 to BJ fibroblasts in
response to T. cruzi infection could be substantiated.

Furthermore, NKp46Z-transfected Jurkat reporter cells were utilized to investigate cell-cell
contact dependency of NKp46 engagement (figure 4.7). Here, enhanced activation of reporter
cells was detectable exclusively after stimulation with T. cruzi-infected BJ fibroblasts
compared to mock controls, but not after stimulation with just the appropriate culture
supernatants. In fact, a significantly decreased frequency of activated reporter cells was
detected after stimulation with culture supernatants of T. cruzi-infected BJ fibroblasts
compared to supernatants of mock controls. These results were supported by the trend of
lower soluble vimentin concentration in the culture supernatant of T. cruzi-infected
BJ fibroblasts compared to mock controls. Together, these results indicate both a cell-cell
contact-dependent engagement of NKp46 and enhanced binding of soluble vimentin by

T. cruzi-infected cells. The increased binding of soluble vimentin, which may be released from
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the cytosol of dead cells, could be mediated by enhanced expression of B3 integrin, which has

been shown to interact with vimentin as previously discussed [244].

Finally, the impact of NKp46 engagement on the NK cell response against T. cruzi-infected
BJ fibroblasts was investigated via antibody-mediated blockade of NKp46 on NK cells prior to
coculture (figure 4.8). The blockade caused decreased NK cell degranulation as well as
secretion of cytotoxicity-mediating effector molecules and the cytokine IFN-y in response to
coculture with both T. cruzi-infected BJ fibroblasts and mock controls. The NKp46 blockade
effect on the NK cell response against mock-treated BJ fibroblasts was presumably due to the
basal presence of csVimentin and thus binding of NKp46, as shown previously in this study.
However, due to the higher amount of activated NK cells after coculture with infected
fibroblasts, the NKp46 blockade effect was more pronounced here. These results indicated an

infection-mediated enhancement of NKp46 engagement.

Besides csVimentin, HSPGs could potentially also promote NKp46-induced NK cell activation
by T. cruzi-infected dermal fibroblasts. Increased HSPG expression has previously been shown
to occur on the surface of tumor cells and MCMV-infected B cells [45], [245]. In contrast,
T. cruzi-infected endothelial cells are described to exhibit no altered levels, but an enhanced
sulfation of HSPGs, which was associated with decreased binding ability of NKp46 [238], [246].
Consistent with this, transcriptome analyses of HDF and BJ fibroblasts performed in this study
detected decreased expression of the HSPG-encoding gene in response to T. cruzi infection
(data not shown). Although HSPG protein expression on the surface of fibroblasts infected
with T. cruzi remains to be investigated, the present data strongly suggest that the increased

presence of csVimentin triggers NKp46-mediated NK cell activation.

Taken together, it was demonstrated that the NK cell response to T. cruzi-infected dermal
fibroblasts is promoted by the cell-cell contact-dependent engagement of NKp46, which is
presumably mediated by the infection-related increased presence of csVimentin. This
mechanism of NK cell activation was first described in a study by Garg and colleagues in 2006.
The authors found an increased presence of vimentin on the surface of
Mycobacterium tuberculosis-infected monocytes, which promoted NKp46-mediated lysis of

infected monocytes by NK cells [92]. Since this 16-year-old study, NK cell activation mediated
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by csVimentin has not been described in any other infection context, underscoring the

importance of the present study.

5.2.3 NK cell activation by T. cruzi-infected fibroblasts is facilitated by the
engagement of CD160

The activation of NK cells by T. cruzi-infected dermal fibroblasts in dependence of the
CD160-HVEM interaction was investigated. CD160 is expressed on T cells and NK cells, among
others [95], mediating inhibitory or activating signals depending on the expressing cell type.
A co-inhibitory function has been indicated for CD4* T cells [97] as well as for CD8* T cells in
the context of cerebral malaria [100]. However, there are also studies showing a
co-stimulatory effect of CD160 on CD8* T cells [98], [99]. Regarding NK cells, all published
studies demonstrate a stimulatory effect of CD160 engagement [41], [102]-[104]. Since
CD160 is expressed on about 70 — 90% of NK cells [110], the effect of CD160 engagement is
expected to be widespread.

In 2013, Sedy and colleagues described HVEM as an activating ligand for CD160 on NK cells in
the context of HCMV infections [32]. Therefore, transcriptome data from mock and
T. cruzi-infected HDF and BJ fibroblasts were reviewed regarding the expression of the
HVEM-encoding gene TNFRSF14 (figure 4.9). This revealed increased expression of the
TNFRSF14 gene in both HDF and BJ fibroblasts in response to T. cruzi infection. Based on this,
BJ fibroblasts were considered a suitable model to study the effects of increased HVEM
expression. Flow cytometric analysis of HVEM protein expression on the surface of mock and
T. cruzi-infected BJ fibroblasts showed a tripling of the frequency of HVEM* fibroblasts from
about 3% to around 9% at 48 hpi (figure 4.10). Increased expression of HVEM in response to
an intracellular infection was also observed in murine corneal fibroblasts after Herpes simplex
virus (HSV) infection [247], [248]. Due to the widely differing models, frequencies of HVEM*
cells are difficult to compare. However, increased HVEM expression in response to
intracellular fibroblast infection with protozoan parasites such as Leishmania spp.,

Taxoplasma spp., or Trypanosoma spp. has not been described to date.

In the following, the binding of CD160 to mock and T. cruzi-infected BJ fibroblasts was
investigated 48 hpi by a modified binding assay using His-tag expressing hrCD160 molecules

(figure 4.11). Using this assay, a significant increase in the frequency of CD160 binding to
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T. cruzi-infected fibroblasts was detected compared to mock controls. The frequencies of
CD160-bound mock (~20%) and T. cruzi-infected (~40%) BJ fibroblasts were clearly higher than
the determined frequencies of HVEM* cells. On the one hand, this could be for technical
reasons. As depicted in figure 4.10, the flow cytometric HVEM staining only showed a shift in
response to the infection and no distinct population, as was the case for the CD160 binding
(figure 4.11). Therefore, it is possible that HVEM was too weakly expressed on some
fibroblasts to be detected by the utilized anti-HVEM antibody. On the other hand, later in the
present study, an increased expression of HLA-C was also detected in response to T. cruzi
infection (figure 4.19). Previous publications show that in addition to HVEM, HLA-C can also
interact with CD160, resulting in increased NK cell activity [41], [103]. Therefore, the binding
of hrCD160 to BJ fibroblasts could also be mediated by HLA-C in addition to HVEM. However,
the results of the present study show that the KO of HLA-C results in an increase in NK cell
activity in most cases (figure 4.25). This suggests that HLA-C primarily interacts with
corresponding inhibitory KIRs and that the interaction with CD160 appears to be less relevant.
Therefore, HVEM is assumed here to be primarily responsible for CD160 engagement in the
physiological context. In addition to CD160, the inhibitory receptor BTLA has also been
described as an interaction partner for HVEM [109]. However, BTLA was shown to be
expressed on a much lower proportion of NK cells than CD160 [110]. Moreover, in a study by
Sedy and colleagues, treatment of NK cells with HVEM-Fc molecules resulted in enhanced
NK-cell activity [32]. Therefore, it can be suggested that the interaction of HVEM with CD160
is predominant on NK cells.

Finally, the impact of CD160 engagement by T. cruzi-infected BJ fibroblasts was investigated
through antibody-mediated blockade of CD160 on NK cells prior to coculture. The blockade
resulted in a significantly decreased NK cell degranulation and secretion of effector molecules
after coculture with mock as well as T. cruzi-infected fibroblasts. Similar to NKp46 blockade,
the effect of CD160 blockade in coculture with mock-treated fibroblasts can be explained by
basal expression of the ligand, in this case HVEM. However, the infection-mediated increase
in HVEM expression presumably mediated a higher frequency of activated NK cells and thus
also a higher number of NK cells whose activity was reduced by the CD160 blockade.
Nevertheless, regarding the calculated significances of the respective blockade-mediated

effects, CD160 blockade appeared to have a less specific effect on the NK cell response against
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T. cruzi-infected fibroblasts than NKp46 blockade. This may be due to the overall lower

presence of the CD160 ligand HVEM compared to the NKp46 ligand csVimentin.

Overall, engagement of both NKp46 and CD160 appears to contribute to NK cell activation by
T. cruzi-infected fibroblasts. The strong reduction of NK cell responses after blockade of both
receptors indicates that NK cell activity is mediated by a precisely tuned balance of inhibitory
and stimulatory signals. Whenever one of the stimulatory signals is removed, the balance
appears to shift to the inhibitory side, preventing the activation of NK cells. Nevertheless, it
cannot be excluded that further stimulatory or inhibitory signals are involved in vivo, which

may influence the equilibrium.

5.3 Dual effect of IFN-B released by T. cruzi-infected fibroblasts on NK cell
activity

5.3.1 NK cells are stimulated directly by IFN-

In addition to direct interaction between NK and target cells, soluble factors may also
contribute to NK cell activation. On the one hand, various cytokines have been described to
promote NK cell responses. The most notable are IL-2, IL-12, IL-15, IL-18 as well as type | and
type Il IFNs [43], [47], [48]. On the other hand, in 2004 Lieke and colleagues showed that
extracellular T. cruzi trypomastigotes promote NK cell cytotoxicity, resulting in lysis of the
extracellular parasites [182]. The specific interacting molecules are not known. Based on this,
it is also conceivable that parasitic factors released by infected cells could enhance NK cell
activity.

Therefore, whether NK cell degranulation can be enhanced by soluble factors released by
T. cruzi-infected cells was investigated (figure 4.13). Here, increased NK cell degranulation was
observed in response to T. cruzi-infected BJ fibroblasts compared to mock controls. However,
the median frequency of CD107a* NK cells after stimulation with supernatants was about
10 — 20% lower than after direct coculture with the respective fibroblasts (figure 4.3, 4.8 B,
4.12B, 4.25 B and 4.26 B). This suggests that although soluble factors contribute to NK cell
activation, it is further enhanced by additional cell-cell interactions.

NK cell activation by supernatants of T. cruzi-infected BJ fibroblasts could theoretically have

been caused by both cellular and parasitic soluble factors. To determine the origin of soluble
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NK cell activating factors, NK cells were also stimulated with supernatants from mock and
T. cruzi-infected cells which were not of human origin. Although cross-reactivity of potentially
secreted cytokines could not be completely excluded, it was assumed that, due to the
different species, the released cellular factors could not be recognized by human NK cell
receptors. Thus, potential NK cell activation was assumed to be mediated exclusively by
parasitic factors. Vero81 cells were used to facilitate this. This kidney epithelial cell line is
derived from the African green monkey and has already been described to be efficiently
infected with different T. cruzi strains [249]. Light microscopic observation also confirmed
comparable infection rates and kinetics between T. cruzi-infected BJ fibroblasts and Vero81
cells (data not shown). In contrast to the supernatants from T. cruzi-infected BJ fibroblasts,
stimulation of NK cells with the supernatants from infected Vero81 cells did not result in
increased NK cell degranulation compared to the control. Therefore, it was concluded that the
NK cell stimulating factors in the supernatants of T. cruzi-infected BJ fibroblasts must be of
cellular origin. These results were consistent with those of a study by Lieke and colleagues in
2006, which found no activation of murine NK cells after transwell coculture with
T. cruzi-infected human 86-HG-39 cells [181].

As an alternative to Vero81 cells, which are derived from kidney epithelial cells, a dermal
fibroblast cell line derived from a non-human species could be used for better comparability
between cell types. However, the murine fibroblast cell line NIH-3T3, which was available for
the present study, showed a clearly higher infection rate and faster intracellular parasite
replication compared to the human BJ fibroblasts in pre-trials. For this reason, Vero81 cells

were chosen to address the question here.

Following this, the next aim was to identify secreted cellular factors mediating NK cell
activation. To this end, transcriptome data of mock and T. cruzi-infected HDF and BJ fibroblasts
were evaluated for individual upregulated genes and signaling pathways (figure 4.14). The
data visualization via a volcano plot revealed a significant upregulation of genes related to IFN
signaling. In addition, over-representation analysis confirmed a significant enrichment of
genes included in the pathways “IFN-a/-B signaling" and "IFN signaling". The proteomic
analysis of mock and T. cruzi-infected BJ fibroblasts also verified these results at protein level
(figure 4.15). These data were in agreement with results of previously published gene

expression studies of BJ fibroblasts infected with different T. cruzi strains, which
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demonstrated an upregulation of genes associated with IFN and in particular type | IFN
responses [227], [250], [251]. Moreover, Chessler and colleagues demonstrated that a type |
IFN response is induced in vivo at the site of intradermal infection in the murine T. cruzi
infection model [221].

Based on these results, supernatants from mock and T. cruzi-infected BJ fibroblasts were
tested for secreted type |, Il, and Il IFNs (figure 4.16). Whereas no secretion of the type | IFN
IFN-a and the type Il IFN IFN-y was detected, the type | IFN IFN-B as well as the type Il IFNs
IFN-A1 and IFN-A2/3 were found in statistically significantly increased concentrations in
supernatants from BJ fibroblasts infected for at least 48 h.

More than 30 years ago, Kornbluth and Hoover demonstrated the ability of hrIFN-B to induce
NK cell cytotoxicity in vitro [252]. Furthermore, Une and colleagues have shown that type |
IFNs are crucial for the induction of NK cell cytotoxicity in experimental T. cruzi infection using
IFNAR-deficient mice [253]. Based on these data, the present study examined the role of IFN-
secreted by T. cruzi-infected BJ fibroblasts for NK cell degranulation (figure 4.17). IFN-B
neutralization had no effect on NK cell stimulation with supernatants of mock-treated
fibroblasts. The absence of the IFN-B neutralization effect was consistent with the
undetectable IFN-B levels in the supernatant of mock-treated fibroblasts (figure 4.16). In
contrast, a significant reduction in NK cell degranulation was detectable after stimulation with
supernatants from T. cruzi-infected fibroblasts when IFN-B was neutralized. These findings
confirmed the importance of secreted IFN-B in stimulating NK cell cytotoxicity. However, IFN-3
neutralization did not completely reduce the frequency of degranulating NK cells in response
to the supernatants of infected fibroblasts to the level of mock controls. Since the neutralizing
antibody was used in nearly 20-fold excess to the measured amount of IFN-B, an incomplete
neutralization is unlikely. Hence, it seems probable that other soluble factors contribute to
NK cell activation. A possible candidate might be IFN-A, which has also been shown to be
secreted by T. cruzi-infected BJ fibroblasts, since IFN-A has been shown to induce similar
signaling pathways as IFN-a/B [254]. Nonetheless, previous studies have only found an effect
of IFN-A on NK cell IFN-y production and not on their cytotoxic effector function [48], [134].
As previously described, IFN-y produced by NK cells has been shown to be crucial for parasite
control in the early, acute phase of T. cruzi infection [175], [177]. Therefore, a more detailed
consideration of the impact of IFN-A secreted by T. cruzi-infected fibroblasts would be of great

interest. However, as previous studies have failed to demonstrate an effect of IFN-A on NK cell
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cytotoxicity [48], [134], this cytokine seems to play a minor role for the observed increase in
NK cell degranulation through treatment with supernatants from T. cruzi-infected fibroblasts.
Accordingly, other undefined soluble factors appear to promote the cytotoxic function of

NK cells in addition to IFN-f.

5.3.2 IFN-B dampens the NK cell response by promoting MHC-I expression
on target cells
In addition to direct stimulation of NK cells via IFNAR engagement, IFN-B can also indirectly
affect NK cell activity. IFN-B has been described to enhance the expression of MHC-I molecules
[127]. This is in line with results of the present study, showing that the increase in HLA-A,B,C
expression on fibroblasts in response to T. cruzi infection was inhibited by neutralization of
IFN-B (figure 4.21). Furthermore, a slight but significant reduction in HLA-A,B,C expression
levels was also evident after stimulation with supernatants from mock controls. Although
IFN-B was not measurable in supernatants from mock-treated fibroblasts by LEGENDplex,
these data suggest IFN-B secretion at very low level and autocrine or paracrine utilization by

fibroblasts.

MHC-I molecules can interact with different activating and inhibitory KIRs, with higher binding
affinity to receptors mediating inhibitory signals [62], [64]. Therefore, it is assumed that a

IFN-B-mediated increase in MHC-I expression on the target cell surface inhibits NK cell activity.

To investigate the contribution of IFN-B-mediated stimulatory and inhibitory signals on the
NK cell response, coculture experiments were performed with mock and T. cruzi-infected
BJ fibroblasts without and with IFN-B neutralization (figure 4.26). The IFN-B neutralization
should suppress both direct NK cell stimulation via engagement of IFNAR on NK cells and
indirect NK cell inhibition via increased engagement of inhibitory KIRs through enhanced
expression of HLA-A,B,C.

Evaluation of NK cell degranulation after 24 h of coculture showed no differences in the NK cell
response to mock or T. cruzi-infected fibroblasts when IFN B was neutralized. This suggests
that after 24 h, stimulatory signals transmitted by IFNARs were compensated by inhibitory
signals mediated by increased expression of MHC-I molecules on the target cells. This

assumption is in accordance with a study by Kornbluth and Hoover, showing that
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IFN-B-mediated NK cell cytotoxicity peaks 6 h after the onset of stimulation and subsequently
declines [252]. In addition, the present study demonstrated that MHC-| expression increased
with progressing intracellular parasite amplification (figure 4.4).

Following this, the IFN-B-mediated effect on the NK cell response to mock and T. cruzi-infected
fibroblasts was to be monitored over the entire coculture period to also visualize earlier
effects. To this end, supernatants were assayed for released cytotoxic mediators (granzyme A,
granzyme B, perforin, granulysin and sFasL) as well as secreted IFN-y during coculture.

IFN-B neutralization during coculture with mock-treated fibroblasts led to an increased
secretion of all studied mediators. These results were in line with the previously observed
IFN-B neutralization-dependent reduction of HLA-A,B,C expression on mock-treated
fibroblasts (figure 4.21), indicating NK cell activation via the “missing self” pathway [27]. The
data support the hypothesis that a small amount of IFN-B is secreted by mock-treated
fibroblasts and directly utilized in an autocrine or paracrine manner. Thus, IFN-B would be
removed from the supernatant under this condition and could not contribute to NK cell
activation through engagement of IFNAR on NK cells.

IFN-B neutralization during NK cell coculture with T. cruzi-infected fibroblasts had an opposite
effect compared to the coculture with the corresponding mock controls. Here, IFN-B
neutralization caused at least a trend toward reduced secretion of NK cell effector molecules,
with granzyme B and IFN-y detected at significantly lower levels. These results suggest that
due to the increased secretion of IFN-B by infected fibroblasts, there is additional engagement
of IFNAR on NK cells, promoting their activation. Thus, at least in the early phase of coculture
with T. cruzi-infected fibroblasts, IFN-B-mediated stimulatory signals appear to predominate.
However, in the later course of coculture, the signals of inhibitory KIRs might compensate
IFNAR-mediated stimulatory signals due to the increasing expression of MHC-I ligands on

fibroblasts, as suggested by the results of the degranulation assay described above.

Therefore, a consideration of the long-term effects of IFN-B secreted by T. cruzi-infected
fibroblasts would be very interesting. Previous studies even indicate a detrimental effect of
IFN-B during the later course of T. cruzi infections. Using IFNAR-deficient mice, Chessler and
colleagues showed that type | IFNs increase parasitemia and decrease survival from day
25— 30 of experimental T. cruzi infection [255]. Splenocytes derived from IFNAR-deficient

mice exhibited higher IFN-y secretion in response to T. cruzi antigen stimulation. This indicated
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a type | IFN-dependent impairment of IFN-y production by T cells, resulting in a diminished
parasite defense. Type | IFN-mediated suppression of the T cell IFN-y response has also been
described for infections with other pathogens, such as Mycobacterium leprae [256]. Besides
T cells, IFN-y production by NK cells has also been described to be suppressed by IFN-B, here
in the context of HSV infections [257]. However, whether IFN-B also negatively regulates IFN-y
production by NK cells during acute and chronic T. cruzi infection, particularly in humans,

requires further investigation.

5.4 Cell-cell contact-dependent dampening of the NK cell response against
T. cruzi-infected fibroblasts by HLA-C corresponding inhibitory KIRs

As previously described, T. cruzi infection of dermal fibroblasts did not exclusively induce an
increase in the expression of molecules transmitting stimulatory signals to NK cells.
Transcriptome, proteome, and flow cytometric analysis revealed an increased MHC-I
expression in response to the infection (figure 4.4, 4.14 and 4.15). MHC-I molecules mediate
inhibitory signals to NK cells through interaction with various inhibitory KIRs, thus preventing
an unwanted NK cell response under steady-state conditions [26], [27], [232]. Furthermore,
MHC-I molecules can also be bound by various stimulatory KIRs. However, these exhibit lower
affinities and partly higher peptide selectivities for the respective MHC-I ligands compared to
their inhibitory counterparts [64], [65]. In addition, the non-classical MHC-I molecule HLA-E
also interacts with two members of the NKG2 receptor family [71] and will be discussed in
section 5.5.

Based on a study by Ayo and colleagues, which found an association between the combination
of HLA-C corresponding KIRs and the progression of Chagas disease [217], the present work
focussed on the classical MHC-I molecule HLA-C. HLA-C is of particular importance forimmune
regulation. Unlike HLA-A and -B, it only makes a minor contribution to antigen presentation

to T cells, but inhibits NK cell function via interaction with inhibitory KIRs [258].

5.4.1 T. cruziinfection enhances HLA-C expression on dermal fibroblasts and
the binding of corresponding KIRs

Transcriptome analysis of mock and T. cruzi-infected HDF and BJ fibroblasts showed a trend

towards increased expression of the gene encoding the HLA-C a-chain (figure 4.18). HDFs from
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the different donors exhibited large differences in basal HLA-C gene expression, whereas all
fibroblasts showed comparable infection-related increases in HLA-C gene expression. The
differences in basal expression were probably caused by different HLA-C allotypes in the
individual donors, which were not determined more precisely in the present study. Previous
publications have shown that HLA-C expression intensity is determined by HLA-C allotypes and
may influence the course of infections with pathogens such as HIV-1 [259], [260]. A first
indication of a relationship between the HLA-C allotype, and thus the intensity of expression
over the course of Chagas disease, was given in a study by Layrisse and colleagues. The authors
demonstrated an association between the presence of the weakly expressed HLA-C allele
HLA-C*03 and the development of Chagas cardiomyopathy [261]. The significance of this

association will be discussed later on.

Compared to mock and T. cruzi-infected HDF, BJ fibroblasts exhibited a comparable
infection-related increase in HLA-C gene expression, with relatively high expression rates
overall. Therefore, it was concluded that BJ fibroblasts were a suitable model to study the
effects of increased HLA-C expression on the NK cell response against T. cruzi-infected
fibroblasts. Subsequent flow cytometric analysis of HLA-C expression on the surface of mock
and T. cruzi-infected BJ fibroblasts confirmed the infection-related expression increase
(figure 4.19). Previous publications had already shown an increase in general MHC-I
expression as a consequence of infections such as dengue virus [262]. However, in these cases
no individual measurement of HLA-A, -B and -C expression was performed. Studies specifically
examining HLA-C expression in other contexts of infection exclusively found a downregulation
of HLA-C expression in response to infection with pathogens such as HIV-1 and HCMV [259],
[263], [264].

The present study demonstrated that the increase in HLA-C expression on the fibroblast
surface after T. cruzi infection was not directly caused by the intracellular infection. This was
concluded from an experiment in which treatment of BJ fibroblasts with filtered supernatants
from mock and T. cruzi-infected fibroblasts resulted in a similar HLA-C expression increase
compared to a direct infection (figure 4.20). IFN-B secreted by T. cruzi-infected fibroblasts
appeared to be only partially responsible for the increase in HLA-C expression (figure 4.21).

Indeed, neutralization of IFN-B led to a significant reduction in the frequency of
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HLA-C* fibroblasts treated with supernatants from T. cruzi-infected fibroblasts. However,
frequency of HLA-C* fibroblasts was still increased by approximately 70% compared to mock
control supernatant-treated fibroblasts. In addition to IFN-B, IFN-A, which is also secreted by
infected fibroblasts (figure 4.16), could potentially contribute to the increase in HLA-C
expression. To date, no studies investigating the effect of IFN-A on HLA-C expression or the
general expression of human MHC-I molecules have been published. Nevertheless, IFN-A has
been shown to increase the expression of MHC-I molecules on murine thymic epithelial cells
[265]. Therefore, investigation of the role of secreted IFN-A on MHC-I and especially HLA-C
expression of mock and T. cruzi-infected fibroblasts would be immensely worthwhile.

In contrast to HLA-C, the increase in total HLA-A,B,C expression in response to treatment with
supernatants of T. cruzi-infected fibroblasts appeared to be almost completely abolished by
IFN-B neutralization. Since HLA-C has been shown to exhibit the weakest expression of all
classical human MHC-I molecules [266], it can be assumed that its expression has the weakest
impact on the overall expression of HLA-A,B,C. However, to estimate the precise effects of
IFN-B on HLA-A and -B expression, additional individual stainings would have been required.
Conceivably, HLA-C surface expression may be regulated differently by individual IFNs than
HLA-A and -B expression. Related to this, it has been shown that type | IFNs can increase the
expression of different MHC-I alleles to varying extents [267]. Since IFN-A induces similar
signaling pathways as type | IFNs [254], it could likewise differentially affect the expression of
different MHC-I alleles.

Based on polymorphisms at positions 77 and 80 of the HLA-I heavy chain, HLA-C alleles are
divided into two groups, each bound by different KIRs. HLA-C1 molecules are preferentially
bound by the inhibitory KIR2DL2 and KIR2DL3, as well as their activating counterpart KIR2DS2.
In contrast, HLA-C2 molecules are primarily bound by the inhibitory KIR2DL1 and the activating
KIR2DS1 [62]. To optimally assess the consequences of a T. cruzi infection-induced increase of
fibroblast HLA-C expression on activity of NK cells, both groups of HLA-C molecules were
considered. Since HLA-C typing of BJ fibroblasts revealed heterozygosity for HLA-C1 and
HLA-C2, they could be used as a good model to answer this question. The investigation into
the binding of the HLA-C1 corresponding KIR2DL2 and the HLA-C2 corresponding KIR2DL1
revealed a significantly increased binding of both KIRs to infected fibroblasts compared to the

mock controls (figure 4.22). These results confirmed, on the one hand, the increase in HLA-C
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expression in response to T. cruzi infection and, on the other hand, the heterozygosity of

BJ fibroblasts for HLA-C1 and HLA-C2.

5.4.2 Infection-induced HLA-C dampens the NK cell response in most
individuals

As previously mentioned, HLA-C has been described to be bound by a variety of receptors,
such as the inhibitory KIRs KIR2DL1, KIR2DL2, and KIR2DL3, their activating counterparts
KIR2DS1 and KIR2DS2 [62], as well as the activating CD160 [41], [103]. To determine whether
stimulatory or inhibitory signals mediated by upregulated HLA-C predominate, the impact of
the increased HLA-C expression was investigated using a KO of HLA-C in BJ fibroblasts instead
of blocking individual receptors on NK cells. To this end, CRISPR/Cas9 technology was used to
create a double-strand break in the HLA-C gene, where an RFP and puromycin resistance gene
were inserted for subsequent selection of successfully transduced clones. Following the
generation of BJ HLA-C KO single-cell clones, the cells were mock-treated or infected with
T. cruzi and analyzed for their HLA-C and general MHC-I expression (figure 4.23). For the
analyses, a clone was selected that showed no impairment of overall MHC-1 expression due to
possible off-target effects compared with the WT control. Simultaneously, HLA-C appeared to
be successfully knocked out in the selected clone, as it was detectable on less than 1% of
transfected BJ fibroblasts by flow cytometric analysis. The staining of occasional cells was
likely due to nonspecific binding of the anti-HLA-C antibody clone DT-9 to other MHC-I
molecules, as indicated by a study from Corrah and colleagues [268].

Moreover, binding assays for KIR2DL1 and KIR2DL2 ensured that not only the binding site for
the used anti-HLA-C antibody clone was disturbed, but also functional binding of
corresponding receptors was prevented (figure 4.24). Regarding HLA-C2, a complete
functional KO was clearly confirmed since, in contrast to WT BJ fibroblasts, no KIR2DL1-Fc
molecules were bound even after T. cruzi infection. KIR2DL2-Fc molecules corresponding to
HLA-C1 were not bound by mock-treated HLA-C KO BJ fibroblasts. Although the frequency of
KIR2DL2-bound T. cruzi-infected HLA-C KO BJ fibroblasts was reduced 20-fold compared to WT
BJ fibroblast controls, minimal binding of KIR2DL2 was still detectable. The remaining binding
of KIR2DL2 could be explained by the interaction with certain HLA-B allotypes, for which

binding to KIR2DL2 has been demonstrated with low affinity [63]. Overall, the binding assays
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of the HLA-C1 and -C2 corresponding KIRs confirmed a successful, functional KO of HLA-C in

the selected clone.

Finally, the influence of the HLA-C KO on the NK cell response to mock and T. cruzi-infected
fibroblasts was investigated by coculture (figure 4.25). Compared to coculture with WT
BJ fibroblasts, coculture with HLA-C KO BJ fibroblasts resulted in higher NK cell activity in all
except one NK cell donor. This effect was observed for coculture with mock as well as with
T. cruzi-infected HLA-C KO fibroblasts. These results demonstrate the contribution of HLA-C in
preventing an unwanted NK cell response in steady-state. The elimination of HLA-C-mediated
signals leads to NK cell recognition of "missing self" on target cells [27] and thus to enhanced
NK cell activity in response to mock-treated HLA-C KO BJ fibroblasts. In the case of
T. cruzi-infected fibroblasts, increased HLA-C expression appears primarily to dampen NK cell
activity, possibly to prevent an exaggerated, adverse reaction. Since HLA-C is not specifically
upregulated on infected but also on surrounding fibroblasts by secreted cytokines such as
IFN-B, it is conceivable that HLA-C-mediated inhibitory signals should prevent lysis of
uninfected fibroblasts and thus unnecessary tissue damage. Such an exaggerated NK cell
reaction leading to tissue injury has been observed, for example, during Ehrlichia chaffeensis
infection in the liver [269].

In contrast to all other tested NK cells, NK cells from donor A showed a reduced NK cell
response to T. cruzi-infected HLA-C KO fibroblasts compared to WT controls. Thus, in this case,
the infection-induced increase in HLA-C expression appeared to mediate stimulatory rather
than inhibitory signals towards NK cells. This could be related to the genotype of HLA-C
corresponding KIRs (KIR2DL1*/2DL27/2DL3*/2DS1*/2DS2°), which was unique among all tested
donors. In this case, HLA-C1 molecules on fibroblasts can mediate inhibitory signals exclusively
via engagement of KIR2DL3 on NK cells. Work by Moesta and colleagues has shown that
KIR2DL3 is a much weaker receptor for HLA-C1 than KIR2DL2. Due to two polymorphisms distal
to the ligand-binding site, the angle between the two binding-relevant domains is altered,
making HLA-C1 binding more difficult and resulting in fewer transduced inhibitory signals [63].
Therefore, it is possible that, in this case, HLA-C1 molecules on fibroblasts are additionally
bound by the stimulatory CD160 on NK cells [41], [103] and thus transmit more stimulatory
than inhibitory signals. Regarding HLA-C2 molecules, two corresponding KIRs are present on

NK cells from donor A: KIR2DL1 and KIR2DS1. Both KIRs are externally almost identical, but
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intracellularly transmit inhibitory and stimulatory signals, respectively [270]. As mentioned
above, the interaction of activating KIRs with MHC-I ligands is generally weaker than that of
their inhibitory counterparts [271]. However, in a study by Chapel and colleagues, peptide
selectivity of KIR2DS1 was demonstrated [65], implying that binding of KIR2DS1 to HLA-C2
molecules of infected cells may be increased due to the altered repertoire of presented
peptides. Such an infection-mediated induction of KIR2DS1 binding has been demonstrated,
for example, for HCMV-infected fibroblasts [272]. To clarify whether T. cruzi infection of
dermal fibroblasts also leads to induction of KIR2DS1 binding requires further investigation.
Taken together, the data suggest that the combination of HLA-C corresponding KIRs present
in NK cells derived from donor A mediates stimulatory instead of inhibitory signals in response
to HLA-C exposed on T. cruzi-infected fibroblasts. To validate this, the experiments would

need to be conducted with a larger sample size.

Overall, it was concluded that, on the one hand, the T. cruzi infection-induced increase in
HLA-C on fibroblasts in most individuals presumably contributes to the containment of the
NK cell response, thus preventing a possible exaggerated detrimental response. On the other
hand, the results also provided first indications that this effect depends on the genotype of
the HLA-C corresponding KIRs. This assumption is supported by the previously quoted study
by Ayo and colleagues in 2015. Their data showed significantly more frequent presence of the
activating KIR2DS2 in the simultaneous absence of its inhibitory counterpart KIR2DL2 in
chronic Chagas patients (12.2%) compared to healthy controls (4.2%). Furthermore, this
combination of HLA-C1 corresponding KIRs occurred significantly more frequently in
symptomatic (22.7%) compared to asymptomatic chronic Chagas patients (6.9%) [217]. These
data endorse the hypothesis of an exacerbated course of Chagas disease due to an
exaggerated NK cell response mediated by insufficient inhibitory signals. This assumption is
also supported by the study by Layrisse and colleagues. As mentioned above, the authors
revealed a correlation between the presence of the HLA-C*03 allele and a symptomatic course
of Chagas disease in the chronic stage [261]. Since HLA-C*03 is the weakest expressed HLA-C1
allele [259], it can be assumed to mediate the weakest inhibitory signals to NK cells. Based on
this, an investigation of T. cruzi infection-mediated HLA-C expression in parasitized tissues

during the chronic stage of Chagas disease would also be of great interest.
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5.5 Further potential modulators of NK cell responses against
T. cruzi-infected fibroblasts
Besides the discussed mechanisms regulating the NK cell response to T. cruzi-infected
fibroblasts, two additional potential modulators of NK cell activity were identified by
transcriptome analysis of mock and T. cruzi-infected HDF and BJ fibroblasts. Here, a
significantly increased expression of the genes encoding for nectin-2 and the a-chain of HLA-E
were observed in response to T. cruzi infection (figure 4.27 A and 4.28 A). The increased
nectin-2 and HLA-E protein expression on the fibroblast surface in response to infection was
subsequently confirmed by flow cytometric analysis (figure 4.27 B and 4.28 B). Both molecules
have been described to interact with stimulatory as well as with inhibitory receptors on

NK cells, resulting in an altered NK cell response.

Nectin-2 has been shown to be bound by the stimulatory DNAM-1 [111] as well as inhibitory
acting TIGIT [112] and PVRIG [113] on NK cells. However, binding affinities of the different
receptors for nectin-2 differ widely, with TIGIT having the lowest and PVRIG the highest
binding affinity [50], [113]. Besides the binding affinities, the expression levels of the different
receptors on NK cells also need to be considered. Whereas DNAM-1 is expressed on around
90% of NK cells [273], flow cytometric analysis of PVRIG expression showed that it was only
present on about a quarter of total NK cells, with low expression overall per cell [113].
Therefore, regarding the total NK cell population, it is likely that the stimulatory effect of
nectin-2 through engagement of DNAM-1 is predominant on most NK cells. This assumption
is also supported by a study by Molfetta and colleagues. Here, the nectin-2 surface expression
was increased on various cell lines and primary cells by blocking the ubiquitin pathway, which
resulted in increased cytotoxic effector functions in cocultured NK cells. Moreover, the
increased NK cell cytotoxicity was proven to be mediated by DNAM-1, as treatment with a
blocking anti-DNAM-1 antibody abolished the effect [274].

Whether the increased nectin-2 expression on fibroblasts in response to T. cruzi infection also

contributes to the increase in NK cell activity remains to be investigated.

The non-classical MHC-I molecule HLA-E has also been shown to mediate both inhibitory and
stimulatory signals to NK cells by interacting with two different members of the NKG2 family

[71]. Usually, HLA-E presents peptides derived from signal sequences of other MHC-I
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molecules, thereby reflecting the general MHC-I expression [69], [275]. Since an increase in
HLA-A,B,C expression in response to T. cruzi infection was previously observed in the present
study (figure 4.4), an increased presence of HLA-E on the fibroblast surface was anticipated.
The described HLA-E peptide complexes primarily interact with NKG2A, sending inhibitory
signals to NK cells [69]. In contrast, the stimulatory NKG2C has been shown to bind to these
complexes with a six-fold lower binding affinity [276]. However, besides peptides derived from
signal sequences of other MHC-I molecules, HLA-E has also been shown to present the signal
peptide of the HCMV glycoprotein UL40 on the surface of infected cells, leading to specific
interaction with the stimulatory NKG2C on NK cells [73], [277]. In this context, an increased
IFN-y production by NKG2C* NK cells during HCMV infection [278] and an enhanced
proliferation of NKG2C* NK cells have been observed [279]. Nevertheless, this does not seem
to apply to NK cells during T. cruzi infection. Here, no change in the frequency of NKG2C*
NK cells was observed after coculture with T. cruzi-infected fibroblasts compared with mock
controls (data not shown). In contrast, the frequency of NKG2A* NK cells significantly
increased by around 30% in response to coculture with T. cruzi-infected compared to
mock-treated HDF (data not shown). Therefore, it seems likely that HLA-E, which is
upregulated on dermal fibroblasts in response to T. cruzi infection, transmits inhibitory rather
than stimulatory signals to NK cells. However, further investigations are required for a reliable

statement.

Furthermore, in the present study it was observed that the increase of nectin-2 and HLA-E
expression on BJ fibroblasts in response to T. cruzi infection was at least partially mediated by
soluble factors released by infected fibroblasts (figure 4.27 C and 4.28 C). Again, IFN-B
secreted by T. cruzi-infected fibroblasts could play a pivotal role, since a study by Wolpert and
colleagues revealed an IFN-B-dependent increase in surface expression of nectin-2 as well as
HLA-E on glioblastoma-initiating cells [280]. Whether this also applies to the increased
nectin-2 and HLA-E expression on dermal fibroblasts needs to be verified. Furthermore,
increased expression of HLA-E on the cell surface could be indirectly mediated by increased
expression of other MHC-I molecules. Nevertheless, this once again illustrates the complexity

of the effects of IFN-3 secreted by T. cruzi-infected fibroblasts on the NK cell response.
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6 Future Perspectives

The results of the present study first revealed a direct activation of NK cells by T. cruzi-infected
dermal fibroblasts, and subsequently characterized diverse underlying mechanisms
controlling the intensity of the NK cell response.

Nevertheless, it has not yet been clarified whether the activated NK cells specifically lyse
T. cruzi-infected fibroblasts or whether surrounding healthy cells are also compromised by
released cytotoxic mediators. To investigate this, the duration and E:T ratio of NK cell
fibroblast cocultures would need to be adjusted to optimally visualize target cell lysis by flow
cytometric analysis. Here, NK cell-mediated permeabilization of fibroblasts could be visualized
using a fixable viability dye, while infected fibroblasts could be distinguished by subsequent
intracellular parasite staining. Besides target cell lysis, whether the activity of human NK cells
induces trypanocidal mechanisms in T. cruzi-infected fibroblasts, as has been demonstrated
for murine cells [181], could be studied. For this purpose, the average number of parasites per
fibroblast without and with cocultured NK cells could be determined by fluorescence
microscopy using the Opera Phenix high content screening system.

In addition to this further characterization of NK cell effector functions against T. cruzi-infected
fibroblasts, several potential regulators of the NK cell response could be analyzed in more
detail. This study demonstrated, for example, an increased presence of vimentin, HVEM, and
MHC-I molecules such as HLA-C on the fibroblast surface in response to T. cruzi infection,
leading to enhancement or inhibition of the NK cell response, respectively. However, the
equilibrium regulating the NK cell response could be influenced by additional differentially
expressed ligands such as nectin-2 and HLA-E, which were also found to be upregulated in
response to the infection and which are known to interact with various NK cell receptors. To
determine how their altered expression affects the NK cell response against T. cruzi-infected
fibroblasts, the interaction of these ligands with the corresponding NK cell receptors could be
prevented by, for example, a CRISPR/Cas9-mediated nectin-2 or HLA-E KO in BJ fibroblasts
analogous to the HLA-C KO described in this study.

Moreover, a more detailed investigation of the effect of IFN-B and IFN-A secreted by infected
fibroblasts would be of great interest. In this study, IFN-B was shown to both positively and
negatively influence NK cell responses induced by T. cruzi-infected fibroblasts through
multiple pathways. The impact of secreted IFN-A could not be clarified yet. The effect could

be investigated analogously to IFN-B through antibody-mediated neutralization of the
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cytokine in the supernatants from mock and T. cruzi-infected fibroblasts, as well as during
direct fibroblast cocultures with NK cells.

By studying the NK cell interaction with T. cruzi-infected dermal fibroblasts, the early acute
NK cell response in T. cruzi-parasitized skin was reflected. In the future, the NK cell response
during the later acute phase as well as the chronic phase of Chagas disease should be
characterized, whereby the interaction of NK cells with parasitized skeletal and cardiac muscle
cells is particularly interesting. First, a comparative transcriptome analysis of the different
mock and T. cruzi-infected muscle cells could be performed to identify similarities and
differences to skin fibroblasts. Based on the collected transcriptome data, further mechanistic

analyses could be performed analogous to the protocols established in the present study.
In the long term, elucidation of the contribution of NK cells to parasite control at different

stages of infection and knowledge of the underlying mechanisms affecting NK cell function

could contribute to the development of new therapeutic options.
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7 Abstract

The potentially life-threatening Chagas disease is caused by the protozoan parasite
Trypanosoma cruzi (T. cruzi). It is mainly prevalent in rural areas in Latin America and is
classified as one of the 20 neglected tropical diseases by the WHO. Whereas the acute stage
of infection is usually mild or asymptomatic, about 30% of infected individuals develop cardiac
or gastrointestinal symptoms during the chronic stage. The approved drugs can entirely
eliminate the parasites exclusively during the acute stage, with treatment often accompanied
by severe side effects. Since T. cruzi parasites are mainly transmitted to humans by triatomine
bugs, the skin is the main entry route for the parasites. Thus, it is likely that the early immune
response against parasitized skin fibroblasts influences the parasite's spread to other tissues
and organs. Considering the obligatory intracellular life cycle of T. cruzi, natural killer (NK) cells
are expected to substantially contribute to the innate immune response. They can sense their
target cells through a variety of different mechanisms, resulting in direct cytotoxic effector
functions and secretion of cytokines such as IFN-y.

The present study aimed to investigate the response of human NK cells to T. cruzi-infected
dermal fibroblasts as well as the underlying mechanisms. Initially, in vitro cocultures were
established for this purpose, demonstrating that T. cruzi-infected primary human dermal
fibroblasts as well as infected cells of the foreskin fibroblast cell line BJ promote NK cell
degranulation. Since transcriptome analysis demonstrated a comparable response of primary
and BJ fibroblasts to T. cruzi infection, BJ fibroblasts were used for subsequent mechanistic
analyses. Here, NK cell activation by T. cruzi-infected BJ fibroblasts was shown to be strongly
dependent on the engagement of the stimulatory NK cell receptors NKp46 and CD160. T. cruzi
infection of BJ fibroblasts resulted in the increased presence of the respective ligands vimentin
and HVEM on the fibroblast surface as well as an increased binding of NKp46 and CD160.
Finally, NKp46 and CD160 receptor blockade on NK cells led to significantly reduced NK cell
effector functions. In addition to these cell-cell contact-dependent mechanisms,
contact-independent activation of NK cells by supernatants of T. cruzi-infected fibroblasts was
observed. IFN-B neutralization experiments demonstrated that IFN-B secreted by
T. cruzi-infected BJ fibroblasts directly promoted NK cell activity. However, secreted IFN-B also
increased MHC-I expression on fibroblasts, leading to the reduction of the NK cell response
through interaction with inhibitory NK cell receptors. Results of coculture experiments

indicate that activating stimuli predominate in the first few hours, but these could be
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compensated by inhibitory signals in the later course of infection. Finally, the role of the MHC-I
molecule HLA-C was investigated, which showed increased expression on fibroblasts in
response to T. cruzi infection and which has been described to interact with both the
activating CD160 as well as activating and inhibitory KIRs on NK cells. NK cell cocultures with
HLA-C KO BJ fibroblasts generated in this study showed that HLA-C inhibited NK cell activity of
most individuals, probably to avoid an exaggerated response.

In conclusion, the in vitro model established in this study enables the investigation of
regulatory mechanisms of the NK cell response in T. cruzi-parasitized dermis. Characterization
of these mechanisms revealed that the NK cell response here is controlled by a precisely tuned
balance of diverse stimulatory and inhibitory signals. In the future, the better understanding

of these mechanisms may help to develop efficient and tolerable therapy options.

KIR2DL1/2/3

A

CD160 "o IFNAR

cell surface v

123



Zusammenfassung

8 Zusammenfassung

Die potenziell lebensbedrohliche Chagas-Krankheit wird durch den Protozoen-Parasiten
Trypanosoma cruzi (T. cruzi) verursacht. Sie ist hauptsadchlich in landlichen Gebieten
Lateinamerikas verbreitet und wird von der WHO als eine der 20 vernachldssigten
Tropenkrankheiten eingestuft. Wahrend das akute Stadium der Infektion in der Regel mild
oder asymptomatisch verlauft, entwickeln etwa 30 % der Infizierten im chronischen Stadium
kardiale oder gastrointestinale Symptome. Die zugelassenen Arzneimittel kdnnen die
Parasiten ausschlieBlich wahrend der akuten Phase vollstindig eliminieren, wobei die
Behandlung hiufig mit schweren Nebenwirkungen einhergeht. Da die Ubertragung von
T. cruzi Parasiten auf den Menschen hauptsachlich durch Raubwanzen erfolgt, stellt die Haut
den wichtigsten Eintrittsweg dar. Somit ist anzunehmen, dass die friihe Immunreaktion gegen
parasitierte dermale Fibroblasten die Ausbreitung der Parasiten in andere Gewebe und
Organe beeinflusst. In Anbetracht des obligatorisch intrazelluldren Lebenszyklus von T. cruzi
ist davon auszugehen, dass Natdrliche Killerzellen (NK-Zellen) einen betrachtlichen Beitrag zur
angeborenen Immunantwort leisten. Sie kénnen ihre Zielzellen durch eine Vielzahl
unterschiedlicher Mechanismen erkennen, was zu einer direkten zytotoxischen
Effektor-Funktion und zur Sekretion von Zytokinen wie IFN-y flhrt.

In der vorliegenden Arbeit sollten die Reaktion menschlicher NK-Zellen auf T. cruzi infizierte
dermale Fibroblasten sowie die zugrunde liegenden Mechanismen untersucht werden.
Zunachst wurden zu diesem Zweck in vitro-Kokulturen etabliert, die eine Verstarkung der
NK-Zell-Degranulation durch T. cruzi-infizierte primare humane dermale Fibroblasten sowie
infizierte Zellen der Vorhautfibroblasten-Zelllinie BJ nachwiesen. Da eine Transkriptomanalyse
eine vergleichbare Reaktion von primdren und BJ-Fibroblasten auf eine T. cruzi-Infektion
nachwies, wurden BJ-Fibroblasten fir die nachfolgenden mechanistischen Analysen
verwendet. Hier zeigte sich, dass die Aktivierung von NK-Zellen durch T. cruzi infizierte
BJ-Fibroblasten stark von der Aktivierung der stimulierenden NK-Zell-Rezeptoren NKp46 und
CD160 abhangt. Eine T. cruzi-Infektion von BJ-Fibroblasten fihrte zu einem erhdhten
Vorkommen der jeweiligen Liganden Vimentin und HVEM auf der Fibroblasten-Oberflache
sowie zu einer erhdhten Bindung von NKp46 und CD160. SchlieBlich fiihrte die Blockade von
NKp46 und CD160 auf NK-Zellen zu einer signifikanten Verringerung verschiedener
NK-Zell-Effektorfunktionen. Zusatzlich zu diesen Zell-Zell-Kontakt-abhangigen Mechanismen

wurde eine Kontakt-unabhingige Aktivierung von NK-Zellen durch Uberstinde T. cruzi
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Zusammenfassung

infizierter Fibroblasten beobachtet. IFN-B-Neutralizationsexperimente wiesen nach, dass
durch T. cruzi infizierte BJ-Fibroblasten sekretiertes IFN-B die NK-Zell-Aktivitat direkt fordert.
Das sekretierte IFN-B steigerte jedoch auch die MHC-I-Expression auf BJ-Fibroblasten, was
durch die Interaktion mit inhibitorischen NK-Zell-Rezeptoren zur Verringerung der
NK-Zell-Antwort fiihrte. Die Ergebnisse der Kokultur-Experimente deuten darauf hin, dass in
den ersten Stunden aktivierende Stimuli Gberwiegen, die jedoch im spateren Verlauf der
Infektion durch hemmende Signale kompensiert werden kdnnten. SchlieBlich wurde die Rolle
des MHC-I Molekiils HLA-C untersucht, das hier als Reaktion auf die T. cruzi-Infektion verstarkt
auf Fibroblasten exprimiert wurde und beschrieben ist sowohl mit dem stimulierenden CD160
als auch mit aktivierenden und inhibitorischen KIRs auf NK-Zellen zu interagieren.
NK-Zell-Kokulturen mit in dieser Arbeit generierten HLA-C KO BJ-Fibroblasten zeigten, dass
HLA-C die NK-Zell-Aktivitdit der meisten Individuen inhibierte, moglicherweise um eine
Ubermalige Reaktion zu vermeiden.

Zusammenfassend wurde in dieser Studie ein in-vitro-Modell etabliert, welches die
Untersuchung der Mechanismen zur Regulation der NK-Zell-Antwort in T. cruzi-parasitierter
Dermis ermoglicht. Die Charakterisierung dieser Mechanismen zeigte, dass die
NK-Zell-Antwort hier durch ein fein abgestimmtes Gleichgewicht verschiedener
stimulatorischer und inhibitorischer Signale gesteuert wird. In Zukunft kdnnte das bessere
Verstindnis dieser Mechanismen dazu beitragen, effiziente und vertragliche

Therapiemoglichkeiten zu entwickeln.

Oberflachen-
Vimentin '
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