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Zusammenfassung

Zusammenfassung

Natirliche Killer (NK)-Zellen sind Teil des angeborenen Immunsystems und werden zu
der Gruppe der Lymphozyten gezahlt. Sie besitzen die F&higkeit abnormale Zellen, wie
beispielsweise Tumorzellen oder virusinfizierte Zellen von normalen, kdrpereigenen
Zellen zu unterscheiden. Dies geschient mit Hilfe spezieller inhibitorischer und
aktivierender Rezeptoren auf der Zelloberflache dieser Zellen. Inhibitorische
Rezeptoren vermitteln den Zellen eine Toleranz gegeniber korpereigenen normalen
Zellen, wahrend aktivierende Rezeptoren die Zellen zur Ausiibung von zytotoxischen
Funktionen anregen, welche zum Tod der Zielzelle fiihren koénnen. Inhibitorische
Rezeptoren, welche an korpereigene Molekile binden, Ubertragen dabei eine
funktionelle Kompetenz, welche es den Zellen erlaubt auf aktivierende Signale zu
reagieren. Fehlt den Zellen diese funktionelle Kompetenz, bleiben sie passiv. Dieser
Prozess ist auch als NK-Zell Lizensierung bekannt. Dabei weisen lizensierte NK-Zellen
bei Stimulation eine erhdhte Funktion gegentiber unlizensierten NK-Zellen auf. Uber
die zugrunde liegenden molekularen Mechanismen, welche zu funktionellen
Unterschieden zwischen lizensierten und unlizensierten NK-Zellen fiihren, ist nur wenig
bekannt. Eine zunehmende Anzahl von Studien konnte zeigen, dass die Funktionen von
Immunzellen maRRgeblich durch zellulare Stoffwechselwege beeinflusst werden kénnen.
Verénderungen innerhalb dieser Stoffwechselwege konnten daher eine Rolle bei der
Ubertragung von funktioneller Kompetenz in lizensierten NK-Zellen spielen. Aus
diesem Grund war es das Ziel dieser Arbeit, das glykolytische Profil von lizensierten
und unlizensierten NK-Zellen zu bestimmen und miteinander zu vergleichen. Daflr
wurden primare human NK-Zellen aus Vollblut isoliert und anschlieBend mit
Zielzelllinien stimuliert. Mit Hilfe von durchflusszytometrischen Methoden konnte die
funktionelle Aktivitat sowie die Expression von inhibitorischen Rezeptoren bestimmt
werden. Basierend auf diesen funktionellen und phanotypischen Analysen, wurden
NK-Zellen in lizensierte und unlizensierte Untergruppen eingeteilt. Fir die Bestimmung
des glykolytischen Profils wurden lizensierte und unlizensierte NK-Zellen auf die
Expression des Glukosetransporters Glutl untersucht. Mittels Fluoreszenz-aktivierter
Zellsortierung konnten lizensierte und unlizensierte NK-Zellen isoliert und die
glykolytische Aktivitat in einem Seahorse XF Glykolyse Stresstest gemessen werden.
Dabei konnte gezeigt werden, dass lizensierte NK-Zellen erhohte Funktion gegentber
unlizensierten NK-Zellen besitzen. Lizensierte NK-Zellen wiesen dariiber hinaus eine



Zusammenfassung

gesteigerte Expression des Glukosetransporters Glutl auf. Zudem zeigten lizensierte
NK-Zellen ein erhohtes glykolytisches Profil. Die Ergebnisse dieser Arbeit zeigten,
dass lizensierte NK-Zellen ein charakteristisches metabolisches Profil besitzen, welches
ein  mogliches Erklarungsmodell fur die funktionellen Unterschiede zwischen
lizensierten und unlizensierten NK-Zellen liefert.



Abstract

Abstract

Natural killer (NK) cells express activating and inhibitory receptors to distinguish
between healthy and aberrant cells. Whereas activating receptors detect stress-ligands
on virus-infected or malignant cells, inhibitory receptors bind to self-molecules that are
expressed by all nucleated host cells. Inhibitory receptors that bind to self-molecules
mediate self-tolerance and transfer functional competence to NK cells, allowing these
cells to respond upon activation. This process is known as NK-cell education. Thereby,
educated NK cells exhibit increased responsiveness upon stimulation while being
tolerant towards healthy host cells at the same time. In contrast, uneducated NK cells,
that lack inhibitory receptors for self-molecules, have been shown to be hyporesponsive
upon stimulation. To date, little is known about the underlying molecular mechanisms
leading to functional differences between educated and uneducated NK cells. An
increasing number of studies have shown that immune cell functions can be directly
influenced by cellular metabolic pathways. Changes within these metabolic pathways
may therefore play a role in NK-cell education. For this reason, the aim of this work
was to determine the glycolytic profiles of educated and uneducated NK cells. Primary
human NK cells were isolated and co-cultured with the target cell lines K-562 and
721.221. NK-cell function and the expression of inhibitory receptors was assessed via
flow cytometry. Based on functional and phenotypical analysis, NK cells were stratified
into educated and uneducated NK-cell subsets. In order to determine the glycolytic
profile of educated and uneducated NK cells, these subsets were examined for the
expression of the glucose transporter Glutl. Using fluorescence-activated cell sorting,
NK cells were divided into educated and uneducated NK-cell populations, which were
subsequently analyzed for their glycolytic activity in a Seahorse XF glycolysis stress
test. Data revealed, that educated NK cells exhibited an increased functional capacity
upon stimulation with target cell lines compared to uneducated NK cells. Furthermore,
educated NK cells displayed an increased surface expression of the glucose transporter
Glutl. In addition, educated NK cells possessed an elevated glycolytic profile. The
results of this work showed that educated NK cells display a characteristic metabolic
profile that provides a potential model for the underlying mechanisms that lead to

functional differences between educated and uneducated NK cells.
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1 Introduction

1 Introduction

1.1 The human immune system

The immune system is a defense system that protects an organism of malignancies and
disease-causing microorganisms or pathogens, such as viruses, bacteria and fungi (1). It
is classically divided into innate and adaptive immunity. The innate immune system is
composed of a variety of myeolid and lymphoid cells that can rapidly eradicate invading
pathogens by implementing various effector functions. The main cells of the innate
immune system are phagocytic leukocytes, granulocytes, dendritic cells and natural
killer (NK) cells. Adaptive immunity, however, develops during the lifetime of an
individual and is mainly characterized by two types of lymphocytes, B and
T cells (2) (Figure 1). While the innate immune system relies on recognition of
invariant patterns to detect and eliminate pathogens, cells of the adaptive immune
system carry highly specific antigen receptors that recognize unique antigen-specific
structures. Additionally, antigen-reactive lymphocytes acquire the property of
immunological memory, which enhances protection against reinfection by the same

pathogen.

1.2 Innate and adaptive immunity

Innate immunity represents the first line of defense against pathogens by preventing
infection of the host (3). Epithelial surfaces provide a physical barrier against pathogen
entry by isolating the internal environment from external factors and impeding pathogen
spreading through the secretion of antimicrobial enzymes and peptides. Pathogens that
have crossed the epithelial surface, encounter a major component of the innate
immunity known as the complement system, which comprises soluble proteins present
in the blood and other body fluids (4). Thus, invading pathogens are coated with
antibodies or complement proteins that can be detected by phagocytic cells, which in
turn will destroy and ingest the labeled pathogen. Phagocytic cells, such as
macrophages and dendritic cells, that have internalized pathogens, can present
pathogen-derived fragments on their cell surface and thereby function as
antigen-presenting cells (APCs). At the same time, the stimulation of innate sensors on
innate cells leads to the release of pro-inflammatory chemokines and cytokines, which
recruit other immune cells to the sites of infection. Moreover, NK cells play an

important role in the recognition and killing of cancer or virus-infected host cells. They
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possess specialized surface receptors to distinguish between healthy and abberrant cells
based on the expression of human leukocyte antigen (HLA) class I molecules and
stress-ligands that are upregulated on infected cells. Once NK cells are activated they

are able to exert cytotoxic effector functions that lead to the death of the target cell.
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Figure 1: Haematopoiesis of human immune cells

Schematic illustration of the haematopoiesis of human immune cells. Cells of the immune system arise from
pluripotent hematopoietic stem cells in the bone marrow, which divide into two types of multipotent stem cells. The
myeloid progenitor gives rise to the myeloid lineage, which comprises erythrocytes, megakaryocytes, granulocytes,
and monocytes. The lymphoid lineage gives rise to B and T cells, natural killer (NK) cells, and innate lymphoid
cells (ILCs) (5). Band T cells are distinguished from the rest of the lymphocytes as they express antigen-specific
receptors and are distinguished among each other by having different sites of differentiation — the bone marrow and
thymus respectively. Unlike B and T lymphocytes, NK cells and ILCs lack antigen-specific receptors. The majority
of dendritic cells arise from the common myeloid progenitor, but some may also derive from the common lymphoid
progenitor cells. Monocytes can enter tissues where they can differentiate into phagocytic macrophages or dendritic
cells. Finally, megakaryocytes can produce platelets, which are important for blood clotting (the figure was created
based on (1)).
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Upon inflammation, increased fluid in the tissues facilitates the movement of pathogen-
bearing APCs to the lymph nodes. Once an APC arrived in the lymph node, it
encounters naive B and T cells. The ligation between the antigen presented by the APC
and the antigen-specific B and T cell receptor leads to the maturation and activation of
B and T cells. Thereby, APCs function as a bridge between the innate and adaptive

immunity.

Although the innate immune system represents a defense mechanism that is essential for
the host’s control against many common pathogens, there are some pathogens that
cannot be recognized by innate sensors (1). The defense system of innate immunity is
based on several different germline-encoded receptors that recognize surface molecules
that are common to many pathogens and have been conserved over the evolutionary
course. Some pathogens, however, have evolved strategies to escape the detection
through innate sensors. Lymphocytes of the adaptive immune response have evolved to
overcome the limitation faced by the innate immune system. Instead of expressing
several different receptors which target invariant surface features of various pathogens,
naive B and T cells carry specialized receptors that only show specificity for a single
antigen. A unique gene-rearrangement mechanism that takes place during the
development of these cells determines the specificity of these receptors. In that way, the
receptors of the adaptive immune system can recognize an almost infinite number of
antigens targeting each different pathogen specifically. Even though an individual
lymphocyte carries receptors of only one specificity, the specificity of each lymphocyte
is different, which creates a unique lymphocyte receptor repertoire in every individual.
Furthermore, during the lifetime of an individual, these lymphocytes undergo a process
of clonal selection. Thereby, only those lymphocytes that effectively bind to an antigen
which is targeted by their receptor will be activated. Activated lymphocytes will then
proliferate and differentiate into effector cells. This mechanism is called clonal
expansion. After the antigen has been eliminated an increased number of activated
antigen-specific B and T cells persist in the body known as memory cells. These cells
can be reactivated much more quickly than naive lymphocytes. After reinfection with
the same pathogen, a more rapid and effective response can be realized by these cells,
which contributes to the immunological memory of an individual and provides lasting

protective immunity in the host.
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1.3 Natural killer cells

NK cells were first described in the early 1970s as lymphocytes that were able to lyse
certain tumor cell targets in mice (6-8) and humans (9). Those early studies reported
that the observed antitumor effect was mediated by a unique subpopulation of
non-adherent lymphoid cells that were lacking any known T- or B-lymphocyte
cell-surface markers. Based on the “natural” cytotoxic activity this subpopulation was
termed natural killer cells (8). NK cells represent around 5-15% of lymphocytes in
peripheral blood and are present under physiological conditions in the bone marrow,
liver, uterus, spleen, gut and lungs as well as to a lesser extent in secondary lymphoid

tissue, mucosa-associated lymphoid tissue, and the thymus (10-12).

1.3.1 NK-cell receptors and functions

NK cells are effector lymphocytes that belong to the first-line of defense against viral
infections (13) and malignant cells (14). To sense and respond to pathogens that
infiltrated the host, NK cells possess a variety of surface receptors, which regulate their
activity. Unlike T cells, which express highly specific antigen receptors that are
generated by somatic gene rearrangements, NK cells express a number of
germline-encoded receptors that can recognize molecules on the surface of infected or
transformed cells (1) (Figure 2). NK cells express a variety of activating receptors
which mainly recognize cellular stress ligands upregulated on malignantly transformed
or virus-infected host cells. Engagement of activating receptors with stress-induced
ligands will increase the probability that an NK cell will release cytokines and
chemokines, such as interferon-y (IFN-y) or tumor necrosis factor-o (TNF-a). These
molecules function as signaling proteins regulating maturation, growth, and
responsiveness of other immune cells. At the same time, NKcells can also be
stimulated by cytokines. Accordingly, they express cytokine receptors that bind
cytokines which are produced by other immune cells, such as T cells or dendritic cells
(DCs) (15). Thus, this immunological cross-talk connects the innate and adaptive
immunity and contributes to a control of viral replication and the elimination of aberrant

cells.
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Figure 2: Human NK-cell receptor repertoire

N / J

Illustration of the human NK-cell receptor repertoire. NK cells are lymphocytes of the innate immune system that can
detect virus-infected or malignant cells. To be able to distinguish between healthy and abnormal cells, they express
numerous receptors on their cell surface that can be grouped into activating (red), inhibitory (green), cytokine (blue),
chemotactic (purple) and adhesion receptors (orange). The integration of signals that they receive upon ligand
binding controls NK-cell function. Thereby, NK cells can contribute to the protection against pathogens and shape
the adaptive immune response (the figure was created based on (16)).

More important, NK cells exert effector functions that can directly kill target cells. Like
cytotoxic T cells, NK cells store cytolytic proteins, such as perforin and granzymes in
intracellular secretory granules in their cytosol. Upon activation, these cytolytic proteins
are released through directed exocytosis towards the target cell, which can lead to target
cell lysis. This is achieved by Fcy receptors, such as FcyRIII, which are expressed on
the of NKcells. These the Fc

immunoglobulin G (1gG) antibodies bound to the surface of pathogen-infected target

surface receptors recognize portion of
cells. Engagement of the FcyRIII with IgG activates NK cells to release cytokines and
to exert their cytotoxic effector functions (17). This process is known as antibody-
dependent cell-mediated cytotoxicity (ADCC) (18). A second way to induce death of a
target cell is mediated through expression of membrane-bound death ligands such as the
TNF-related apoptosis-inducing ligand (TRAIL) or Fas ligand (Fas-L). These ligands
bind to death-cell receptors (Fas-R or TRAIL-R) on the surface of target cells resulting
in receptor aggregation and recruitment of adaptor proteins, which in turn will initiate

death of the target cell through caspase-dependent apoptosis (19) (Figure 3).
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Figure 3: The cytotoxic effector functions of NK cells

Schematic representation of the cytotoxic effector functions of NK cells upon target cell regognition. NK cells can
detect virus-infected or malignant cells. Various receptors and ligands that exist on the surface of NK cells can bind
to stress molecules expressed by abnormal cells. NK cells express death ligands such as the TNF-related
apoptosis-inducing ligand (TRAIL) or Fas ligand (Fas-L) which bind to death-cell receptors (Fas-R or TRAIL-R) on
the surface of target cells and initiate caspase-dependent apoptosis in that cell. Moreover, NK cells express
Fcy receptors, such as FeyRIII, that recognize immunoglobulin G (IgG) antibodies bound to pathogen-infected target
cells. NK-cell activation via Fcy receptors leads to the release of cytotoxic mediators, such as granzymes and
perforines that induce target cell lysis. This process is known as antibody-dependent cell-mediated
cytotoxicity (ADCC). Activated NK cells will release cytokines, such as IFN-y and TNF-a.. Other immune cells in the
surrounding can be stimulated through these cytokines resulting in maturation, growth, and an enhanced
responsiveness towards pathogens. On the other hand, NK cells can get stimulated through cytokines that are released
from immune cells, such as DCs, macrophages and T cells contributing to the cross-talk that links innate and adaptive

immunity.
The important role of NK cells in the immune defense against pathogens becomes
apparent in NK cell-deficient patients. NK cell deficiencies, however, are very rare and
are characterized by a reduced quantity of NK cells among peripheral blood
lymphocytes or a normal distribution in quantity but with severe defects within the
implementation of effector functions (20). Individuals with NK-cell deficiencies are
extremely susceptible to viral infections, especially to herpesvirus and papillomavirus
infections (21). Both of these virus families have developed strategies to evade
cytotoxic T cell responses, emphasizing the essential role for NK cells in antiviral

defense.
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1.3.2 Self-tolerance

An important feature of NK cells is their ability to distinguish between abnormal and
healthy cells. Opposing signals received by a diverse set of activating and inhibitory
NK-cell receptors determine, whether a cell that is interacting with an NK cell will be
attacked or not. NK cells must be triggered by activating receptors to be able to lyse
target cells or to produce effector cytokines. However, some healthy cells that are not
diseased, express ligands that can bind to activating receptors on the surface of
NK cells (22). If the stimulation through activating ligands on healthy cells were not
counteracted, NK cells would possibly show autoimmune reactivity towards self
lymphoid cells (23,24). Healthy cells express HLA class I molecules on their surface
that serve as ligands for inhibitory NK-cell receptors. As these receptors bind to surface
HLA class I, a signal is transferred into the cell, preventing NK cells from target cell
killing (25,26). Thereby, NK cells are able to exhibit self-tolerance towards healthy host
cells (Figure 4). This is in contrast to malignant or virus-infected cells, which may
downregulate HLA class | molecules to evade recognition by T cells (27). A target cell
that has lost expression of self-HLA class | molecules due to infection, delivers
activating signals that are unopposed, which results in NK-cell activation and target-cell
lysis. This phenomenon is known as missing-self recognition. As a result of
transformation or infection, stimulatory ligands are induced to a higher extent compared
to healthy cells, so that the signals derived from inhibitory receptors are overcome.
Self-inhibitory signals and an increased expression of stress- or virus-induced ligands
for activating NK-cell receptors tip the balance towards NK-cell activation, which is
described as stress-induced self recognition. As NK cells become activated, they exert
their effector functions through the release of cytotoxic molecules and moreover by the
production of pro-inflammatory cytokines that can stimulate other immune cells to
attack the pathogen (28).
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Figure 4: Concepts of NK cell activation and inhibition

Schematic illustration of NK-cell activation and inhibition. NK cells express inhibitory and activating receptors on
their cell surface to discriminate between self and altered-self. Based on the receptor type, engagement with their
cognate ligand transfers a signal into the cell that can be either activating or inhibitory. Balancing the signals that are
received upon receptor ligation determines NK-cell reactivity. Tolerance: NK cells are tolerant towards healthy host
cells expressing plenty of HLA class | molecules, as the strength of the inhibitory signal is overruling the activating
signal. Missing self: Tumor cells or infected cells may downregulate HLA class | molecules, leading to NK-cell
activation and target cell killing, due to loss of HLA class | molecules. Stressed self: Virus-infected or stressed cells
upregulate activating ligands for NK cells, triggering NK-cell activation and elimination of the target cell (the figure

was created based on (28)).
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1.3.3 NK-cell receptor gene complexes

NK-cell function is well orchestrated by the integration of various signals perceived
through several germline-encoded inhibitory and activating receptors expressed on the
cell surface of NK cells (29). The genes that encode for NK-cell receptors are found
within two main clusters on different chromosomes: the natural killer complex (NKC)
on chromosome 12p13.1 and the leukocyte receptor complex (LRC) on chromosome
19q13.4 (30) (Figure 5). The NKC encodes for genes of the NKG2 family (31),
whereas the LRC includes the KIR family. The NKC family is a group of C-type
lectin-like receptors expressed on NKcells and T cell subsets (32—34). The NKG2
receptors are type Il transmembrane proteins, where some family members such as
NKG2A, NKG2C, and NKG2E form a heterodimer with CD94, another lectin-like
protein encoded by the NKC (35). The NKG2 family is composed of inhibitory and
activating receptors (36). CD94/NKG2C is an activating receptor that associates with
DAP12 via positively charged residues in the transmembrane region (37), whereas
CD94/NKG2A is an inhibitory receptor. Both receptors bind to the non-classical HLA
class I molecule HLA-E, mediating an activating or inhibitory signal into the cell
respectively (35,38,39).

Natural Killer  Leukocyte Receptor Figure 5: The NKC and LRC gene complexes in
Complex (NKC) Complex (LRC) humans
7 1
B KIR30L3 Schematic overview of the genes encoded in the
0 KR 2052 Natural Killer Complex (NKC) (left panel) on
chromosome 12p and the Leukocyte Receptor
D34 [] KIR20L2/13 | & . :
3 Complex (LRC) (right panel) on chromosome 19q in
NKG20 [] KIR 2DLS o
3 humans. The NKC encodes for CD94 (orange), NKG2
NKG2F 1] .
[ KIR20S3 a family members (green), and the pseudogene Ly49L
NKG2E L] kIR 20P1 (white) whereas the LRC encodes for Killer-cell
NKG2C [] Kir20L1 immunoglobulin-like receptor (KIR) genes. The
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-
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1.3.4 Killer-cell immunoglobulin-like receptors (KIRs)

In humans, the main NK-cell receptors for HLA class | molecules belong to the Killer-
cell immunoglobulin-like receptor (KIR) gene family. This gene family encodes for
activating and inhibitory surface receptors, consisting of type | transmembrane
glycoproteins and extracellular immunoglobulin (1g)-like domains. These receptors are
expressed on NK cells and T cell subsets (40). The KIR gene cluster is characterized by
differences within the gene content and allelic polymorphism between individual
haplotypes (41). Each KIR can possess either two (KIR2D) or three (KIR3D)
extracellular Ig-like domains. Upon receptor engagement, specific intracellular motifs
mediate activating or inhibitory signals into the cell. Activating KIRs possess short
cytoplasmic tails that are associated with adaptor molecules (such as DAP12), carrying
immunoreceptor tyrosine-based activating motifs (ITAMs), whereas inhibitory KIRs
have long cytoplasmic tails bearing immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) (42) (Figure 6). Upon ligand binding, tyrosines in the ITIMs become
phosphorylated and can therefore associate with intracellular phosphatases (such as
SHP-1), which results in the transfer of an inhibitory signal into the cell (43). On the
contrary, activating receptors that bind their cognate ligand, phosphorylate ITAMs by
Src-kinase family members, forming a binding site for tyrosine kinases ZAP70 and Syk,

which leads to transfer of an activating signal (43).

Host Cell Figure 6: Inhibitory and activating NK-cell receptors

H Schematic overview of an inhibitory and an activating

NK-cell receptor and the resulting signal after binding

HLA-C HLA-E with their cognate HLA class | ligand on host cells.
Inhibitory receptors, such as the KIR2DL1 possess two
immunoreceptor tyrosine-based inhibition motifs (ITIMs)
within their cytoplasmic tail. Upon engagement with their

KIR2DL1
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created based on (43)).

26



1 Introduction

1.4 Regulation of NK-cell activity

1.4.1 HLA class | molecules

In humans, HLA class | molecules® are encoded by the human leukocyte antigen (HLA)
gene complex and are expressed on the surface of all nucleated cells (44). Based on
their ability to present antigens on the cell surface for the recognition by T cells, they
play a crucial role in the adaptive immunity (1). HLA class| molecules are
heterodimers composed of two polypeptides, the a-chain and Bz-microglobulin (,m),
whereas a groove in-between the two helices facilitates peptide binding (Figure 7). The
a-chain is highly polymorphic and encoded by genes from the class I HLA locus on
chromosome 6, whereas B,m is not polymorphic and encoded by the f.m gene on
chromosome 15. In the human population, there are three classical class I a-chain genes
(HLA-A, -B, and —C), which are characterized multiple allele-variants. In addition,
most individuals are heterozygous for each gene. The particular combination of HLA
alleles found on a single chromosome is termed HLA haplotype. Allelic variations can
affect the nature and composition of the peptide-binding groove and thus modulate the
peptide repertoire that is presented on the surface (45). The HLA class I a-chain folds
and assembles with p2m in the lumen of the endoplasmic reticulum (ER), where it is
loaded with pathogen-derived peptides. Peptide-loaded HLA class | molecules will be
released from the ER and further transported via the Golgi apparatus to the plasma
membrane (Figure 7). Once the peptide-loaded HLA class | molecules have arrived on
the surface, they present their antigen to cytotoxic CD8" T cells. T cell receptors (TCR)
on the surface of CD8" T cells, which possess a specificity for the presented antigen can
bind to the HLA class | molecule leading to T cell activation. Furthermore, inhibitory
NK-cell receptors have been shown to exhibit a degree of peptide specificity as well.
Nevertheless, this specificity is much broader than the peptide specificity of TCRs, with
NK-cell receptors recognizing peptide motifs, rather than individual peptides (46-49).
This peptide selectivity has been confirmed for all inhibitory killer cell
immunoglobulin-like receptors (KIRs) tested to date, particular activating KIRs, and
also members of the C-type lectin-like receptor family (50). During viral infections and
tumorgenesis, viral or tumor antigens can be presented by HLA class | molecules to

cytotoxic effector T cells. However, it has been shown that the peptide presentation

L HLA class | molecules are the human pendant to major histocompatibility complex (MHC) class |
molecules, that are found in all modern species of jawed vertebrates (1).
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process can be altered during viral infections, resulting in modifications within the
peptide repertoire that is presented by HLA class | molecules (51). The recognition of
changes in peptide repertoire by NK cells might confer a selective advantage to the host,
but the significance of these observations still has to be elucidated.

Peptide Groove NK cell

NK Cell Receptor

HLA Class |

Peptide
Molecule

Proteins in Proteasome

Peptides
the Cytosol
or Nucleus

Figure 7: HLA class | molecule and the antigen presentation pathway

Schematic figure of an HLA class | molecule and the antigen presentation pathway. HLA class | molecules are
composed of two polypeptides, the a-chain and B,-microglobulin (,m). Transmembrane helices anchor the a-chain
of the molecule in the membrane. The first step in the antigen presentation pathway of HLA class | molecules, is the
degradation of antigens by the proteasome in the cytosol. The resulting peptides are translocated via transporter
associated with antigen presentation (TAP) into the lumen of the endoplasmic reticulum (ER) and are subsequently
loaded onto HLA class I molecules. Peptide-loaded HLA class I molecules will be released from the ER and
transported via the Golgi apparatus to the plasma membrane. Surface HLA class | molecules can be recognized by
NK cells or cytotoxic CD8" T cells (the figure was created based on (52)).
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1.4.2 HLA class | molecules as ligands for NK-cell receptors

KIR receptors recognize specific motifs of HLA class | molecules (53). These
molecules are encoded by highly polymorphic genes of the HLA class | gene complex.
HLA-C is the dominant HLA class | locus that expresses ligands for many KIR
receptors (54). The inhibitory receptors KIR2DL1, KIR2DL2, KIR2DL3 recognize
different epitopes on HLA-C molecules (55,56). Based on sequence polymorphism at
amino acid position 80, HLA-C molecules can be subdivided into two principal groups:
HLA-C group 2 (Lys*®) and HLA-C group 1 (Asn®) (57,58). KIR2DL1 binds
exclusively to C2 allotypes, whereas KIR2DL3 recognizes C1 molecules. KIR2DL2
shows affinities for both groups (59). Contrarily, HLA-A and HLA-B molecules that
carry a Bw4 epitope function as ligands for KIR3DL1 (60,61). Figure 8 illustrates the
KIRs and their specificity for HLA class I ligands in humans.

HumanKIRs  HLA class | ligand

2oL1 (59) O—0O0) HLA-C2
2012 (31) O—0O0 HLA-C1, HLA-C2
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o 2D5S3 (16) —0O0 Unknown
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| 3DS1(39) —0O00 HLA-F
NK cell Target cell

Figure 8: Human KIRs and their interactions with HLA class | ligands

Schematic representation of human KIRs and their HLA class | ligands. KIRs can be activating (red) or inhibitory
(green) receptor types that comprise either two (2D) or three (3D) extracellular immunoglobulin-like domains
(illustrated in circles) and and either a long (L) or short (S) cytoplasmic tail. The ITIM motifs in the cytoplasmic tails
of inhibitory KIRs are shown as grey boxes. The positively charged residues in the transmembrane regions of KIRs
are shown as small grey circles. The number of protein sequence variants characterized to date for each KIR receptor
is stated in brackets. This data was extracted from the IPD-KIR database (http://www.ebi.ac.uk/ipd/kir/stats.html;
2.7.0 (July 2017) (the figure was created based on (54)).
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1.4.3 NK-cell education

The intrinsic cytotoxic capacity of NK cells has to be tightly regulated to protect
autologous cells from being attacked by NK cells. The engagement of inhibitory
NK-cell receptors with self-HLA class | molecules on healthy cells prevents NK cells
from killing and mediates self-tolerance (25). For this reason, it was previously assumed
that mature peripheral blood NK cells must express at least one inhibitory receptor for
self-HLA class | molecules to avoid autoreactivity (62). Nevertheless, it has been shown
that a subset of NK cells, which is lacking expression of HLA-specific inhibitory
receptors is not autoreactive even though the inhibitory signal is absent in those
cells (63-65). Upon stimulation, these cells were rather hyporesponsive towards HLA
class | deficient target cells, which was reflected by reduced degranulation and target
cell killing. This observation led to the proposition that NK cells depend on the
engagement of inhibitory receptors with self-HLA class | molecules to acquire their full
functional competence (Figure 9). The process through which an NK cell is
programmed for reactivity is known as NK-cell education. To date, there are three
different models that describe how NK-cell education might be achieved (66). The
arming model postulates that NK cells binding to self-HLA molecules are endowed
with a high effector potential and NK cells that fail to bind self-HLA molecules are
programmed for lower reactivity. The disarming model, on the other hand, describes
that all developing NK cells are equally capable to exert strong effector responses, but
are situated in an anergic state due to constitutive activation by activating receptors.
However, only NK cells that engage self-HLA molecules are released from the
activation-induced anergy, while those that lack engagement with self, lose effector
potential and become hyporesponsive. A third, quantitative NK cell model describes
that the avidity’ of the total interactions between inhibitory receptors and
HLA-molecules determines the level of reactivity of each NK cell (67). This model is
also known as the rheostat model: those NK cells with fewer binding interactions
through inhibitory receptors exhibit a low effector potential, whereas those with high
numbers of interactions develop a strong reactivity. Due to cumulative signals received
from multiple inhibitory receptor types, their expression levels and their affinities to

self-HLA molecules NK cells experience an HLA-binding spectrum from no binding at

2 The term avidity describes the strength of a multiple bond between a receptor and a ligand. The strength of a single
bond is called affinity. The avidity is thus the sum of all affinities between receptor and ligand (1).
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all via weak to strong binding (68). In other words, the strength of inhibitory signals
received by the engagement of inhibitory receptors with self-HLA molecules tunes the
reactivity of an individual NK cell (69). In summary, the functional diversity of
NK cells is tuned by the combination of inhibitory receptors and the expression of

cognate self-HLA molecules in an individual.
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Figure 9: NK-cell education

Schematic overview of the concepts of NK-cell education. (A) NK cells expressing inhibitory receptors for self-HLA
class I molecules on host cells receive signals upon receptor engagement that lead to NK-cell education. Educated
NK cells gain functional competence and are responsive towards target cells that express stimulating ligands. (B)
NK cells, which express inhibitory receptors that cannot bind to self-HLA class | molecules on host cells fail the
interaction and will therefore not be educated. (C) NK cells that lack the expression of inhibitory receptors cannot get

educated and become hyporesponsive. Uneducated NK cells are hyporesponsive towards target cells.
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1.5 Cellular Metabolism

1.5.1 Glycolysis

Glycolysis is the major pathway of glucose metabolism in the cell. In eukaryotic cells,
glycolysis can occur aerobically or anaerobically depending on whether oxygen is
available or not. Glycolysis takes place in the cytosol and is defined by the breakdown
of glucose to pyruvate which is accompanied by the generation of two adenosine
triphosphate (ATP) molecules. During early evolutionary times, this metabolic pathway
enabled organisms to utilize nutrients in an oxigen-free environment. With the
emergence of an oxidative atmosphere and the formation of mitochondria, glycolysis is
now used by many microorganisms and higher organisms only as a preparative way for
aerobic respiration taking place in mitochondria (70). In the presence of oxygen,
glycolysis ends with the production of pyruvate, which then enters mitochondria in
order to be fully oxidized by the citric acid cycle. In general, glucose enters the cell
from the blood stream through specific nutrient transporters that are embedded in the
cell membrane. Although glucose is the most widely used monosaccharide in
glycolysis, others, such as fructose or galactose can also be important fuels (71). The
glycolytic pathway can be structured into three stages: stage (I) the enzyme hexokinase
traps glucose in the cell and starts glycolysis, stage (1) one Cg-molecule is split into two
Cs-fragments and stage (111) the formation of ATP (Figure 10). During glycolysis, ATP
IS generated via a metabolic reaction named substrate-level phosphorylation. Thereby, a
phosphoryl group (POs) is directly transferred from phosphoenolpyruvate to adenosine
diphosphate (ADP) at the end of stage Ill. This reaction is catalyzed by the enzyme
pyruvate kinase resulting in the formation of two molecules of ATP and two molecules
of pyruvate. Pyruvate can then either be transferred to mitochondria for the initiation of
the citric acid cycle or further converted to lactate under anaerobic conditions. The
reduction of pyruvate to form lactate is catalyzed by the enzyme lactate dehydrogenase.
Lactate can be transferred into the liver fueling gluconeogenesis resulting in the
generation of glucose, which can be used again in the glycolytic pathway (72).
However, only a fraction of the energy of glucose is released under anaerobic
conversion of pyruvate into lactate. Much more energy can be extracted under aerobic
conditions when pyruvate is transformed to acetyl coenzyme A (acetyl-CoA) fueling the

citric acid cycle and the electron transport chain (ETC) in mitochondria.
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Figure 10: The glycolytic pathway

Schematic overview of the stages of the glycolytic pathway. Glycolysis is a metabolic pathway that takes place in the
cytosol of a cell. The glycolytic pathway can be divided into three stages: stage (1) glucose is trapped and destabilized
to glucose-6-phosphate, which cannot diffuse back through the membrane because of its negative charges, stage (1)
two three-carbon molecules are generated by the cleavage of one six-carbon sugar and finally stage (I11) formation of
two molecules of pyruvate and two ATP molecules. Under aerobic conditions, this pathway ends at the formation of
pyruvate. Pyruvate is subsequently transferred into mitochondria where it is converted to acetyl-CoA fueling the
citric acid cycle. Under anaerobic conditions, however, two molecules of pyruvate serve as a source to produce two
molecules of lactate via lactic acid fermentation. Adenosine triphosphate (ATP), adenosine diphosphate (ADP),
proton (H"), reduced form of nicotinamide adenine dinucleotide (NADH+H"), oxidized form of nicotinamide adenine
dinucleotide (NAD") (the figure was created based on (71).
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1.5.2 Cellular respiration

Mitochondria produce the major amount of ATP needed by an aerobic cell and therefore
play a central role in providing the energy that is required for biochemical processes by
an organism. To meet the high energy demand, most eukaryotic cells, except
erythrocytes, contain between 500 and 1500 mitochondria in their cytoplasm (70). For
most cells, glucose is the primary source of energy. The glycolytic pathway metabolizes
glucose to pyruvate. Pyruvate is an energy-rich compound which is a key molecule in
the network of various metabolic pathways. In an aerobic environment, pyruvate is
transported into mitochondria. Specific pyruvate carriers transport the molecule into the
mitochondrial matrix (73), where it is transformed to acetyl-CoA by an irreversible
process called pyruvate decarboxylation. Acetyl-CoA can then be used by the citric acid
cycle to fuel cellular respiration. Thus, glycolysis and cellular respiration are linked by
oxidative decarboxylation of pyruvate to acetyl-CoA (Figure 11). Acetyl-CoA then
enters the citric acid cycle, where it is completely oxidized by a chain of enzymes
leading to formation of carbon dioxide (CO,), protons (H"), energy rich coenzymes
(NADH/ FADH,) and two molecules of ATP. Furthermore, NADH and FADH, are
recycled by mitochondrial respiration complexes (complex 1-1V) to generate a proton
gradient across the inner mitochondrial membrane which drives ATP production (74).
The majority of ATP is produced by the proton-driven ATP-synthase, which is a
fundamental enzyme of cellular respiration. Synthesizing ATP from ADP and inorganic
phosphate (P;) requires energy itself. For that reason, synthesis of ATP is coupled to an
electrochemical gradient maintained by the ETC. The complex interplay between
ATP-synthesis via ADP phosphorylation, which is energetically coupled to a proton
gradient maintained by the ETC by oxidizing products from the citric acid cycle, is
known as oxidative phosphorylation (OXPHQOS). Thereby, the cell can use glucose as a
highly efficient energy source, with a theoretical yield of up to 38 ATP molecules per
glucose molecule (74). Most of the ATP, which is synthesized in the mitochondrial
matrix will be used for cellular processes in the cytosol. As the inner mitochondrial
membrane is much less permeable to ions and small molecules than the outer
mitochondrial membrane, ATP must be exported from its site of synthesis to the
cytosol. Therefore, the inner mitochondrial membrane contains an antiporter, the
ADP/ATP translocase, which is an integral membrane protein exchanging newly
synthesized ATP from the mitochondrial matrix for ADP in the intermembrane space.

The outer membrane of the mitochondrion, however, contains porins which allow ATP,
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small molecules and ions to trespass. Overall, cellular respiration is understood as the
integration of several metabolic processes that convert biochemical energy from

nutrients under consumption of oxygen into ATP.
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Figure 11: Mitochondrial respiration

Schematic illustration of cellular respiration in the mitochondria. Cellular respiration is understood as the interplay
between different metabolic reactions and processes that take place in the cells of an organism. Thereby, biochemical
energy from nutrients is transformed into ATP serving as energy source for cellular activity. The previous breakdown
of glucose in the cytosol via the glycolytic pathway yields in the formation of two pyruvate molecules, which are
further transported via specific pyruvate carriers into the mitochondrial matrix where they are oxidized to acetyl-CoA
by the pyruvate dehydrogenase complex (PDC). Acetyl-CoA then enters the citric acid cycle, where it oxidized by a
set of enzymes. The citric acid cycle provides energy-rich molecules, such as NADH or FADH,, which can be used
by the electron transport chain (ETC) to generate an electrochemical gradient along the inner mitochondrial
membrane. The oxidation of NADH or FADH, provides the energy that is needed to transport protons (H+) from the
mitochondrial matrix to the intermembrane space. This proton gradient can then be used by the ATP-synthase to
drive the synthesis of ATP via the phosphorylation of ADP. The citric acid cycle can alternatively be fueled by fatty
acids that are transported into the mitochondrial matrix where they are transformed to acetyl-CoA through a process
called p-oxidation. Adenosine triphosphate (ATP), adenosine diphosphate (ADP), inorganic phosphate (P;), proton
(H"), reduced form of nicotinamide adenine dinucleotide (NADH+H"), oxidized form of nicotinamide adenine
dinucleotide (NAD"), flavin adenine dinucleotide (FAD), reduced form of flavin adenine dinucleotide (FADH,),
complex I-1V are part of the ETC, complex V illustrates the ATP Synthase (the figure was created based on (71).
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1.6 Metabolism in immune cells

Cellular metabolism is understood as an elementary process that is required to provide
sufficient energy and biological molecules to comply with the bioenergetic and
biosynthetic demands of a cell (75). Immune cells are constantly exposed to a broad
range of environmental stressors and need to rapidly adapt to altering circumstances in
their environment to protect the host against infection and cancer. In order to function
properly and without delay, immune cells need to synchronize cellular activation and
proliferation along with their effector functions (76). For this reason, cellular
metabolism needs to be flexible to meet the changing cellular demands not only by
providing sufficient energy, but also in terms of biosynthesis. Recent research has
demonstrated that immune cell activation leads to a switch in metabolic pathways
supporting functional plasticity of the cell (77). A novel field of investigation that
addresses the question of how metabolic pathways can influence and regulate immune
cells is known as “immunometabolism”. During the last years, a lot of knowledge was
gained regarding the metabolic regulation of T-cell function (78,79). However, until
today there is little knowledge about the metabolic regulation of NK-cell activation or
effector function, and studies in the field of NK-cell metabolism are just beginning to
emerge. Nevertheless, the knowledge about T cell metabolism might guide studies on
NK cell metabolism, since NK cells and T cells arise from a common progenitor cell

and share complementary roles in their defense against pathogens.

Mature naive T cells exit from the thymus into the periphery and circulate through the
body. As quiescent cells, they primarily use glucose-derived pyruvate in their
mitochondria through OXPHOS or fatty acid oxidation (FAQ) to generate energy in
form of ATP (80). In the lymphoid organs, T cell receptor (TCR) ligation and binding to
costimulatory molecules leads to activation of these cells. In contrast to quiescent cells,
pro-inflammatory lymphocytes have an increased energy demand to fuel biosynthetic
processes that can promote cellular growth, proliferation and synthesis of effector
molecules. T cell activation induces rapid metabolic remodeling resulting in anabolic
growth and biomass accumulation (79). This remodeling process is marked by a switch
from a quiescent metabolic state, where the cells primarily use OXPHOS, to an
activated metabolic state that is characterized by the engagement of anaerobic
glycolysis. Although anaerobic glycolysis is less efficient than OXPHQOS regarding the

yield of ATP per molecule of glucose, anaerobic glycolysis can give rise to metabolic
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intermediates which are important for cell growth and proliferation (81). For example,
glucose-6-phosphate and 3-phosphoglycerate (3PG), which are produced during
glycolysis, can be further metabolized in the pentose phosphate and serine biosynthesis
pathways and thereby serve as precursors for nucleotides and amino acids (79) (Figure
12).
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Figure 12: Principal pathways involved in glucose catabolism

The figure illustrates distinct intracellular metabolic pathways that generate energy and provide precursors for the
production of biomolecules. Anaerobic glycolysis is the breakdown of glucose to lactate, whereas aerobic glycolysis
ends with the production of pyruvate, which subsequently fuels the citric acid cycle after being converted to
acetyl-CoA. The breakdown of substrates within the citric acid cycle provides reducing equivalents for oxidative
phosphorylation (OXPHOS) within the electron transport chain (ETC) and oxalacetate, which can be used to generate
nucleotides. Furthermore, glucose-derived citrate is exported back to the cytosol generating acetyl-coA for lipid-
synthesis via the multi-enzyme protein fatty acid synthase (FAS). Other substrates can also be metabolized in the
citric acid cycle, such as glutamine via the glutaminolysis or fatty acids via fatty acid oxidation (FAO) or also called

B-oxidation (the figure was created based on (79)).
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These metabolic changes are accompanied by an increased expression of glycolytic
enzymes such as lactate dehydrogenase, which promotes the conversion of pyruvate
into lactate (82). In addition, the activation of T cells is accompanied by an upregulation
of nutrient transporters on their cell surface to facilitate nutrient uptake into the
cell (83,84). As glucose is a key metabolic substrate for T cells, the glucose transporter
Glutl is upregulated on the surface of activated cells (85-87). The concept of
substantial metabolic changes upon immune cell activation is known as metabolic

reprogramming (Figure 13).
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Figure 13: Metabolic reprogramming of pro-inflammatory lymphocytes

Schematic overview of metabolic reprogramming in lymphocytes upon activation. Quiescent lymphocytes use low
amounts of glucose via the glycolytic pathway to generate pyruvate. Pyruvate is preferentially transported into the
mitochondria, where it is fully oxidized to CO, within the citric acid cycle fueling OXPHOS and the subsequent
formation of ATP. Upon immune activation, these cells now have an increased demand for glucose to maintain the
biosynthetic processes that allow cellular growth, proliferation and the synthesis of effector molecules. Therefore,
pro-inflammatory lymphocytes upregulate the expression of glucose transporters on their cell surface to facilitate
glucose uptake and glycolytic flux. In order to prevent the accumulation of pyruvate, which would lead to the
inhibition of the glycolytic pathway, pyruvate is converted to lactate and exported from the cell. Due to this process,
high rates of glycolysis can be maintained. At the same time, high levels of glycolytic flux result in increased
amounts of glycolytic intermediates that can fuel other biosynthetic pathways and therefore lead to the production of

amino acids, lipids and nucleotides as well as to the generation of biomass (the figure was created based on (75)).
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1.7 Hypothesis and aims

The molecular mechanisms underlying the functional superiority of educated NK cells
remain insufficiently understood. New insights from the field of immunometabolism
show that immune cells can undergo metabolic reprogramming upon transition from a
quiescent to an activated state (77). | hypothesized that metabolic reprogramming serves
as mechanism for differences in the responsiveness of educated and uneducated
NKcells. To test this hypotesis, metabolic analyses of these distinct NK-cell

populations were performed in this study.

39



2 Material and Methods
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2.1 Material

2.1.1 Antibodies

Catalogue Number,

Antibody Conjugate Clone Source Research Resource
Identifier (RRID)
Glutl receptor Enhanced Green . -
binding protein Fluorescent Protein / E/:g:]ag:ra SRR 20 Cat#GLUT1-G100
(RBD) (eGFP)
Brilliant Violet 510 Biolegend, Inc., San Diego, Cat.#328632,
a-human CD107a (BV510) HAA3 California, USA RRID:AB_2562648
Peridinin-Chlorophyll . .
5 " Biolegend, Inc., San Diego, Cat.#325622,
o-human CD14 Protein Cyanine 5.5 HCD14 California. USA RRID:AB 893250
(PerCP-Cy5.5) -
Brilliant Violet 785 Biolegend, Inc., San Diego, Cat.#302046,
LAl L e (BV785) 3G8 California, USA RRID:AB_2563803
Peridinin-Chlorophyll . .
. - Biolegend, Inc., San Diego, Cat.#302230,
o-human CD19 Protein Cyanine 5.5 HIB19 California. USA RRID:AB 2073119
(PerCP-Cy5.5) =
Peridinin-Chlorophyll . .
. - Biolegend, Inc., San Diego, Cat.#300430,
o-human CD3 Protein Cyanine 5.5 UCHT1 California. USA RRID:AB 893299
(PerCP-Cy5.5) -
Brilliant Violet 395 BD Bioscience, Franklin Cat.#563554,
(o (TG (APl (BUV395) NCAMIB2 | oies, New Jersey, USA RRID:AB_2687886
o-human - R&D Systems; Minneapolis, Cat.#FAB1844A-100,
KIR2DL1/S5 Allophycocyanin (APC) - 143211 Minnesota, USA RRID:AB_416855
a-human Fluorescein isothio- 143211 R&D Systems; Minneapolis, Cat.#FAB1844F-100,
KIR2DL1/S5 cyanate (FITC) Minnesota, USA RRID:AB_2130402
o-human KIR2DL2/ - Biolegend, Inc., San Diego, Cat.#312606,
L3/S2 Phycoerythrin (PE) pX2r California, USA RRID:AB_2130554
; R&D Systems; Minneapolis, Cat.#FAB2014A-100,
o-human KIR2DL3 Allophycocyanin (APC) 180701 Minnesota, USA RRID:AB_416869
Brilliant Violet 421 Biolegend, Inc., San Diego, Cat.#312714,
e-human KIRSDLL gy 401 DX9 California, USA RRID:AB_2561652
Phycoerythrin-Cyanine7 Beckman Coulter, Brea, Cat.#B10246,
L NS E (PE-Cy7) L California, USA RRID:AB_2687887
2.1.2 Buffers, media and solutions
Buffer Composition

Cell line cultivation medium

PBMC cultivation medium

Fixation buffer

Cryopreservation medium

NK-cell isolation buffer
RBD acquisition buffer

RBD labeling buffer

40

RPMI-1640 Medium supplemented with 10% (v/v) FBS, 10 units/ml
penicillin and 1 mg/ml streptomycin

RPMI-1640 Medium supplemented with 10% (v/v) FBS

DPBS supplemented with 2% (v/v) PFA

FBS supplemented with 10% (v/v) DMSO

DPBS supplemented with 2% (v/v) FBS and 1 mM EDTA

DPBS supplemented with 2% (v/v) FBS, 0.09% (v/v) NaNs, 1 mM EDTA
and 1% (v/v) PFA

RPMI-1640 supplemented with 10% (v/v) FBS, 0.09% NaNz and 1 mM

EDTA
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Sorting buffer

Staining buffer

RPMI-1640 without phenol red, supplem

DPBS supplemented with 2% FBS

ented with 5% FBS

2.1.3 Cell lines

Catalogue Number,

Cell line Source iﬂe[;'nes of Category Disease S:I); of Research Resource
Y Identifier (RRID)
. Chronic myelogenous

Homo sapiens  Cancer cell . DSMZ Cat.#ACC 10.

K-562 DSMZ (Human) Ieulfe_mla, BCR-ABL1 Female RRID:CVCL._ 0004
positive

Homo sapiens  Transformed ATCC Cat.#CRL-1855,

LCL721221  ATCC 4 iman) cell line / Female  pRID:CVCL 6263

2.1.4 Chemicals and consumables

Product

Source

Catalogue Number

Accudrop beads

Anti-mouse Ig, k/negative control
compensation particles set

Agqua ad iniectabilia

ArC Amine Reactive Compensation Bead Kit

BD GolgiStop

Biocoll

CS&T research beads

Dulbecco’s phosphate buffered saline (DPBS)

Dymethyl sulfoxide (DMSO)
Ethylenediaminetetraacetic acid (EDTA)
Fetal bovine serum (FBS) superior
Hank's balanced salt solution (HBSS)
Hydrochloric acid, 37%

L-Glutamin solution

Live/dead fixable blue dead cell stain kit
Paraformaldehyde (PFA)

Penicillin-streptomycin

BD Biosciences, Franklin Lakes,
New Jersey, USA

BD Biosciences, Franklin Lakes,
New Jersey, USA

B. Braun, Melsungen, Germany

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

BD Biosciences, Franklin Lakes,
New Jersey, USA

Biochrom GmbH, Berlin, Germany

BD Biosciences, Franklin Lakes,
New Jersey, USA

Sigma Aldrich, St. Louis, Missouri, USA
Sigma Aldrich, St. Louis, Missouri, USA
Sigma Aldrich, St. Louis, Missouri, USA
Biochrom GmbH, Berlin, Germany
Sigma Aldrich, St. Louis, Missouri, USA
Carl Roth, Karlsruhe, Germany

Sigma Aldrich, St. Louis, Missouri, USA

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Science Services GmbH, Munich, Germal

Sigma Aldrich, St. Louis, Missouri, USA

Cat.#345249
Cat.#552843
Cat.#2351744
Cat.#A10346
Cat.#554724
Cat.#L6115
Cat.#655051
Cat.#D8537-6x500M L
Cat.#D5879-1L-M
Cat.#03690-100ml
Cat.#S0615
Cat.#H6648-6x500M L
Cat.#4625.1
Cat.#G7513-100ml
Cat.#L.23105

ny Cat.#E15710

Cat.#P4333-100ML
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Recombinant human IL-15

RPMI-1640 medium

Seahorse XF base medium

Seahorse XF calibrant solution

PeproTech GmbH, Hamburg, Germany Cat.#200-15-100
Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Agilent Technologies, Santa Clara,
California, USA

Cat.#21875091

Cat.#102353-100

Agilent Technologies, Santa Clara,

California, USA CHLIN AT

Sodium azide (NaNs) Sigma Aldrich, St. Louis, Missouri, USA Cat.#71289-5G

Trypan blue solution, 0.4% Sigma Aldrich, St. Louis, Missouri, USA Cat.#T8154-100ml
2.1.5 Equipment

Equipment Manufacturer

BD FACSAria Fusion

BD LSRFortessa

Biological safety cabinet KS 12

Centrifuge Heraeus Fresco 21

Centrifuge Megastar 1.6R

Centrifuge Rotanta 46 RC

CO,-Incubator Heracell 240

CO,-Incubator Heracell 240i

Eppendorf Research Plus Pipette
Multichannel pipetter, 8-channels, 25 pl
Multichannel pipetter, 12-channels, 300 pl

Nanodrop 100 spectrophotometer

pH-Meter pH526

Pipet Boy

Seahorse XFe96 analyzer

Stratacooler

TC20 Automated cell counter

The big easy EasySep magnet

BD Biosciences, Franklin Lakes, New Jersey, USA

BD Biosciences, Franklin Lakes, New Jersey, USA
Thermo Fisher Scientific, Waltham, Massachusetts, USA
Thermo Fisher Scientific, Waltham, Massachusetts, USA
VWR International, Radnor, Pennsylvania, USA

Hettich, Kirchlengern, Germany

Thermo Fisher Scientific, Waltham, Massachusetts, USA
Thermo Fisher Scientific, Waltham, Massachusetts, USA
Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Waltham, Massachusetts, USA
Thermo Fisher Scientific, Waltham, Massachusetts, USA
Thermo Fisher Scientific, Waltham, Massachusetts, USA
WTW, Xylem Analytics; Weilheim, Germany
INTEGRA Biosciences AG, Zizers, Switzerland

Agilent Technologies, Santa Clara, California, USA

Agilent Technologies, Santa Clara,
California, USA

Bio-Rad Laboratories, Inc., Hercules, California, USA

Stemcell Technologies, Vancouver, Kanada
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2.1.6 Plasticware

Product

Source

Catalogue Number

Cell culture micro plate, 96-well, u-bottom
Counting slides

CryoPure cryo tubes

Falcon 14mL round bottom polystyrene test

tube (FACS tube)

Falcon 5mL round bottom polystyrene test
tube (FACS tube)

Falcon polystyrene test tube with cell strainer

snap cap (FACS tube)

Falcon tubes 15 ml
Falcon tubes 50 ml

Filter tip 10 ul

Filter tip 100 pl

Filter tip 1000 pl

Filter tips ClipTip 200 pl
Filter tips ClipTip 300 pl
Micro tube 1.5 ml SafeSeal
Pipetting reservoirs
Seahorse XFe96 FluxPak
Serological pipettes 10 ml
Serological pipettes 25 ml
Serological pipettes 5 ml
T175 Cell culture flasks
T25 Cell culture flasks

T75 Cell culture flasks

Greiner Holding, Kremsmunster,
Austria

Bio-Rad Laboratories, Inc., Hercules,
California, USA

Sarstedt, Nimbrecht/Rommelsdorf, Germany

Corning Life Sciences, Tewksbury,
Massachusetts, USA

Corning Life Sciences, Tewksbury,
Massachusetts, USA

Corning Life Sciences, Tewksbury,
Massachusetts, USA

Greiner Holding, Kremsmiinster,
Austria

Greiner Holding, Kremsmunster,
Austria

Sarstedt, Nimbrecht/Rommelsdorf, Germany
Sarstedt, Nimbrecht/Rommelsdorf, Germany

Sarstedt, Nimbrecht/Rommelsdorf, Germany

VWR International, Radnor,
Pennsylvania, USA

VWR International, Radnor,
Pennsylvania, USA

Sarstedt, Nimbrecht/Rommelsdorf, Germany

VWR International, Radnor,
Pennsylvania, USA

Agilent Technologies, Santa Clara,
California, USA

Sarstedt, Numbrecht/Rommelsdorf, Germany
Sarstedt, Numbrecht/Rommelsdorf, Germany
Sarstedt, Nimbrecht/Rommelsdorf, Germany
Sarstedt, Nimbrecht/Rommelsdorf, Germany
Sarstedt, Nimbrecht/Rommelsdorf, Germany

Sarstedt, Nimbrecht/Rommelsdorf, Germany

Cat.#650180

Cat.#145.0011

Cat.#72.380.992

Cat.#352057

Cat.#352054

Cat.#352235

Cat.#188271

Cat.#227261

Cat.#70.1130.210

Cat.#70.760.212

Cat.#70.762.211

Cat.#732-1622

Cat.#732-1624

Cat.#72.706.400

Cat.#89094-680

Cat.#102416-100

Cat.#86.1254.001

Cat.#86.1685.001

Cat.#86.1253.001

Cat.#83.3912.002

Cat.#83.3910.002

Cat.#83.3911.002

2.1.7 Preparation Kits

Preparation kit name

Source

Catalogue Number

DNeasy blood & tissue kit

EasySep human NK-cell enrichment kit

Qiagen, Hilden, Germany

Stemcell Technologies, Vancouver, Kanada

Cat.#69506

Cat.#19055
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Seahorse XF glycolysis stress test kit

Agilent Technologies, Santa Clara,

California, USA Cat.#103020-100

2.1.8 Software

Software

Source

BD FACS Diva Software; version 7.0
FlowJo, version 10.4.2
Graph Pad Prism, version 7.04

Mendeley Desktop, version 1.19.1

Microsoft Office Professional Plus 2010,
version 14.0.7212.500

Wave, version 2.3.0.19

BD Biosciences, Franklin Lakes,New Jersey, USA
Tree Star, Ashland, Oregon, USA

GraphPad Software Inc., La Jolla, California, USA
Mendeley Ltd., London, United Kingdom
Microsoft, Redmond, Washington, USA

Agilent Technologies, Santa Clara, California, USA
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2.2 Methods

2.2.1 Workflow and sample processing

Figure 14 illustrates the workflow, showing how the samples were prepared and
experimental data was achieved. On the first day, peripheral blood was processed via
density gradient centrifugation to obtain peripheral blood mononuclear cells (PBMCs)
(see point 2.2.3). PBMC samples from each study individual were cryopreserved
serving for subsequent HLA-genotyping analysis (see point 2.2.6). In order to receive
primary human NK-cells for functional and metabolic analysis, NK cells were enriched
from PBMCs through immunomagnetic negative selection (see point 2.2.7). The next
day, NK cells were co-cultured with the HLA class I deficient target cell lines 721.221
and K-562 in a degranulation assay (see point 2.2.8). After the stimulation with target
cells, flow cytometric analysis was performed to analyze the expression of the
inhibitory NK-cell receptors KIR2DL1, KIR2DL2/L3, KIR3DL1 and NKG2A and to
investigate NK-cell function via the expression of the degranulation marker CD107a
(see point 2.3.9). The expression profile of self-inhibitory receptors and subsequent
assessment of NK-cell function allowed to discriminate between educated and
uneducated NK cells (see point 2.3.11). To assess the glycolytic profile, expression of
the glucose transporter Glutl was examined via flow cytometry (see point 2.3.9). In
order to measure differences in the glycolytic profile of educated and uneducated
NK cells subsets, enriched primary NK cells were sorted in educated and uneducated
NK-cell subsets based on the expression of self-inhibitory receptors (see point 2.2.11).
On the third day, a Seahorse assay was performed with sorted educated and uneducated
NK cells to assess their glycoclyic activity in a Glycolytic Stress Test (see point
2.2.13).
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Figure 14: Experimental setup for the assessment of NK-cell function and the glycoclytic profile

Schematic representation of the performed experiments. (A) Primary human NK cells were enriched from peripheral
blood. (B) Isolated NK cells were examined via flow cytometry for the expression of the inhibitory NK-cell receptors
KIR2DL1, KIR2DL2/L3, KIR3DL1 and NKG2A and subsequently investigated for NK-cell function (CD107a
expression) as well as the expression of the glucose transpoter Glutl. Fluorescence-activated cell sorting allowed
separation of NK cells in educated and uneducated subsets, which were further analyzed for their glycolytic profile in

a Seahorse Assay. All samples were genotyped for the expression of HLA-alleles.
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2.2.2 Cell culture
All working steps were performed under sterile conditions using a biological safety

cabinet.

Cell lines

The HLA class I devoid cell lines 721.221 (88) and K-562 (89) were used as target cells
to assess NK-cell function. The cells were cultivated in RPMI-1640 Medium
supplemented with 10% heat-inactivated FBS, 10 units/ml penicillin and 1 mg/ml
streptomycin. The cells were cultured in T75 cell culture flasks and split every two to
three days by a split-ratio of 1:4, when cells had reached a density of approximately
4x10° cells/ml. After 20 passages the cells were discarded and fresh cells were thawed

for further experiments.

Cryopreservation of cell samples

Cryopreservation was performed for longtime storage of cells. Therefore, the cells were
counted by the use of a TC20 automated cell counter. The volume of a cell suspension
was calculated for 10 to maximal 50x10° cells, transferred into a 15 ml falcon and
adjusted to 10 ml with DPBS. The cells were then centrifuged at room temperature for
5 min at 500 RCF and maximum ACC and DECEL. The cell pellet was resuspended in
1ml freezing solution (FBS supplemented with 10% DMSO) and immediately
transferred into a cryotube, which was subsequently placed in a pre-cooled stratacooler.
The stratacooler was stored at -80 °C and incubated overnight. The following day, the

samples were transferred into the liquid nitrogen (LN) tank at -160 °C.

Cell thawing

Frozen vials were thawed in a water bath at 37 °C until a small pellet of ice remained.
Then, 1 ml pre-warmed cell culture medium (RPMI-1640 medium, supplemented with
10% FBS) was added to each vial to thaw the residual ice pellet. The cell suspension
was transferred into a 15 ml falcon tube containing 9 ml cell culture medium and
immediately centrifuged at room temperature for 5 min at 500 relative centrifugal force
(RCF) and maximum acceleration (ACC) and deceleration (DECEL). After the
centrifugation step, the supernatant was discarded and the pellet was resuspended in cell
culture medium in a concentration of 2x10° cells/ml and transferred to a T75 cell culture
flask. The cells were stored in the incubator at 37°C and 5% CO..
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2.2.3 Peripheral blood sample acquisition

Peripheral blood samples were obtained from a total of 45 randomly selected healthy
blood donors recruited at the Institute for Transfusion Medicine, University medical
center Hamburg-Eppendorf, Hamburg, Germany. For this study, only residual amounts
of anonymous peripheral blood samples were used which were routinely taken from
healthy blood donors and would have been discarded otherwise. All blood donors gave
their general written consent to use their blood samples for scientific studies in an
anonymized form. The anonymous use of this material is in compliance with a vote by
the ethics committee of the German medical association. After the blood was drawn
from the donors at the clinics, it was forwarded to the clinical laboratories, where it was
further processed within the same day. The whole blood samples were fractionated
through centrifugation resulting in three discriminable layers: plasma, erythrocytes and
the buffy coat. The three layers were separated from each other and stored for further
use. The isolated buffy coat layer is the layer that was obtained for this study and used
for the following experiments.

2.2.4 PBMC isolation via density gradient centrifugation

The isolation of the PBMCs (Peripheral Blood Mononuclear Cells) was performed in
order to separate the residual plasma and erythrocytes from the buffy coat (90). This
method allows to separate the blood components according to their differences in size,
density and aggregation behavior. The separation takes place by layering of blood on a
separation solution (biocoll) and the subsequent centrifugation. Buffy coat donations
contain approximately 60 ml whole blood, enriched in thrombocytes, monocytes,
lymphocytes and granulocytes. The blood sample was equally distributed to three 50 ml
falcon tubes (20 ml blood per falcon) and each tube was mixed with 15 ml pre-warmed
HBSS (Hanks’ balanced salt solution). Afterwards each of the blood-HBSS mixtures
were carefully layered on room tempered 15 ml biocoll separation solution in a new
50 ml falcon tube. The samples were then centrifuged at room temperature for 20 min at
950 RCF, with the lowest level of ACC and DECEL turned off. After the centrifugation,
the samples showed three different layers. Figure 15 illustrates the layers that are
formed after centrifugation. The upper yellow layer consists of fresh plasma, the lower
red layer contains the erythrocytes and the middle layer which separates the plasma
from the erythrocytes is made of the buffy coat.
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Figure 15: Blood components after centrifugation

[LILLTIT]
— After the density gradient centrifugation of whole blood that was layered
— on top of a separation solution, three different layers are detectable. The
—— Plasma upper layer consists of blood plasma, which is a yellow-colored liquid
o component of the blood that mainly consists of water containing
C;/ \?vlg::ysiz?:platelets dissolved proteins, coagulation factors, glucose, electrolytes and
hormones. The lower red colored layer contains the erythrocytes. The
' Eythrocytes middle layer that separates the plasma from the erythrocytes is the buffy

coat, which contains the white blood cells (WBCs) and platelets.

The buffy coat contains the thrombocytes, monocytes, lymphocytes and granulocytes.
Therefore, this layer was carefully extracted from the other layers with a pipette dropper
and transferred into a new 15 ml falcon tube. The samples were centrifuged at room
temperature for 15 min at 500 RCF and maximum ACC and DECEL, in order to wash
the cells and separate them from the biocoll-containing surrounding solution. After the
centrifugation, the supernatant was discarded, equal pellets were pooled and
re-suspended in 10 ml pre-warmed HBSS. The samples were centrifuged at room
temperature for 13 min at 300 RCF and maximum ACC and DECEL, to separate the
lymphocytes from thrombocytes. Subsequently, the supernatant was discarded and the
pellet was re-suspended in 50 ml pre-warmed cell culture medium. Then, the cells were
counted and transferred into cell culture flasks in a concentration of 3x10° cells/ml cell
culture medium supplemented with 5 ng/ml IL-15 and stored in the incubator at 37 °C

and 5% CO, for further experiments.

2.2.5 DNA isolation

Extraction of genomic DNA from isolated PBMCs was performed using DNA Blood
Mini Kit from Qiagen (91). First, the samples were lysed using proteinkinase K and the
lysate was loaded onto the DNeasy Mini Spin column. DNA adsorbs to the DNeasy
membrane in the presence of high concentrations of chaotropic salt, which remove
water from hydrated molecules in solution. Buffer conditions enable specific adsorption
of DNA to the silica membrane and removal of contaminants and enzyme inhibitors.
Thereby, the DNA was selectively bound to the DNeasy membrane as contaminants
passed through. By repeated centrifugation and washing with special buffers, remaining
contaminants and enzyme inhibitors were removed. In a final step the purified DNA

was eluted in water and the concentration of genomic DNA was measured via a
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Nanodrop 100 spectrophotometer. The DNA showed A260/A280 ratios of 1.0-1.9, and

absorbance scans showed a symmetric peak at 260 nm.

After the PBMCs were isolated from the buffy coat, 5x10° PBMCs of each sample were
frozen as a cell pellet at -20 °C. These samples were stored for subsequent genotyping
analysis. The frozen samples were thawed and immediately mixed with 20 pl
proteinkinase K. Then the samples were adjusted to 220 ul adding DPBS, 200 ul buffer
AL was added and the samples were vortexed. The samples were incubated at 56 °C for
10 min. After the incubation, 200 ul ethanol 96% was added to each sample and all
samples were vortexed thoroughly. The mixture was transferred into a DNeasy Mini
spin column that was placed in a 2 ml collection tube. The samples were centrifuged at
6000 RCF for 1 min. After the centrifugation the collection tube containing the flow
through was discarded. The spin column was then placed in a new 2 ml collection tube
and 500 ul buffer AW1 was added to each sample. The samples were centrifuged at
6000 RCF for 1 min and after that, the collection tube and the flow through was
discarded. The spin column was then placed again in a new 2 ml collection tube and
500 pl buffer AW2 was added to each sample. The samples were centrifuged at
20.000 RCF for 3 min and thereafter the collection tube and the flow through were
discarded again. The spin column was placed in a 1.5 ml Eppendorf tube. The DNA was
eluted by adding 50 ul Aqua ad iniectabilia. The samples were incubated for 10 min at
room temperature. Then the samples were centrifuged for 1 min at 6000 RCF. The
eluate contained the genomic DNA and the DNA concentration was subsequently

measured at the Nanodrop 100 spectrophotometer.

2.2.6 HLA-genotyping

HLA class | genotyping was partly performed either by the HLA laboratory at the
University medical center Hamburg-Eppendorf, Hamburg, Germany or by the DKMS
Laboratories in Dresden, Germany. Table 1 shows the HLA class | haplotypes for
HLA-A, -B —C for each study subject. Bw4" individuals were defined by carriage of
HLA-B alleles with a Bw4" epitope or the HLA-A alleles A*24:02 and
A*23:01 (92,93). Bw6" individuals lack the above stated alleles. The HLA-A and —B
alleles that carried the Bw4™ epitope are highlighted in red.
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Table 1: HLA genotype analysis

HLA-A

HLA-B

HLA-C

HLA-C

Number Sample 1D Bw4/6* Haplotype Seahorse | Glutl | CD107a
Al A2 Bl B2 C1 Cc2 C1/C2 Assay Assay | Assay

1 180322_BC_A | 01:01 | 02:01 | 15:01 | 44:02 4 03:04 | 05:01 12 + + +
2 180322_BC_C 01:01 23:01 37:01 44:03 4 04:01 06:02 212 + +
3 180322_BC_D | 02:06 | 03:01 | 15:01 | 18:01 6 03:03 | 12:03 171 + +
4 180316_BC_A 03:01 25:01 35:01 44:02 4 04:01 07:04 12 + + +
5 180316_BC_B | 03:01 | 03:01 | 07:04 | 56:01 6 01:02 | 07:02 171 + +
6 180316_BC_C | 01:01 | 36:01 | 08:01 | 15:03 6 04:01 | 07:01 12 + +
7 180316_BC_D | 68:01 | 03:01 | 27:05 | 07:02 4 07:02 | 02:02 12 + +
8 180308_BC_A | 01:02 | 29:02 | 27:05 | 49:01 4 02:02 | 07:01 1/2 + +
9 180308_BC_B 02:01 29:02 44:02 44:03 4 05:01 16:01 172 + +
10 180308_BC_C | 01:01 | 24:02 | 08:01 | 40:02 4 02:02 | 07:01 1/2 + +
11 180308_BC_D 01:01 25:01 39:01 57:01 4 06:02 12:03 12 + +
12 180201_BC_A | 02:01 | 31:01 | 15:01 | 51:01 4 03:04 | 15:02 1/2 + +
13 180201_BC_B 02:01 03:02 35:03 44:02 4 04:01 12:03 12 + + +
14 180201_BC_C | 02:01 | 03:01 | 35:01 | 57:01 4 04:01 | 06:02 22 + +
15 180201_BC_D | 01:01 | 24:02 | 07:02 | 55:01 4 03:03 | 07:02 11 + + +
16 180110_BC_A 02:01 11:01 08:01 44:02 4 05:01 07:01 1/2 + +
17 180110_BC_B | 02:01 | 30:01 | 13:02 | 18:.01 4 06:02 | 07:01 1/2 + +
18 180110_BC_C 01:01 02:01 07:02 52:01 4 07:02 12:02 11 + +
19 180110_BC_D | 01:01 | 01:01 | 07:02 | 44:03 4 07:02 | 16:01 171 + +
20 171129 BC_A 01:01 23:01 37:01 44:03 4 04:01 06:02 212 + + +
21 171129 BC_B | 26:01 | 29:01 | 07:05 | 55:01 6 03:03 | 15:05 1/2 + +
22 171129 BC_C 02:01 02:01 51:01 51:01 4 14:02 16:02 172 + +
23 171129 BC_D | 03:01 | 23:01 | 3501 | 41:.01 4 04:01 | 17:01 22 + +
24 171109_BC_B 02:01 29:02 35:01 44:02 4 03:04 05:01 12 + +
25 171109_BC_C 02:01 30:01 15:01 35:01 6 03:04 04:01 1/2 + +
26 171109_BC_D 01:01 32:01 40:02 57:01 4 02:02 06:02 212 + +
27 171026_BC_B 02:01 33:.01 14:02 15:01 6 03:03 08:02 11 + +
28 171026_BC_C | 01:01 | 68:01 | 08:01 | 35:01 6 04:01 | 07:01 1/2 + +
29 171026_BC_D 01:01 31:01 08:01 35:01 6 04:01 07:01 172 + +
30 171011_BC_A | 02:01 | 11:01 | 08:01 | 44:02 4 05:01 | 07:01 1/2 + +
31 171011 BC_B 02:05 03:01 07:02 50:01 6 06:02 07:02 172 +
32 171011 BC_C 01:01 03:01 07:05 08:01 6 07:01 15:05 1/2 +
33 171011 _BC_D 02:01 24:02 44:02 44:05 4 02:02 05:01 212 +
34 170816_BC_C | 02:01 | 24:02 | 15:01 | 44:05 4 02:02 | 03:03 12 + +
35 170816_BC_D | 02:01 | 03:01 35:.0 | 45:.01 6 04:01 | 06:02 22 +
36 170810_BC_C | 01:01 | 24:02 | 44:02 | 57:01 4 05:01 | 06:02 212 +
37 170810_BC_E | 02:01 | 24:02 | 15:01 | 27:05 4 02:02 | 03:03 12 + +
38 170727_BC_B 03:01 25:01 35:01 44:02 4 04:01 07:04 1/2 + +
39 170727_BC_C | 03:01 | 68:01 | 40:01 | 45:.01 6 03:04 | 16:01 171 +
40 170727_BC_D 02:06 32:01 35:01 37:01 4 03:03 06:02 1/2 + +
41 170713_BC_D | 32:01 | 68:01 | 39:01 | 44:02 4 07:02 | 07:04 171 + +
42 170706_BC_B 02:01 03:01 15:01 40:01 6 03:04 03:04 n + +
43 170706_BC_C | 03:01 | 24:02 | 08:01 | 57:01 4 06:02 | 07:01 12 + +
44 170629_BC_C 01:01 02:01 08:01 58:01 4 03:02 07:01 n + +
45 170629_BC_D 02:01 26:01 15:01 38:01 4 03:03 12:03 11 + +

Total 18 29 45
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2.2.7 Immunomagnetic negative NK-cell isolation

In order to enrich NK cells, the EasySep Human NK cell Isolation Kit from Stemcell
was used (94). This method allows to isolate a certain cell population from
heterogeneous cell mixtures. There are two types of separation: positive isolation and
negative isolation. Within the positive isolation method, the desired cell population is
selectively labeled with a specific antibody first. This is followed by a second labeling
procedure with a secondary antibody which is conjugated to magnetic particles. The
cells of interest are thereboy magnetically labeled and can then be separated from the
un-labeled cells by using a strong magnet. The desired cells will attach to the magnet,
whereas the unwanted cells can be found in the eluate. In the reverse case, which is the
negative isolation, the separation is carried out by the marking the unwanted cells that
are hold back by the magnetic field. The cells of interest can be found in the eluate. In
the negative isolation process the desired cells are un-labeled and untouched, which is a

major advantage of the negative isolation process towards the positive isolation.

According to the protocol, up to 400x10° PBMCs that were previously isolated via
density-gradient centrifugation, were mixed with 8 ml pre-cooled NK cell isolation
buffer (DPBS supplemented with 2% FBS and 1 mM EDTA) in a 14 ml polystyrene
falcon. Next, the cell suspension was well mixed with 100 pul enrichment cocktail,
which contains the magnetically labeled antibodies that bind the unwanted cells. The
mixture was then incubated at room temperature for 10 min. After that 200 ul of the
magnetic beads were added, while the solution was mixed thoroughly. The sample was
incubated at room temperature for 5 min, so that the magnetic beads could bind the
antibodies. Additional 2 ml NK cell buffer were added to the solution afterwards and
the tube was inserted into the magnet, where the cells stayed for 3 min. Following, the
magnet with the installed polystyrene tube that contained the cells was tilted and the cell
suspension was poured into a new 15 ml falcon tube. The cell suspension was then
centrifuged at room temperature for 7 min at 500 RCF and maximum ACC and
DECEL, in order to separate the cells from the surrounding solution. After the
centrifugation the supernatant was discarded, equal pellets were pooled and
re-suspended in cell culture medium in a concentration of 3x10°cells/ml. The cell
culture medium was enriched with 5 ng/ml IL-15 and the cells were stored in the

incubator at 37 °C and 5% CO, overnight for further experiments.
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2.2.8 NK-cell degranulation as determinant for NK-cell function

The cytoplasm of NK cells is filled with high concentrations of preformed granules that
contain cytolytic proteins, such as perforin and granzyme. Upon activation through
target cells, NK cells transport these granules to the cell surface, where their membrane
fuses with the cellular membrane. Thereby, the cytolytic proteins are released into the
immunological synapse. As a consequence, target cells which are in close contact with
degranulating NK cells, can be killed through the contact with perforin and granzymes.
CD107a is found within the membrane of cytolytic granules. Once the membrane of
cytolytic granules fuses with the cell membrane, CD107a gets transferred onto the cell
surface (95,96). In this way, CD107a expression on the cell surface can function as a

marker to quantify the levels of cytotoxic NK cell degranulation.

In this assay 721.221 (88) and K-562 (89) cell lines, served as target cells for NK cells.
Freshly isolated human NK cells were incubated with 5ng/ml IL-15 at 37 °C and
5% CO, overnight and subsequently co-cultured for 4 h with either 721.221 or K-562
cells in an effector to target ratio of 1:2. Therefore 1x10°> NK cells were distributed in
duplicates with either 2x10° 721.221 or 2x10° K-562 cells respectively, in 200 pl cell
culture medium in one well of a 96-well plate. NK cells that were not exposed to any
target cell line served as a negative control. All cultures were immediately mixed with
CD107a antibody in a dilution of 1:100 (2 pul per 200 ul cell suspension) and incubated
for 1 h at 37 °C and 5% CO, in the incubator. After that time, BD GolgiStop, a protein
transport inhibitor containing Monensin was distributed to all samples. This inhibitor
blocks intracellular protein transport processes and prevents the acidification of
endocytic vesicles (97). Thereby the degradation of reinternalized CD107a proteins
from the surface is reduced and allows for surface staining of this marker after
stimulation. In the following the samples were incubated for 3 h at 37 °C and 5% CO,
in the incubator. After the incubation time the cells were centrifuged at room
temperature for 5 min at 400 RCF and maximum ACC and DECEL, in order to separate
the cells from the surrounding solution. In a further step these cells were stained with

respective antibodies flow cytometric analysis.
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2.3.9 Flow cytometric measurements

Flow cytometry

Flow cytometry is a technique to investigate the characteristics of cellular subsets
(Murphy & Weaver, 2017). Thereby, cells can be quantified and studied for their size
and granularity as well as for the expression of distinct molecules. These molecules can
be detected by using monoclonal antibodies that specifically target and bind to unique
antigens present on the surface of the cell or intracellularly. Individual cells that have
been labeled with fluorescent antibodies are passing in a fine fluidic stream through a
laser beam. As each cell passes through the laser beam it scatters the laser light and each
fluorescent dye, which is attached to the cell by antibody-binding, will be excited and
fluoresce. Highly sensitive photomultiplier tubes (PMT) detect the scattered light, that
can give information about the size and the granularity of the cell. Additionally, the
emitted light from the fluorophore indicates whether a distinct antibody is bound to a
specific target on the cell and hence about the expression of distinct molecules. By the
use of multiple antibodies with different dyes multiparametric analysis is possible. The
generated data is transferred to a computer and can be analyzed via the FlowJo
software. The data from multiparametric analysis is then displayed in a two-dimensional
scatter diagram, where the fluorescence intensity of one dye-labeled antibody is plotted
against a second one. By discriminating between cells that exhibit a specific fluorescent
signal and cells that lack the signal, sub-populations that are characterized by a distinct
expression profile can be defined. This work was performed with a BD LSR Fortessa
equipped with 5 lasers (see Table 2) that can detect up to 18 different fluorochromes

simultaneously.

Table 2: Lasers of the BD LSR Fortessa flow cytometer

Laser uv Violet Blue Yellow-green | Red

Wavelength 355 nm 405 nm 488 nm 561 nm 633 nm
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Figure 16: Principle of flow cytometry

Schematic representation of flow cytometry. Flow cytometry is a technique that allows to investigate the physical and
chemical characteristics of cells. Therefore, cells are suspended in a sheath fluid, flowing along a stream through a
flow cell that is irradiated by a laser beam. As the cells pass through the laser beam, they scatter the light. By
capturing the forward scatter (FSC) and the side scatter (SSC) light by optical detectors, the size and granularity of
the cells can be determined. In addition, cells that are labeled with fluorochrome-conjugated antibodies emit light as
the they pass through the laser beam. The emitted light is detected by a photomultiplier tube (PMT) which in turn is
amplifying the detected signal. The data that is generated can furthermore be analysed at the computer via the FlowJo
software. By creating gates for characteristic features, the software allows to gain information about the size,
granularity and antigen profile of an individual cell within the investigated cell population. During multiparametric
analysis flow cytometers can analyse at multiple fluorochromes simultaneously, in addition to the FSC and SSC
(figure adapted from (98)).

Live/dead staining

In order to discriminate live and dead cells during flow cytometric analysis, NK cells
were stainied with a fluorescent dye from the live/dead fixable blue dead cell stain Kit.
Live cells react with the reactive dye only on the cell surface leading to weak
fluorescent cells. On the other hand, cells with damaged cell membranes react with the
dye throughout the membrane, yielding in brightly stained cells. NK cells that have
been stimulated with target cells in a degranulation assay (see 2.2.8) were resuspended
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in 200 ul DPBS and centrifuged at room temperature for 5min at 400 RCF and
maximum ACC and DECEL. The supernatant was carefully discarded and the cells
were resuspended in 100 pl staining buffer (DPBS supplemented with 2% FBS). In
order to prepare a working solution of the live/dead fluorescent reactive dye, 50 pl
DMSO was added to one vial of the live/dead fixable blue dead cell stain kit. Next, the
live/dead fluorescent reagent was added to the cells in a concentration of 1 pul working
solution to 1 ml cell suspension. The cell suspension was mixed gently and the samples
were incubated for 10 min at room temperature in the dark. After that time, the surface
staining antibodies were added and the samples were incubated for additional 20 min.
Thereby the total incubation time with the live/dead fluorescent reactive dye was

30 min.
Surface antibody staining

In order to identify NK cells and the expression of NK cell receptors (KIRSs), a staining
was performed with mononuclear fluorescent-conjugated antibodies. The used
antibodies target specific molecules on the surface of the investigated cells. Each cell
type can be identified by the expression of distinct markers, known as cluster of
differentiation (CD). NK cells are defined by the presence of the molecular markers,
CD56 and CD16 and the absence of CD3, CD14 and CD19 (99). CD56 is a
glycoprotein expressed on the surface of NK cells and other lymphoid cells. CD16 is
also known as FcyRIII, which is a Fc receptor involved in antibody-dependent cellular
cytotoxicity (ADCC) (17). CD16 is expressed on the surface of NK cells, but also on
neutrophils, monocytes and macrophages. Furthermore, NK cells lack the expression of
CD3, which is a T cell co-receptor (100). Besides they do not express CD14 which is
found on macrophages, neutrophils and dendritic cells (101). Finally, CD19 is an
adaptor protein which is expressed by B cells (102). First, a mastermix was prepared
with the following antibodies as it is shown in Table 3. The antibody mastermix was
calculated for one sample. Each antibody volume was multiplied with the amount of
samples in the assay and the calculated volumes of all antibodies were transferred into
the same tube and mixed gently. Then, each sample was mixed with 17,5 pl antibody
mastermix and incubated at room temperature for 20 min in the dark. After that time
100 ul DPBS was added to each sample and the cells were centrifuged at room
temperature for 5 min at 400 RCF and maximum ACC and DECEL.
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Table 3: Antibodies used for surface staining

Volume [pl]

Target Fluorochrome Clone Dilution | added to 100 pl

cell suspension
CD56 BUV395 NCAM16.2 1:100 1
CD16 BV785 3G8 1:100 1
KIR3DL1 BV421 DX9 1:50 2
CD3 PerCP-Cy 5.5 UCHT1 1:50 2
CD14 PerCP-Cy 5.5 HCD14 1:50 2

CD19 PerCP-Cy 5.5 HIB19 1:200 0.5
NKG2A Pe-Cy7 7199 1:50 2
KIR2DL2/L3 PE DX27 1:50 2
KIR2DL1 APC 143211 1:20 5
Total 17,5 ul

Glutl staining

Glutl (solute carrier family 2, facilitated glucose transporter member 1-SLC2A1-) is the
major glucose transporter and is ubiquitously expressed on most cell types (103). As an
important transporter for glucose metabolism this receptor was investigated in this
project. Glutl serves as a receptor for the human T cell leukemia virus (HTLV) to gain
entry into target cells (104). As the HTLV Env receptor binding domain (RBD) binds
Glutl naturally, the commercially available fusion protein of HTLV Env RBD and an
eGFP Tag allows immunofluorescent staining of Glutl. NK cells alone and NK cells
that have previously been stimulated with target cells in a degranulation assay were
resuspended in 50 ul labeling buffer (cell culture medium supplemented with
0.09% sodium azide (NaN3) and 1 mM EDTA). Then, 2.5 pl of Glutl.RBD.GFP was
added to the cells and the samples were incubated for 30 min at 37 °C and 5% CO, in
the incubator. Thereafter, 100 pl DPBS were added to each well and the plate was
centrifuged at 400xg for 5min at 4 °C and maximum ACC and DECEL. The
supernatant was carefully taken up and discarded. The cell pellet was resuspended in
100 pl acquisition buffer (DPBS, 2% FBS, 0.09% NaNs;, 1 mM EDTA and 1%
paraformaldehyde (PFA)) and transferred into a polystyrene round-bottomed FACS

tube. The samples were measured at the flow cytometer.
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Flow cytometric analysis

The cells were measured at the BD LSRFortessa. First, the machine was started and the
cytometer settings (filter settings, Table 4) were examined and adjusted. A CS&T was
performed with BD FACSDiva CS&T beads in order to standardize the cytometer
performance. After the CS&T was completed successfully, a tube with water was
installed and the sample was acquired for 10 min to clean the fluidic systems before
performing actual measurements. The following measurements were multicolor assays.
Therefore fluorescence compensation was performed in order to ensure that the
fluorescent signal that was detected during the measurement derived from the
investigated fluorochrome itself. This process allows to mathematically subtract signals
derived from other fluorochromes spilling over into the respective channel by the
BD FACSDiva software. The compensation was performed with compensation beads
that have been stained with the respective antibodies before. Then the samples were
measured successively. After the measurements the fluidic system of the machine was
cleaned by installing a tube with cleaning solution, rinse solution and water, which was
acquired for 5 min each at the highest flow rate. The data was further analyzed via the

FlowJo 10.4.2 software.

Table 4: LSR Fortessa laser and filter configurations

Detector Laser Laser Parameter PM.T BP-filter LP-filter Fluorochrome
array position
Trigon 355 nm UV 1 A 450/50 420 LP BUV737
2 B 380/14 BUV395
& A 780/60 735 LP BV785
4 B 710/40 670 LP BV711
5) C 675/50 635 LP BV650
Octagon | 405nm violet 6 D 610/20 600 LP BV605
7 E 586/15 570 LP BV570
8 F 525/50 505 LP BV510
9 G 450/50 BV421
10 A 710/40 685 LP PerCP-Cy5.5
Octagon | 488 nm blue 11 B 530/30 505 LP FITC
Cc 488/10 SSC
12 A 780/60 750 LP Pe-Cy7
octagon | s61nm | Vellow- 13 B 670/30 635 LP Pe-Cy5
Yraan 14 C 610/20 600 LP PE-Texas Red
15 D 586/15 PE
16 A 780/60 750 LP APC-Cy7
Trigon 633 nm red 17 B 730/45 690 LP Alexa Fluor 700
18 C 670/14 APC
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2.3.10 Analysis of flow cytometric data

Hierarchical gating strategy

Flow Cytometry Standard (FCS) data files were analyzed via the FlowJo 10.4.2

software. The gating strategy depicts how NK-cell subsets were identified according to

the detection of specific expression markers (Figure 17).

Lymphocytes

Single Cells

Live Cells

ey
1 4

‘live/dead

CD3CD14CD1Y
subset

KIR2DL1* or
KIR2DL2/L3*

Figure 17: NK-cell gating strategy

Schematic representation of the gating
strategy that was used to identify NK cells
and NK-cell subsets that expressed the
inhibitory receptors KIR2DL1,
KIR2DL2/L3, KIR3DL1 and NKG2A.
The data is displayed in a two-dimensional
scatter diagram, where the fluorescence
intensity of one expression marker is
plotted against a second one. Each dot
represents one cell. The cell density is
represented by a color code. Blue dots
show low density, whereas red dots
illustrate a high cell density. The gate that
defines the selected population is
highlighted with by a red colored frame.
Lymphocytes were gated using forward
and side scatter (FSC-A/SSC-A). The
lymphocyte cell population was then sub-
analyzed by area and height of the forward
scatter (FSC-A/FSC-H) defining single
cells. Next, dead cells were excluded by
the use of the viability dye live/dead
fixable blue. Subsequently, the live cell
gate was further analyzed to exclude
Bcells, Tcells and Monocytes and
Macrophages respectively. Thus, NK cells
were identified by the exclusion of CD3,
CD14*, and CD19" «cells and the
expression of either CD56 or CD16.
Finally, NK-cell subsets were sub-gated
for the expression of the inhibitory
receptors KIR2DL1, KIR2DL2/L3,
KIR3DL1 and NKG2A.
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Determination of NK-cell subsets: CD107a/Glutl NK-cell subsets

The NK-cell population that was identified via the previously described gating strategy
allowed to examine the expression of CD107a and Glutl on stimulated and
unstimulated NK-cells. By using the FlowJo application software, NK cells were further
gated into the following sub-populations: CD107a’/CD107a” and Glut1*/Glutl” NK-cell
subsets. These sub-populations were further analyzed for the frequency of CD107a"
NK cells as well as the median fluorescence intensity of Glutl. The frequency of
CD107a" NK cells that was measured in stimulated NK-cell subsets was normalized to
the frequency measured in unstimulated cells (105). The following formula was used:

(frequency stim. —frequency unstim. )

F lized = x 100
requency notaiize (100 — frequency unstim.)

Furthermore, the median fluorescence intensity (MFI) of Glutl that was measured in
stimulated and unstimulated NK cells subsets was normalized to the fluorescence minus
one (FMO) control. The FMO control is a sample which contains all flurochromes,
except the one that is being measured (Glutl). The MFI of the samles that have been
stimulated with target cells were transformed to the Relative Fluorescence Intensity
(RFI) via the following formula:

MFI sample

RFL = SR FMo cal,

The obtained data was analyzed and visualized by using Graph Pad Prism 7.04.

2.3.11 Determination of NK-cell subsets: single positive inhbitory receptors subsets
Boolean Gating is a gating method in FlowJo, which can be applied to define
sub-populations. An algorithm allowing for automatic generation identified 16 possible
combinations of NK-cell subsets that were generated from the 4 inhibitory NK cell
receptors that were analyzed in this study: KIR2DL1, KIR2DL2/L3, KIR3DL1 and
NKG2A. Table 5 lists all subsets that were created via boolean gating. NK-cell subsets
that were further investigated in this study are highlighted in orange. These subsets were
either single positive (SP) for one specific inhibitory receptor or lacked all of the

investigated receptors (R-).
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Table 5: NK-cell subsets determined by boolean gating

NK-cell subsets

Inhibitory
Receptor SP SP SP SP R-
KIR2DL1 + + + + + + + + - - - = = - - -
KIR2DL2/L3 + 4+ + 4+ - - - - 4+ + + + - - - -
KIR3DL1 + + - - + + - - + + - -+ + - -
NKG2A + - + - + - + - 4+ - + - + - + -

2.2.12 NK-cell subset enrichment via fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) is based on the principle of flow cytometry
(see point 2.3.9) with the addition that live cells can be isolated from a heterogeneous
cell population. This technique allows further analysis of cellular sub-populations. In
order to receive two distinct NK-cell populations (educated and uneducated NK cells)
for subsequent metabolic analyses, FACS was performed with a BD FACS Aria Fusion
machine. In a first step, the samples were labeled with fluorescence-conjugated
antibodies. These cells were taken up into the machine where they flow along a stream
into the flow cell. The flow cell is irradiated by different laser beams. As the cells pass
through one of the laser beams, they scatter the laser light. The scattered light can then
captured by optical detectors, which give information about size and granularity of the
cell. Furthermore, the fluorophores on fluorescent- labeled cells get excited by the laser
beam and hence emit light. Photomultiplier tubes (PMTs) can detect the scattering of
light and the information is transformed into a electronic signal. The cells that have
passed the laser beam are subsequently forced through a small nozzle (nozzles can have
sizes of 70, 85, 100, and 130 um depending on the cell size), creating a very fine stream
of sheath fluid that contains the antibody labeled cells. Based on the information the
computer has received from the fluorescent measurement an electric charge is created,
which is then passed from the nozzle through the liquid stream. At the precise time,
when the streams breaks up into single droplets, the instrument applies a positive or
negative charge to the droplet based on the characteristics of the cell. Ideally one droplet
contains one single cell. Due to an electrostatic deflection system the charged droplet
will be distributed in one of the collection tubes, which allows sorting of single cells

according the characteristic surface molecules (Figure 18).
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Figure 18: Principle of fluorescence-activated cell sorting

Schematic overview of fluorescence-activated cell sorting. Fluorescence-activated cell sorting is a technique where
live cells from a heterogenous cell population can be separated into homogenous sub-populations based on
fluorescent labeling of subset-specific markers. The technique is built on the principle of flow cytometry (see point
2.3.9), where the cells that are flowing along a stream are irradiated by a laser beam. As the cells pass through the
laser beam, they scatter the laser light at the interrogation point. The scattered light is then captured by optical
detectors and gives information about size and granularity of the cell. Furthermore, the fluorophores on
fluorescent- labeled cells get excited by the laser beam and hence emit light that can be detected by a photomultiplier
tube (PMT). The generated signals are passed to a computer and are used to create an electric charge, which is then
passed from the nozzle through the liquid stream. At the precise time, when the streams breaks up into single
droplets, the instrument applies a charge to the droplet based on the characteristics of the cell. An electrostatic
deflection system facilitates distribution of the charged droplets into different collecting tubes (figure adapted from
(106)).
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FACS machine setup

First, the machine was set up for cell sorting by performing a fluidic startup using the
BD FACS Diva software v.8.0.1. Initially, the fluidic startup required to manually
connect the sheath tank with the machine to allow an automated cleaning process which
cleaned the fluidic system including the flow cell. Then a 70 micron nozzle was
installed into the flow cell. After the fluidic startup was finished, the stream was turned
on. To standardize the cytometer performance a cytometer setup and tracking (CS&T)
procedure was performed with BD FACSDiva CS&T beads. As soon as the stream was
stable, the sweet spot (automated clog detection and sort tube protection) system was
selected. Further quality controls required the performance of an auto drop delay
procedure with BD FACS Accudrop beads. This procedure was conducted to ensure
precise cell sorting, whereby the droplet that contains the cell of interest is sorted into
the correct tube. Then the optical filter system of the machine was examined and
equipped with the required filters used in this setting (an overview of the filters is
shown in Table 6).

Table 6: BD FACS Aria Fusion laser and filter configurations

Detector | | ocer Laser | Parameter | "MT BP- LP- Fluorochrome
array position filter filter

1 A 740/40 685 LP BUV737
Trigon 355 nm uv

2 B 380/14 BUV395

3 A 695/40 655 LP PerCP-Cy5.5
Octagon 488 nm blue 4 B 530/30 505 LP eGFP /FITC

5 C 488/10 SSC

6 A 780/60 750 LP BV785

7 B 710/50 690 LP BV711
Octagon T p— 8 C 660/20 630 LP BV650

9 D 610/20 595 LP BV605

10 E 525/50 505 LP BV510

11 F 450/50 BVv421

12 A 780/60 735 LP Pe-Cy7

13 B 710/50 685 LP Pe-Cy5.5
Octagon | 561 nm VS:L%‘:‘]’ 14 c 670/14 | 630 LP Pe-Cy5

15 D 610/20 600 LP PE-Texas Red

16 E 582/15 PE

17 A 780/60 755 LP APC-Cy7
Octagon 640 nm red 18 B 730/45 690 LP Alexa Fluor 700

19 C 670/30 APC
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Finally, the control settings (nozzle size, filter settings and pressure) were examined on
the BD FACS Diva control panel and selected for the appropriate configurations. To
ensure that the fluorescent signal that was measured during the recording process is
derived from the fluorochrome of interest, fluorescence compensation was performed
with compensation beads. This process enables the BD FACSDiva software to
mathematically subtract signals derived from other fluorochromes spilling over into the
respective channel. The compensation was performed with compensation beads that

have been stained with the respective antibodies before.
Cell sorting

Fluorescence- labeled enriched NK cells were taken up in sorting buffer (RPMI-1640
Medium without phenol red and supplemented with 5% FBS) in a concentration of
5x10° cells/ml. Next, the cells were passed through a cell strainer (snap cap falcon tube
with cell strainer) to avoid cell clumps. The cells from different individuals were
successively analyzed at the BD FACS Aria Fusion machine. NK cells were identified
according to the previously described gating strategy (see 2.3.10). Then NK cells were
further gated into educated and uneducated NK-cell subsets according to the educational
profile that was determined for each study subject via preceeding functional assays. The
different possible educational profiles resulting from different combinations of the

expression of inhibtory receptors and HLA-B or HLA-C alleles are shown in Table 7.

Table 7: Combination of educational profiles

Educational profile

HLA-C1/C2 HLA-C1/C2 HLA-C2/2 HLA-C2/2 HLA-C1/C1 HLA-C1/C1
Inhibitory heterozygous,  heterozygous, homozygous, homozygous, homozygous, homozygous,
receptor

HLA-Bw4+ HLA-Bw6+ HLA-Bw4+ HLA-Bw4- HLA-Bw4+ HLA-Bw4-
KIR2DL1 + + + + - -
KIR2DL2/L3 + + - - + +
KIR3DL1 + - + - + _
NKG2A + + + + + +
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2.2.13 Seahorse Assay

The Seahorse assay measures the extracellular acidification rate (ECAR) referring to
proton production and glycolysis as well as the oxygen consumption rate (OCR), which
gives information about the oxidative phosphorylation (OXPHOS) (107). The assay is
performed in a 96-well cell culture plate and a sensor cartridge that represents the lid.
First, the cells are seeded into the cell culture plate. Then the sensor cartridge is placed
on top of the cell plate and the plate is inserted into the instrument. The sensor cartridge
has 96-plastic sleeves in which two fluorophores are embedded (Figure 19). The first
fluorophor is quenched by oxygen and measures the mitochondrial respiration. The
second fluorophor is sensitive to protons and provides information on glycolysis.
Quenching refers to any process which decreases the fluorescence intensity of a given
substance. Inside the instrument fiber optic bundles simultaneously insert themselves
into the sleeves in the sensor cartridge. The fiber optics emit light that excites the
embedded fluorophore, and then reads back the change in fluorophore emission due to
the change in oxygen and protons. By the use of the drug delivery ports which are
located in the sensor cartridge, it is possible to add inhibitors, stimulators or substrates
at specified time points. The effects can be measured in real time.

Automatic Injection Figure 19: The Seahorse sensor

Drug Delivery Ports

of Substrates Sensor Cartridge
: Cartridge
W e,
7 < 1 . .
Schematic overview of a Seahorse sensor
cartridge. The Seahorse sensor cartridge is
; S riber optic b a specialized cell culture lid that allows to

Waveguides

measure the changes in oyxgen and

Glucose-free

Medi i i
Well plate edia protons in a cell culture medium by a

Seahorse machine. The sensor cartridge

200 um comprises of 96-plastic sleeves with two

Microchamber

Fluorophores different fluorophores that are embedded

well1 Cells Well 2 at the end of each plastic sleeve. One

fluorophor is quenched by protons and
provides information about glycolysis, the other fluorophore is sensitive to oxygen and measures oxygen
consumption referring to mitochondrial OXPHOS. Once the sensor cartridge is placed on top of a cell culture plate,
the sleeves are immersed in the cell culture medium whereas the fluorophors are in close proximity to the cells that
are located on the bottom of the cell culture plate. The cell culture plate and the sensor cartridge are placed into the
Seahorse machine where fiber optic bundles are inserted into all the sleeves of the sensor cartridge. The fiber optics
emit light that excite the embedded fluorophores, and can read back the change in fluorophore emission due to the
change in oxygen and protons. In addition, 4 drug delivery ports are located next to each sleave, whereby it is
possible to add inhibitors, stimulators or substrates to a given time to the cell culture medium. The effects of the
added substrates on the changes in protons or oxygen in the media can be measured in real time.
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First, the cells are starved in glucose free medium. The first addition is a saturated
glucose solution, which enables the cells to rapidly utilize glucose and catabolize it via
the glycolytic pathway to pyruvate, producing ATP, NADH, water and protons.
Glycolysis causes an expulsion of protons into the surrounding medium leading to an
increase in ECAR. The glucose-induced response is detected as the rate of glycolysis
under basal conditions. The second addition is oligomycin, which is an ATP synthase
inhibitor. Oligomycin inhibits mitochondrial ATP production and shifts the energy
production towards glycolysis. This leads to an continious increase in ECAR, defining
the maximum glycolytic capacity of the cell. The final addition is 2-Deoxy-D-glucose
(2-DG). 2-DG is a glucose analog, which inhibits glycolysis through competetive
binding to glucose hexokinase. The decrease in ECAR is a proof that the ECAR
measured in the experiment is due to glycolysis (Figure 20). The delta between
glycolyctic capacity and glycolysis rate defines glycolytic reserve. The ECAR, that was
measured prior to glucose addition, is referred to as non-glycolytic acidification, which

is caused by processes in the cell other than glycolysis.

_ . Figure 20: The Seahorse Glycolytic Stress Test
26— Glucose  Oligomycin  2-DG

Schematic overview of the Seahorse Glycolytic Stress Test.

The Seahorse Glycolytic Stress Test measures the glycolytic

GAVGO’Y”C function of cells and provides information about several
eserve

Glycolytic parameters of the glycolytic flux, including glycolysis,

ECAR (mpH/min)

glycolytic capacity and glycolytic reserve. During the assay
the Seahorse XF analyzer performs sequential measurements

Non glycolytic Acidification of the extracellular acidification rate (ECAR) after the
T T T T T T T T 1 T T T T T 1

o 10 20 30 40 S0 60 70 80 aqdition of glucose (fueling glycolysis), oligomycin (ATP
Time (minutes)

synthase inhibitor blocking oxidative phosphoryliation
(OXPHOS)) and 2-deoxy-D-glucose (2-DG, synthetic glucose analogue inhibiting glycolysis) (figure adapted
from (107)).

The Seahorse analyzer implements the addition of specific compounds at different time
points allowing the calculation of (I) glycolysis, (lI) glycolytic capacity and
(1) glycolytic reserve (107): (I) Glycolysis is the process of converting glucose to
pyruvate and is measured as ECAR rate that is reached by a given cell population after
the addition of saturating amounts of glucose. (I1) The glycolytic capacity is defined as
the maximum ECAR rate that can be reached following the addition of oligomycin.
Oligomycin inhibits oxidative phosphorylation and drives the cell to use glycolysis to

its maximum capacity. (I11) The glycolytic reserve is considered as the capability to
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respond to an energetic demand as well as how close the glycolytic function is to the

cell’s theoretical maximum.

Seahorse preparations

One day before the Seahorse assay was performed, the XFe96 sensor cartridge needed
to be hydrated overnight. Therefore, each well of the utility plate was filled with 200 pl
of a Seahorse XF calibrant solution. Then the sensor cartridge was placed back onto the
utility plate, submerging the sensors completely in calibrant solution. The plate was

further placed into a non-CO, incubator and stored at 37 °C overnight.

The day the Seahorse assay was performed, the medium that was needed for the assay
was prepared first. In order to prepare the assay medium, 50 pl Seahorse XF base
medium was filled into a beaker adding a stirring magnet into the solution and covering
the beaker with aluminum foil to avoid contamination. The beaker was then put into a
water bath heating the solution to a temperature of 37 °C. Once the solution had reached
the temperature, 500 pl of a 200 mM L-Glutamine solution was added so that the final
concentration of L-Glutamine was 2 mM. Next the beaker was put on a magnetic stirrer
mixing the solution in a steady manner. A pH electrode was installed to measure the pH
of the solution. The pH was adjusted to 7.4+ 0.1 by using 1 N NaOH and 37% HCI.
After the pH was adjusted, the solution was kept at 37 °C until it was further used. Next,
the compound solutions were prepared. The Seahorse XF Glycolysis Stress Test Kit that
was used in this study contained lyophilized glucose, oligomycin and 2-Deoxy-D-
glucose (2-DG) compounds. To generate stock solutions, the compounds were solved in
the previously prepared assay medium according to Table 8. To ensure that the

compounds were completely solved, all stock solutions were vortexed rigorously.

Table 8: Seahorse stock solutions preparation

Compound VoI_ume of assay Final stock_ solution
medium added [ul] concentration [mM]
2-DG 3000 500
Glucose 3000 100
Oligomycin 720 100
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Next the stock solutions were further prepared to generate working solutions (compare
Table 9). The 2-DG stock solution was ready to use. The glucose stock solution was
mixed with additional 750 ul assay medium. For the oligomycin solution, 270 ul were
transferred into a 15 ml falcon tube and mixed with 2730 pl assay medium. All

solutions were mixed gently and were stored at room temperature for further use.

Table 9: Seahorse working solutions preparation

Stock solution Volume of Assay Volume of Final
Compound Volume [ul] medium added working solution  concentration in
H [l added to the port Seahorse Assay
2-DG 3000 / 25 50 mM
Glucose 3000 750 25 10 mM
Oligomycin 270 2730 25 1.0 uM

Seahorse Glycolysis Stress Test

After all preparation steps were completed, NK cells were counted. The total cell
number that was counted for each NK-cell subset determined the cell number that was
used in the Seahorse Assay. Provided that the cell numbers were high enough, each
sample set was performed in triplicates. The volume for each cell suspension was
transferred into falcon tubes and filled up with DPBS to wash the samples. The cells
were centrifuged at room temperature for 7 min at 350 RCF and maximum ACC and
DECEL. The cell pellets were then re-suspended in 600 ul pre-warmed assay medium
(=glucose free medium). Each well of the Seahorse assay cell culture plate needed to be
filled with 175 pl cell suspension. Due to pipetting errors the volume for one well was
calculated for 200 ul cell suspension according to the calculation example shown in
Table 10.

Table 10: Calculation scheme for cell counts in Seahorse assay

Total cell number per well

1x10° cells 5x10° cells 2x10° cells
Total cell number 3x10° cells/ sample 1,5x10° cells/ sample 6x10° cells/ sample
in triplicate
Total amount of medium 3%200 pl 3%200 pl 3%200

in triplicate

Total amount of cells 5714 cells/pl x 600 pl 2857 cells/pl x 600 pl 1142 cells/pl x 600 pl

in triplicate 3,43x10° cells/ sample  1,71x10° cells/sample 6,9 x 10° cells/sample
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Data acquisition and analysis

The Seahorse XFe96 analyzer is operated by the Wave software. Before the experiment
was started, the instrument protocol needed to be adjusted via the control panel of the
software. Next, the machine needed to be calibrated. For this step, the sensor cartridge
that was hydrated overnight was loaded with each of the compounds (glucose,
oligomycin, 2-DG). Therefore, 25 ul of each solution were transferred into the
respective drug delivery port of the hydrated sensor cartridge according to the scheme

shown in Table 11.

Table 11: Loading scheme for the Seahorse sensor cartridge

Port A: Glucose
Port B: Oligomycin . =
Port C: 2-DG

C D
Port D: empty

The loaded sensor cartridge was then placed into the Seahorse XFe96 analyzer and the
calibration was started. During the time the machine was calibrated, the samples were
loaded on a Seahorse cell culture microplate. For each sample 175 ul cell suspension
were transferred into a well of the cell culture plate in triplicates. For background
calculations, the well at each corner of the cell culture plate was filled with 175 pl assay
medium. Residual wells were filled with 175 pl PBS each. After the cell culture plate
was loaded completely it was stored at 37 °C for 30 min in a non-CO, incubator.
Afterwards the plate was centrifuged for 7 min at 350 RCF and maximum ACC and
DECEL, in order to place the cells at the bottom of the cell culture plate. Next, the cell
culture plate was installed in the Seahorse XFe96 analyzer and the assay was started.
The data was further analyzed via the WAVE software. The data was further processsed
by calculating the values for glycolysis, glycolytic capacity and glycolytic reserve

according to Table 12.

Table 12: Calculating parameters of glycolytic flux

Parameter Rate measurement equation

. (Maximum rate measurement before oligomycin addition) — (last rate measurement
Glycolysis

before glucose addition)
. . (Maximum rate measurement after oligomycin addition) — (last rate measurement before
Glycolytic capacity
glucose addition)

Glycolytic reserve Glycolytic Capacity = Glycolysis
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3 Results

3.1 CD107a expression as a marker for NK-cell function

NK-cell degranulation and subsequent lysis of target cells has been shown to directly
correlate with surface expression of CD107a, which makes CD107a an established
marker to measure NK-cell function (97). Enriched primary human NK cells were
incubated for 6 h in the presence or absence of the HLA class | devoid target cell lines
721.221 and K-562. Figure 21 demonstrates the flow cytometric analysis of CD107a on
bulk NK cells. Despite the absence of target cells, surface expression of CD107a was
detectable in unstimulated NK cells (no target, 11%) due to unspecifc and spontaneous
degranulation. Nevertheless, surface expression of CD107a increased from 11% in
unstimulated NK cells up to 49% CD107a" NK cells after exposure to 721.221 cells and
up to 58% CD107a" NK cells after stimulation with K-562 cells.

no target +721.221 + K-562
CD107a* subset CD107a* subset CD107a* subset
b sk 250K 250K
1% 49% 58%
200K 200K 200K
150K 5 150K 1 150K

100K 100K - 100K -]

FSC-A

50K 50K 50K

CD107a

Figure 21: Flow cytometric assessment of CD107a as a marker for NK-cell function

Flow cytometric assessment of NK-cell function after exposure to various target cells. The figure shows data from
one subject. Enriched primary human NK cells were co-cultured for 6 h either in the absence (left panel) or presence
of 721.221 cells (middle panel) or K-562 cells (right panel). All samples were stained for the degranulation marker
CD107a and the obtained flow cytometric data was subsequently analyzed via FlowJo software. Numbers indicate the
frequency of CD107a" NK cells in each subset.

3.2 Quantification of NK-cell degranulation over time

Using established protocols, CD107a expression is usually measured after 6 h
incubation with target cells (97). In order to streamline the assessment of NK-cell
function together with consecutive experiments, the experimental workflow needed to

be optimised. With the intention to define the shortest time of target cell stimulation that
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allows for the measurement of NK-cell function, CD107a expression was assessed over
time. Therefore, NK cells were stimulated over a time period of 6 h and analyzed for
expression levels of CD107a after each hour. Figure 22 shows the CD107a expression
on bulk NK cells following exposure to various target cell lines. K-562 stimulated
NK cells displayed a detectable population of CD107a" cells (9%) at an incubation time
of 0 h, measured directly after the co-culture was set up, while the 721.221 stimulated
NK cells showed only a marginal subset of CD107a" cells (2%) at the same time point.
The overall percentage of CD107a" cells increased over time reaching 37% after 6 h
stimulation with 721.221 cells and 55% with K-562 cells.
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Figure 22: Measurement of CD107a as marker for NK-cell degranulation over time

Flow cytometric assessment of CD107a expression on bulk NK cells over time. Enriched primary human NK cells
were co-cultured over a time period from 1 to 6h in the presence or absence (grey) of 721.221 (blue) or
K-562 cells (red). All samples were stained for the degranulation marker CD107a. The figure shows data from one
subject. Each panel is divided into a contour plot on the left side and a histogram on the right side. Numbers stated
within the contour plot indicate the percentage of CD107a* NK cells, whereas numbers stated within the histogram

indicate the median fluorescence intensity (MFI) of CD107a.
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The progression of CD107a expression on NK cells upon stimulation with distinct
target cells over time is shown in Figure 23. Noticeably, the exposure to K-562 cells led
to a stronger NK-cell response rate compared to 721.221 cells. The frequency of
CD107a" NK cells increased rapidly in the first 4 h of co-incubation with both tested
target cell lines and climaxed at 4 h incubation with K-562 cells, whereas the incubation
with 721.221 cells reached its maximum frequency of CD107a" NK cells after 6 h.
However, the 4 h time point allowed for the discrimination of degranulating and
non-degranulating NK cells upon incubation with both tested target cell lines.
Therefore, all functional data shown hereafter was obtained by degranulation

experiments with an incubation time of 4 h.
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Figure 23: CD107a expression on bulk NK cells over time

Percentage of CD107" NK cells measured over time. The figure shows data from one subject. Enriched primary
human NK cells were co-cultured over a time period from 1 to 6h in the presence of 721.221 (blue) or
K-562 cells (red). All samples were stained for the degranulation marker CD107a. The numbers above the graph

indicate the delta between two measurement points.

In the following, the degranulation assay was performed with NK cells from
45 individual subjects to allow for subsequent determination of the educational profile
and the measurement of the associated glycolytic function within educated and
uneducated NK cells. Figure 24 shows the percentage of CD107a" cells that was
measured in unstimulated and stimulated bulk NK cells. In general, NK cells exhibited
an increased frequency of CD107a" cells in the presence of 721.221 cells (p<0.0001) or
K-562 cells (p<0.0001) compared to unstimulated NK cells. Noteworthy, the
co-incubation with K-562 cells induced an overall significantly stronger NK-cell

response compared to 721.221 cells (p=0.0001).
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Figure 24: Frequency of CD107a" bulk NK cells after stimulation with target cell lines

Flow cytometric assessment of NK-cell function on bulk NK cells after exposure to various target cell lines. Enriched
primary human NK cells from 45 study subjects were co-cultured for 4 h either in the absence (grey) or in the
presence of 721.221 cells (blue) or K-562 cells (red). All samples were stained for the degranulation marker CD107a.
The figure shows the proportion of CD107a+ bulk NK cells in each condition. All values have been normalized to
unstimulated NK cells. Statistical analysis: Friedmann test, Dunn’s multiple comparisons test. Black bars represent
the median. The interquartile range (IQR) 75%= 75% Percentile, IQR 25% = 25 % Percentile and Median for each

subset are stated below.

3.3 NK-cell function in educated and uneducated NK-cell subsets

Subsequently, target cell-stimulated bulk NK cells were stratified into educated and
uneducated NK-cell subsets and analyzed for CD107a expression. Through the use of a
boolean gating strategy, which is a gating method in FlowJo, bulk NK cells were
separated into NK-cell subsets that were either single positive for one or negative for all
of the tested inhibitory killer cell immunoglobulin-like receptors (iKIRs) and NKG2A
(see Table 14 and 2.3.11). The measured response rates of these NK-cell subsets in
combination with the HLA expression profile of that particular individual allowed to
determine, which of the iKIR contributed to mediate NK-cell education in that

individual. Once the response rate in a single iKIR expressing NK-cell subset exceeded
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the response rate of an NK-cell subset that lacked all of the tested iKIRs, this particular
IKIR expressing NK-cell subset was defined as educated. In addition, HLA genotyping
analysis showed if the cognate HLA class I molecule that serves as ligand for the
specific iKIR was expressed by the individual and might therefore contribute to NK-cell
education. All NK-cell subsets that showed higher response rates compared to iKIR
negative NK cells were defined as educated, whereas all NK-cell subsets that showed
lower or equal response rates than the iKIR negative subsets, plus the iKIR negative
subset itself, were defined as uneducated NK cells. Figure 25 illustrates the response
rate as frequency of CD107a+ cells in educated and uneducated NK cells upon exposure
to target cell lines. The data revealed that educated NK cells expressed a significantly
higher percentage of CD107a" NK cells than uneducated NK cells upon stimulation

with both tested target cell lines.
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Figure 25: CD107a as distinguishing feature of educated and uneducated NK cells

Flow cytometric assessment of NK-cell function on educated and uneducated NK cells after exposure to various
target cells. The figure shows data from one subject. Enriched primary human NK cells were co-cultured for 4 h
either in the absence (grey, no target) or in the presence of 721.221 cells (blue) or K-562 cells (red). All samples were
stained for the degranulation marker CD107a and and the obtained flow cytometric data was subsequently analyzed

via FlowJo software. The numbers indicate the percentages of CD107a* NK cells after stimulation with target cells.

74



3 Results

The data from all 45 study subjects are shown in Figure 26. Overall, educated NK cells
exhibited an increased frequency of CD107a" cells in the presence of 721.221 cells
(p<0.00001) or K-562 cells (p<0.000001) compared to uneducated NK cells.
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Figure 26: Frequency of CD107a* NK cells in educated and uneducated NK-cell subsets

Flow cytometric assessment of NK-cell function on educated and uneducated NK cells after exposure to various
target cell lines. Enriched primary human NK cells from healthy individuals (n = 45) were co-cultured for 4 h in the
presence of 721.221 cells (blue) or K-562 cells (red). All samples were stained for the degranulation marker CD107a
and the obtained flow cytometric data was subsequently analyzed via FlowJo software. The education status was
determined based on the expression of self-iKIRs. The figure shows the proportion of CD107a* NK cells on educated
and uneducated NK cells. All values have been normalized to unstimulated NK cells. Statistical analysis: Wilcoxon

matched-pairs signed-rank test with subsequent Bonferroni correction. Black bars represent the median.

These data demonstrate that CD107a is significantly upregulated on the surface of
NK cells following activation within both tested target cell lines 721.221 and K-562.
Moreover the results demonstrate, that the expression of self-iKIRs was associated with
an increased functional competence in educated NK cells. The distinct surface
expression of CD107a allowed for the discrimination of educated and uneducated

NK-cell populations in the same individual for subsequent metabolic assessments.
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3.4 Interplay of inhibitory NK-cell receptors with distinct HLA alles

Inhibitory KIRs (iKIRs) are major receptors that shape the functional responses of
human NK cells by the interaction with their cognate HLA class I ligands, whereas each
KIR exhibits a different specificity for different HLA-molecules. Due to polymorphisms
within the al-helix of HLA class | molecules, distinct epitopes can be defined that are
recognized by specific KIRs (108) (see Table 13). The HLA-Bw4 epitope is bound by
KIR3DL1, while HLA-C1 serves as a ligand for KIR2DL2/L3 and HLA-C2 is
recognized by KIR2DL1. Whereas a minority of HLA-B molecules encode for the Bw4
epitope, all HLA-C molecules express either the C1 or C2 epitope (109).

Table 13: The specific recognition of HLA class | molecules by KIRs

KIR Ligand
KIR3DL1 HLA-Bw4
KIR2DL2/L3 HLA-C1
KIR2DL1 HLA-C2

The following investigations in this section were sub-analyses from the flow cytometric
data obtained in functional experiments from chapter 3.2. Boolean gating allowed for
sub-division of the samples beyond bulk NK cells into subsets that were either single
positive for each investigated iKIR or negative for all investigated IKIR and NKG2A
(see Table 14 and 2.3.11). In addition, HLA genotyping allowed for determination of
the expression of HLA epitopes in each individual (see 2.2.6). According to the
HLA-expression profile of each individual, the data was sorted by the different HLA
allele variants that were expressed in each indiviual. Hereafter, the investigated
receptors KIR2DL1, KIR3DL1 and KIR2DL2/L3 are referred to as 2DL1, 3DL1 and
2DL2/L3 respectively.

Table 14: NK-cell subsets

NK-cell subset

Inhibitory
receptor 2DL1 2DL2/L3 3DL1 NKG2A Receptor
single positive  single positive single positive single positive negative
2DL1 +
2DL2/L3 - +
3DL1 - . o
NKG2A 2 . . o
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3.4.1 2DL1 mediates increased NK-cell response rates in HLA-C2" individuals

Expression frequency of CD107a in individuals with different HLA-C group haplotypes
(C1/1, C1/2 and C2/2) was analyzed in 2DL1" and 2DL1" NK-cell subsets after
stimulation with target cell lines. 2DL1" NK cells were tested negative for 2DL2/L3,
3DL1 and NKG2A, whereas 2DL1" NK-cells lacked all tested inhibitory receptors.
Figure 27 shows the frequency of CD107a" NK cells after stimulation with 721.221 or
K-562 cells.

Significant differences in the response rates of NKcells were observed
intra-individually between 2DL1" and 2DL1" NKcell subsets as well as among
individuals expressing different HLA-C group alleles (C1 and/or C2). First, receptor
bearing (2DL1") NK-cell subsets were compared to receptor lacking (2DL1) NK-cell
subsets. Data revealed that stimulation with target cell lines led to significant stronger
response rates within 2DL1* NK-cell subsets compared to 2DL1" NK-cell subsets in
individuals that expressed C2 group alleles serving as ligand for 2DL1. On the other
hand, C1/1 individuals that lacked C2 group alleles, exhibited differences in the
frequency of CD107a between 2DL1" and 2DL1" NK-cell subsets also upon exposure to
721.221 cells (p=0.005). The observed differences, however, were very small compared
to individuals expressing C2 group alleles. An exposure to K-562 cells however,
showed no difference in C1/1 individuals between 2DL1" and 2DL1 NK-cell
subsets (p=0.6). Next, the subsets of 2DL1" NKcells were compared between
individuals expressing different HLA-C group alleles. Individuals which expressed C2
group alleles exhibited significantly increased response rates in 2DL1" NK-cell subsets
after target cell stimulation compared to individuals that lacked the C2 group allele
(+721.221 p<0.0001 and +K-562 p=0.0009). Conversely, the response rates among C2
positive individuals showed no difference between 2DL1" NK-cell subsets upon
stimulation with both tested target cell lines (+721.221 p=0.6 and +K-562 p>0.9).

Overall, this data shows that the presence of HLA-C2 group alleles lead to increased
NK-cell function on NK cells expressing the iKIR 2DL1, compared to NK cells that
lacked the receptor. Furthermore, the response rates between C2/2 homozygous and
C1/2 heterozygous individuals did not differ from each other, implicating that the
expression of one single C2 group allele in C1/2 heterozygous individuals is sufficient

to induce education in 2DL1" NK-cell subsets.
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Figure 27: Frequency of CD107a* NK cells in 2DL1" and 2DL1" NK-cell subsets among study subjects
expressing various HLA-C group alleles

Flow cytometric assessment of NK-cell function on 2DL1 single positive (2DL1"2DL2/L23DL1'NKG2A") (colored)
and 2DL1 negative (2DL12DL2/L2'3DL1I'NKG2A") (white) NKcells in HLA-C1/1 homozygous individuals
(n=11), HLA-C1/C2 heterozygous individuals (n=26) and HLA-C2/2 homozygous individuals (n=28) after

exposure to various target cell lines. Enriched primary human NK cells from 45 study subjects were co-cultured for

4 h either in the presence of 721.221 cells (upper panel) or K-562 cells (lower panel). All samples were stained for

the degranulation marker CD107a. The figure shows the proportion of CD107a" NK cells. All values have been

normalized to unstimulated NK cells. Statistical analysis: For paired samples Wilcoxon matched-pairs signed-rank

test was used, for idependent samples the Mann-Whitney Test was performed. Black bars represent the median. Min.

= minimal frequency of CD107a" NK cells; Max. = maximal frequency of CD107a* NK cells, interquartile range

(IQR) 75%= 75% Percentile, IQR 25% = 25 % Percentile and Median are stated in a table on the right side of each

condition.
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3.4.2 2DL2/L.3 mediates increased NK-cell response rates in HLA-C1" individuals

The impact of 2DL2/L3 expression on NK-cell function was investigated next.
Conversely to 2DL1, which specifically binds to HLA-C group 2 alleles, 2DL2/L3
recognizes HLA-C group 1 alleles. Figure 28 shows the frequency of CD107a’
NK cells after stimulation with 721.221 or K-562 cells in individuals with different
HLA-C group haplotypes (C1/1, C1/2 and C2/2). 2DL2/L3" NK cells were tested
negative for 2DL1, 3DL1 and NKG2A, whereas 2DL2/L3" NK-cells lacked all tested
inhibitory receptors.

Receptor bearing (2DL2/L3") NK cells that were exposed to both tested target cell lines
displayed significantly higher frequencies of CD107a” NK cells than receptor negative
(2DL2/L3") NKcells in C1 positive study subjects. Conversely, C2/2 homozygous
individuals missing the C1 group allele displayed no difference in the response rate of
2DL1" and 2DL1" NK-cell subsets after target cell stimulation with 721.221 cells
(p=0.5) or K-562 cells (p=0.6). Furthermore, the frequency of CD107a" NK cells in
2DL2/L3" NKcell subsets was compared among individuals expressing different
HLA-C group alleles. The response rates of 2DL2/L3" NK-cell subsets were similar
compared among individuals that are either heterozygous (C1/2) or homozygous (C1/1)
for the C1 group allele (+721.221 p=0.7 and +K-562 p=0.9), but differed when
compared to individuals that lacked the C1 group allele (+721.221 p=0.008 and +K-562
p=0.009).

Taken together, NK cells expressing the iKIRs 2DL2/L3 exhibit an increased NK-cell
function in individuals that express the HLA-C1 group allele compared to individuals
that lack the stated allele. Additionally, the expression of one single C1 group allele in
C1/2 heterozygous individuals is sufficient to induce education in 2DL2/L3" NK-cell

subsets.
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Figure 28: Frequency of CD107a" NK cells in 2DL2/L3" and 2DL2/L3" NK-cell subsets among study subjects

with various HLA-C allele expression

Flow cytometric assessment of NK-cell function on 2DL2/L3 single positive (2DL12DL2/L2*3DL1'NKG2A)
(colored) and 2DL2/L3 negative (2DL12DL2/L2'3DL1I'NKG2A") (white) NK cells in HLA-C1/1 homozygous
individuals (n =11), HLA-C1/2 heterozygous individuals (n=26) and HLA-C2/2 homozygous individuals (n =8)
after exposure to various target cell lines. Enriched primary human NK cells from 45 study subjects were co-cultured

for 4 h either in the presence of 721.221 cells (upper panel) or K-562 cells (lower panel). All samples were stained for

the degranulation marker CD107a and the obtained flow cytometric data was subsequently analyzed via FlowJo

software. The figure shows the proportion of CD107a" NK cells. All values have been normalized to unstimulated

NK cells. Statistical analysis: paired analysis: Wilcoxon matched-pairs signed-rank test, unpaired analysis: Mann-

Whitney Test. Black bars represent the median. Min. = minimal frequency of CD107a* NK cells; Max. = maximal
frequency of CD107a" NK cells, interquartile range (IQR) 75%= 75% Percentile, IQR 25% = 25 % Percentile and

Median are stated in a table on the right side of each condition.
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3.4.33DL1" and 3DL1" NK cells exhibit different response rates in Bw4+ and

Bw6+ individuals

HLA-B alleles can be divided by the expression of the serological epitopes Bw4 and
Bw6, whereas only the Bw4 epitope is recognized by the iKIR 3DL1 (60,61). Of note,
the study subjects that were classified positive for Bw4 were either homozygous
(Bw4/Bw4) or heterozygous for Bw4 (Bw4/Bw6), whereas the study subjects that were
classified negative for Bw4 lacked the stated allele (Bw6/Bw6). 3DL1" NK cells were
tested negative for 2DL1, 2DL2/L3 and NKG2A, whereas 3DL1" NK-cells lacked all
tested inhibitory receptors.

Figure 29 shows the expression of CD107a upon target cell stimulation in Bw4™ and
Bw4  individuals in 3DL1 receptor-bearing and 3DL1 receptor-lacking NK cell subsets.
Upon exposure to both tested target cell lines, the 3DL1" NK cell subsets displayed
significantly higher percentages of CD107a" NK cells in Bw4"™ and Bw4 individuals
compared to NK-cell subsets that did not express 3DL1. The response rates of 3DL1"
NK cell subsets did not differ between Bw4™ and Bw4™ individuals upon target cell
stimulation (+721.221 p=0.07 and +K-562 p=0.2). Of note, when comparing the
medians between 3DL1" and 3DL1" NK-cell subsets, there is a major difference among
Bw4" and Bw4 individuals detectable. The delta median between 3DL1" and 3DL1
NK cells is significantly higher in Bw4" individuals compared to Bw4™ individuals after
stimulation with 721.221 cells (Bw4™: 24; 21 and Bw4" 39; 18) and K-562 cells (Bw4:
54: 46 and Bw4" 66;38).

In summary, this data demonstrated that 3DL1" NK cells exhibited higher frequencies
of CD107a" NK cells than 3DL1" NK cells upon stimulation with both tested target cell
lines in individuals that expressed the Bw4 epitope compared to individuals that lacked

the Bw4 epitope. These differences, however, were not significant.
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Figure 29: Frequency of CD107a" NK cells in 3DL1* and 3DL1" NK-cell subsets in Bw4* and Bw4™ study

subjects

Flow cytometric assessment of NK-cell function on 3DL1 single positive (2DL12DL2/L23DL1"NKG2A") (colored)
and 3DL1 negative (2DL12DL2/L2'3DL1'NKG2A") (white) NK cells in HLA-Bw4" individuals (n = 15) and HLA-
Bw4" individuals (n = 28) after exposure to various target cell lines. Enriched primary human NK cells from 43 study
subjects were co-cultured for 4 h either in the presence of 721.221 cells (left panel) or K-562 cells (right panel). All
samples were stained for the degranulation marker CD107a and the obtained flow cytometric data was subsequently
analyzed via FlowJo software. The figure shows the proportion of CD107a* NK cells. All values have been
normalized to unstimulated NK cells.Statistical analysis: paired analysis: Wilcoxon matched-pairs signed-rank test,
unpaired analysis: Mann-Whitney Test. Black bars represent the median. Min. = minimal frequency of CD107a*
NK cells; Max. = maximal frequency of CD107a* NK cells, interquartile range (IQR) 75%= 75% Percentile, IQR

25% = 25 % Percentile and Median are stated in a table on the right side of each condition.
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3.4.4 NKG2A" NK cells exhibit increased response rates compared to NKGA2
NK cells

The non-classical HLA class | molecule HLA-E serves as a ligand for the iKIR NKG2A
on human NK cells. As shown in Figure 30, NKG2A" NK cells exhibited significantly
increased expression of CD107a after stimulation with both tested target cell lines
compared to NKG2A™ NK cells (p<0.0001). NKG2A" NK cells were tested negative for
2DL1, 2DL2/L3 and 3DL1, whereas NKG2A" NK-cells lacked all tested inhibitory

receptors.
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Figure 30: Frequency of CD107a* NK cells in NKG2A" and NKG2A™ NK-cell subsets

Flow cytometric assessment of NK-cell function on NKG2A single positive (colored) and 2DL1-2DL2/L2-3DL1-
NKG2A negative NK cells (white) after exposure to various target cell lines. Enriched primary human NK cells from
45 study subjects were co-cultured for 4 h either in the presence of 721.221 cells (left panel) or K-562 cells (right
panel). All samples were stained for the degranulation marker CD107a and the obtained flow cytometric data was
subsequently analyzed via FlowJo software. The figure shows the proportion of CD107a* NK cells. All values have
been normalized to unstimulated NK cells. Statistical analysis: Wilcoxon matched-pairs signed-rank test. Black bars
represent the median. Min. = minimal frequency of CD107a* NK cells; Max. = maximal frequency of CD107a*
NK cells, interquartile range (IQR) 75%= 75% Percentile, IQR 25% = 25 % Percentile and Median are stated in a

table on the right side of each condition.
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3.5 Glutl expression in educated and uneducated NK-cell subsets

Recent studies have provided evidence that the expression of the glucose transporter
Glutl can influence effector functions in lymphocytes (85,110). To date, there is not
much knowledge about the role of Glutl in NK-cell function. As demonstrated in this
thesis, educated and uneducated NK cells display functional differences. To elucidate
whether these subsets also differ in the expression levels of Glutl, flow cytometric
analysis was performed with educated and uneducated NK cells in the presence or
absence of HLA class I devoid target cell lines.

3.5.1 Target cell stimulated NK cells upregulate Glutl

The expression of the glucose transporter Glutl was examined on bulk NK cells upon
target cell stimulation, to elucidate whether NK-cell activation has an effect on Glutl
expression levels. Figure 31 displays the expression levels of Glutl on target cell
stimulated and unstimulated NK cell subsets. Exposure to either tested target cell lines
caused an increase in Glutl surface expression compared to unstimulated NK cells.
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Figure 31: Flow cytometric assessment of Glutl as metabolic marker for glucose transport on NK cells

Flow cytometric assessment of Glutl expression on bulk NK cells after exposure to various target cells. The figure
shows data from one subject. Enriched primary human NK cells were co-cultured for 4 h either in the absence (grey,
no target) or in the presence of 721.221 cells (blue) or K-562 cells (red). All samples were stained for the
degranulation marker Glutl with exeption of the FMO control (black outline) and the obtained flow cytometric data

was subsequently analyzed via FlowJo software.
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Moreover, the Glutl expression of bulk NK cels after exposure to target cells from
29 individual subjects is shown in Figure 32. Bulk NK cells significantly upregulated
Glutl in the presence of 721.221 cells (p=0.005) or K-562 cells (p<0.00001) compared
to unstimulated NK cells (no target). The co-incubation with K-562 cells induced a
significantly strong Glutl expression compared to 721.221 cells (p=0.005).
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Figure 32: Assessment of Glutl expression on bulk NK cells upon stimulation with target cells

Flow cytometric assessment of Glutl expression on bulk NK cells after exposure to various target cell lines. Enriched
primary human NK cells from 29 study subjects were co-cultured for 4 h either in the absence (grey, no target) or in
the presence of 721.221 cells (blue) or K-562 cells (red). All samples were stained for Glutl and the obtained flow
cytometric data was subsequently analyzed via FlowJo software. The figure shows the Relative Fluorescence

Intensity (RFI) of Glutl on bulk NKcells in each subset. Statistical analysis: Friedmann test, Dunn’s multiple
comparisons test. Black bars represent the median.
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To reassess if the pronounced Glutl expression in response to K-562 cells was due to
increased activation previously observed by higher CD107a expression upon the same
stimulus, bulk NK cells were stratisfied into CD107a” and CD107a” NK cells and
analyzed for the expression levels of Glutl (Figure 33). The data revealed that
CD107a" NKcells expressed higher levels of Glutl than CD107a” NK cells
(p<0.00001).
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Figure 33: Glutl expression levels on CD107a" and CD107a” NK-cell subsets

Flow cytometric assessment of Glutl expression on a subset of CD107a” and CD107a" NK cells after exposure to
various target cells. Enriched primary human NK cells from 45 study subjects were co-cultured for 4 h either in the
absence (grey, no target) or in the presence of 721.221 cells (blue) or K-562 cells (red). All samples were stained for
Glutl and the obtained flow cytometric data was subsequently analyzed via FlowJo software. The figure shows the
Relative Fluorescence Intensity (RF1) on CD107a and CD107a* NK cells in each subset. Statistical analysis:
Wilcoxon matched-pairs signed-rank test with subsequent Bonferroni correction. Black bars represent the median.
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3.5.2 Educated NK cells show higer Glutl levels compared to uneducated NK cells

Next, target cell stimulated bulk NK cells were stratified into educated and uneducated
NK-cell subsets based on the expression of iKIR and cognate HLA class | molecules
(see 3.4) and analyzed for Glutl expression. Figure 34 demonstrates the Glutl
expression levels in educated and uneducated NK cells before and after target cell
stimulation. Educated NK cells exhibited a significantly higher levels of Glutl than
uneducated NK cells upon stimulation with 721.221 cells (p=0.0001) or K-562 cells
(p=0.00001). Of note, elevated surface expression levels of Glutl were already
detectable on educated NK cells prior to activation (no target, p<0.00001).
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Figure 34: Glutl expression profile of educated and uneducated NK cells upon stimulation with target cells

Flow cytometric assessment of Glutl on educated and uneducated NK cells after exposure to various target cell lines.
Enriched primary human NK cells from 29 study subjects were co-cultured for 4 h in the presence of 721.221 cells
(blue) or K-562 cells (red). All samples were stained for Glutl and the obtained flow cytometric data was
subsequently analyzed via FlowJo software. The education status was determined based on the expression of
self-iKIRs. The figure shows the Relative Fluorescence Intensity (RFI) of Glutl NK cells on educated and
uneducated NK cells. Statistical analysis: Wilcoxon matched-pairs signed-rank test with subsequent Bonferroni
correction. Black bars represent the median.

Further analysis was performed to find out whether Glutl expression in educated and
uneducated NK-cell subsets differs between degranulating and non-degranulating
NK cells. Figure 35 displays the Glutl expression levels of educated and uneducated
NK-cell subsets stratified into CD107a" and CD107" NK cells. Aligned with the
previously obtained data, levels of Glutl were significantly increased in degranulating

NK cells compared to non-degranulating NK cells in both educated and uneducated
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NK cells (p<0.00001) upon stimulation with both tested target cell lines. Of note, when
NK cells were exposed to K-562 cells, CD107a" NK cells upregulated Glutl to a higher
extent in educated NK cells compared to uneducated NK cells (Figure 35, p=0.02).
Conversely, NKcells that were exposed to 721.221 cells did not differ in Glutl

expression between the subsets of CD107a" educated and uneducated NK cells (p=0.5).
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Figure 35: Glutl expression levels of degranulating and non-degranulating educated and uneducated NK cells

Flow cytometric assessment of Glutl on educated and uneducated NK cells after exposure to various target cell lines.
Enriched primary human NK cells from 29 study subjects were co-cultured for 4 h in the presence of 721.221 cells
(blue) or K-562cells (red). All samples were stained for Glutl and the obtained flow cytometric data was
subsequently analyzed via FlowJo software.. The figure shows the Relative Fluorescence Intensity (RFI) of Glutl on
degranulating (CD107a*) and non-degranulating (CD107a") NK cells in the subset of educated and uneducated
NK cells. Statistical analysis: Wilcoxon matched-pairs signed-rank test with subsequent Bonferroni correction. Black
bars represent the median.

Taken together, it was demonstrated that Glutl expression levels increased on bulk
NK cells upon target cell stimulation. Furthermore, educated NK cells showed elevated
Glutl expression levels compared to uneducated NK cells. This observation was made
after stimulation with target cells lines and of particular note also in the absence of
stimulation.
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3.6 Glycolytic profile of educated and uneducated NK cells

Glycolytic metabolism is a key factor for lymphocyte function. The Seahorse XF
analyzer determines the glycolytic function by measuring the extracellular acidification

rate (ECAR) referring to proton production and glycolysis.

3.6.1 Educated NK cells exhibit increased ECAR rates

To elucidate potential differences in the metabolic profile of educated and uneducated
NK cells, a Seahorse XF Glycolytic Stress Test was performed with FACS-sorted
NK cell subsets. Figure 36 shows the ECAR values measured for bulk, educated and
uneducated NK cells. Educated NK cells exhibited overall higher ECAR values
compared to uneducated NK cells. Bulk NK cells showed ECAR values that are situated
between educated and uneducated NK cells. All subsets showed an increase in ECAR
after the addition of glucose, indicating of an increased glucose turnover through the
glycolysis pathway. The additon of oligomycin inhibits mitochondrial OXPHOS,
allowing for measurement of the cells’ maximum glycoclytic capacity. All subsets
showed increased values of ECAR, showing that all subsets are capable of increasing
the glycolytic activity beyond the basal glycolytic rate. Abrogation of glycolysis by
adding 2-DG led to a rapid decrease within the measured ECAR rates. The decrease
seen in ECAR indicates that the ECAR measured during the assay resulted from

glycolytic activity.
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Figure 36: ECAR analysis of educated and uneducated NK cells in a Seahorse Glycolytic Stress Test

FACS-sorted educated (dark green) uneducated (light green) and bulk (grey) NK cells were analyzed in a Glycolytic
Stress Test usting the Seahorse XF extracellular flux analyzer. The figure shows data from one subject. The data is

shown as the mean of three replicates. Error bars indicate the standard deviation.
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3.6.2 Educated NK cells show increased glycolytic rates

The measured ECAR values were further analyzed by calculating the parameters for
glycolytic flux. The rates for glycolysis, glycolytic capacity and glycolytic reserve are
depicted in Figure 37. The data showed that educated NK cells exhibited significantly
higher ECAR values compared to uneducated NK cells (glycolysis p=0.002). When
OXPHOS was interrupted, educated and uneducated NK cells showed no significant
differences in glycolytic capacity (p=0.08). In addition, the glycolytic reserve did not
differ between educated and uneducated NK cells (p=0.5). Taken together, the results
show that when OXPHOS is interrupted, educated and uneducated NK-cell subsets
exhibited similar glycolytic capacity and reserve, whereas educated NK cells were able

to utilize glucose significantly better (increased glycolysis) than uneducated NK cells.
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Figure 37: Glycolytic activity of educated and uneducated NK cells

FACS-sorted educated (dark green) and uneducated (light green) NK cells of were analyzed in a Glycolytic Stress
Test usting the Seahorse XF extracellular flux analyzer. The figures shows the representative data from 18 subjects.
Comparison of glycolysis (left panel), glycolytic capacity (middle panel) and glycolytic reserve (right panel) between
educated and uneducated NK cells. Statistical analysis: Wilcoxon matched-pairs signed-rank test with subsequent

Bonferroni corection. Black bars represent the median.
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4 Discussion

NK cells must be tolerant towards healthy tissue and need to be able to recognize and
attack infected or malignant cells at the same time. To avoid imbalance and
malfunction, it is essential that the activity of NK cells is tightly regulated. NK-cell
function is regulated by signals derived from surface receptors. Upon engagement with
their cognate ligand, these receptors transfer either inhibitory or activating signals into
the cell. Inhibitory receptors bind to HLA class | molecules that are expressed by all
nucleated cells of the host. The engagement of these receptors with self-HLA class |
molecules mediates tolerance and tunes the reactivity of an individual NK cell in a
process called education. Educated NK cells display an increased reactivity towards
target cells compared to uneducated NK cells. Several models of NK-cell education
describe how NK-cells achieve functional competence, but the molecular mechanisms
underlying NK-cell education are not well understood to date. Recent studies in the
field of immunometabolism have revealed that the cellular metabolism is able to shape
immune cell effector functions (77). These observations led to the hypothesis that
NK-cell metabolism might play a role in NK-cell education as well. Hence, this study
aimed to investigate the metabolism of primary human NK cells in the setting of

NK-cell education.

NK cells play an important role in innate immunity against tumors and viral infections.
Upon activation, NK cells exert effector functions that can lead to the death of the target
cell. CD107a is a marker for degranulation in NK cells and cytotoxic T cells and its
expression can give information about the cytotoxic activity of a cell (97). This study
showed that enriched primary human NK cells which were co-cultured with the HLA
class | deficient target cell lines 721.221 and K-562, exhibited increased levels of
CD107a compared to unstimulated NK cells. Interestingly, the frequency of CD107a"
NK cells was significantly higher in K-562 stimulated compared to 721.221 stimulated
NK cells. In contrast, a study by Lisovsky et al. described that 721.221 cells induced a
higher activation and responsiveness of bulk and specific NK-cell subsets than K-562
cells (111). The lack of cell surface HLA class | molecules on target cells, abrogates
negative signaling through inhibitory NK-cell receptors, whereas subsequent
engagement of activating NK-cell receptors by stimulating ligands on the surface of the
target cells leads to NK-cell activation and the implementation of effector functions. It

has been described that the activating NK-cell receptor NKG2D initiates a signaling
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cascade triggering cytotoxicity upon ligand binding (112,113). The ligands for this
activating receptor, however, are found to a higher extent on K-562 cells, whereas some
are completely absent on 721.221 cells (112). Differences in the ligand repertoire
expressed by the tested target cell lines might explain variations within the NK-cell

response after stimulation with distinct cell lines.

Despite the differences in the intensity of the response rates that have been detected
in-between the tested target cell lines, both cell lines induced an increase of CD107a”
NK cells in educated and uneducated NK-—cell subsets. These results show that the
stimulation with the tested target cell lines was irrespective of the education status of
the cell. Nevertheless, educated NK cells significantly exceeded the response rates of
uneducated NK cells after target cell stimulation. Of note, a subset of NK cells was
identified in this study that lacked the expression of all inhibitory receptors that were
investigated in this work. In contrary to the assumption that these cells are
hyperfunctioning, uneducated NKcells are hyporesponsive towards HLA
class I-deficient target cells (65,114). NK cells from either MHC? class I-deficient mice
or Ly49* receptor-deficient mice failed to reject targets that lacked the expression of
MHC class | and responded poorly to many other stimuli (114,115). Even though
uneducated NK cells underperform in cytotoxicity and pro-inflammatory cytokine
secretion compared to educated NK cells, they are still capable of becoming
activated (116). While educated NK cells play a major role in the control of HLA
class I-deficient tumors (117), uneducated NK cells have been shown to benefit from
the lack of self-specific inhibitory receptors in the control of tumors that still express
HLA class I (118). Under the circumstances, that uneducated NK cells encounter robust
activating signals through Fc receptors, they eliminated HLA class I-expressing tumor
cells, whereas educated NK cells did not (118). These results indicate that uneducated
NK cells play a role in tumor eradication but outweigh the functions of educated

NK cells only in a certain context.

3 HLA class | molecules are the human pendant to major histocompatibility complex (MHC) class | molecules, that
are found in all modern species of jawed vertebrates (1).

4 Ly49 are MHC class I-specific receptors on mouse NK cells and represent the mouse functional equivalents of the
human killer-cell 1g-like receptor family (115).
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NK-cells that express inhibitory receptors, however, can get educated upon receptor
engagement of their inhibitory receptors with polymorphic HLA-A,-B and -C
molecules on the surface of host cells (65). Each iKIR exhibits specificity for distinct
HLA molecules (see 1.4.2) (54). Provided that an NK cell has been educated, it will
exert an increased cytotoxic response upon target cell stimulation compared to an
uneducated NK cell (42). The experimental data obtained in this study validated this
phenomenon: NK cells that expressed self-HLA class I-specific iKIRs were responsive
to activating stimuli while those lacking such receptors were hyporesponsive.
Noteworthy, the response rates of educated NK cells were similar in individuals that
were either homozygous or heterozygous for the allele that encoded the cognate HLA
class I ligand. This implicates that the possession of one single allele, which encodes for
a specific HLA class I molecule, was sufficient to mediate education in NK cells that
expressed the matching iKIR in this setting (119). In this study, individuals, which
possessed the HLA-C2 group alleles developed educated 2DL1" NK cells, HLA-C1
positive individuals displayed educated 2DL2/L3" NK cells and the possession of an
HLA-Bw4 epitope resulted in educated 3DL1" NK cells.

Surprisingly, data indicated that Bw6/6 homozygous individuals that lacked the Bw4
epitope on HLA-B alleles exhibited significantly increased response rates after
stimulation in 3DL1" NK cells compared to 3DL1" NK cells. In addition, the response
rates of 3DL1" NK cells between Bw4™ and Bw6/6 homozygous individuals did not
show significant differences, although it has been described that the Bw6 epitope does
not serve as a ligand for 3DL1" (94). The Bw4 and Bw6 epitopes can be distinguished as
they display an amino acid substitution at residue 83, which has been described to
influence the molecular microarchitecture of the epitope and thus leads to functional
differences regarding 3DL1 engagement (120). Importantly, Bw4 epitopes that can bind
to 3DL1 are also found in a subset of HLA-A alleles (92,93). The study by Stern et al.
identified three HLA-A alleles (HLA-A*2301, A*2402 or A*3201) which carry the Bw4
epitope (93). Target cells which expressed these HLA class | molecules were protected
from lysis by KIR3DL1" NK cells. All individuals that were investigated in this study
were genotyped for HLA-A, -B, -C alleles. The genotyping analysis revealed that among
individuals which lacked the Bw4 epitope within the HLA-B gene, two were tested
positive for HLA-A*2402 and one individual was found to be positive for the HLA-
A*3201 allele (see 2.2.6). Functional data revealed that 3DL1* NK cells in these
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individuals indeed exhibited a functional superiority compared to 3DL1" NK cells. For
that reason, these individuals were numbered among Bw4" NK-cell subsets. These
examples demonstrate the possibility of the existence of other Bw4-containing HLA-A
alleles that have not been characterized yet, which can also mediate NK-cell education
upon binding to iKIRs on NK cells. Nonetheless, the education of NK cells is neither
static nor binary. The reactivity of an educated NK cell is determined by the number of
self-HLA class | inhibitory receptors expressed by an NK cell and the affinity towards
their ligand (69,119). Furthermore, studies have shown that NK-cell reactivity can
increase in the presence of a novel cognate ligand (99-101) and also decrease upon loss
of the cognate ligand (122,124). In summary, recent data support the concept that
NK cells are highly susceptible to the environmental HLA, which is manifested by an
ongoing tuning process in an individual NK cell ensuring tolerance of that particular
cell towards healthy “self” cells.

NK cell education, however, is not exclusively realized by the expression of one or
various IKIR that can recognize self-HLA class | molecules. Because NK cells express
a wide range of inhibitory receptors in addition to KIRs it is critical to determine
whether other inhibitory receptors such as CD94/NKG2A (hereafter referred to as
NKG2A) also contribute to the education of NKcells. The data of this study
demonstrated that NK cells which lacked the investigated KIRs but expressed NKG2A
exhibited significantly increased levels of CD107a* NK cells after stimulation with both
tested target cell lines compared to iIKIR'NKG2A™ NK cells. NKG2A is especially
important because its ligand HLA-E is ubiquitously expressed among different cell
types (125,126). On the other hand, NKG2A is differentially expressed in the course of
NK-cell development. At an early stage in NK-cell maturation, a subset of NK cells that
are CD56”"9  express high levels of NKG2A but lack KIRs. During NK-cell
development, CD56™"™ NK cells differentiate into CD56“™ NK cells accompanied by a
progressive loss of NKG2A and a gain in KIR (127-129). The role of NKG2A as a
mediator for functional capacity has been studied in functional assays with NK-cell
subsets that varied in NKG2A and KIR expression. It has been shown that the less
mature NKG2A*/3DL1" NK cells exhibited stronger functional responses over the more
mature NKG2A/3DL1" NK cells after stimulation with target cell lines in individuals
expressing a ligand for 3DL1 (128). Nevertheless, NK cells which co-expressed
NKG2A and 3DL1 displayed the highest response rate after stimulation in this setting.
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Furthermore, a study by lvarsson et al. demonstrated that HLA class I-specific KIRs on
fetal human NK cells are not able to mediate NK-cell education, showing that fetal NK
cells which expressed KIRs responded poorly to HLA class I|-negative target
cells (130). In contrast, NKG2A was able to educate fetal NK cells in the same way as
adult peripheral blood NK cells. As the ligand for NKG2A, HLA-E, is shared between
the mother and the fetus, HLA-A, -B and —C are semiallogeneic®, meaning that they
partially differ between the mother and the fetus. Therefore, the KIR-induced
hyporesponsiveness in fetal NK cells potentially prevents the recognition of maternal
allogeneic cells. Despite the fact that fetal NK cells are hyporesponsive towards HLA
class I-deficient target cells, it has been reported that these cells are able to kill target
cells via ADCC (131). The differential education via NKG2A and KIRs in fetal
NK cells might therefore provide a mechanism that sustains fetal-maternal tolerance
while preserving protection against pathogens. These observations highlight the

important role of NKG2A in the context of NK-cell education.

As part of the innate immune response, NK cells necessitate to react quickly and fulfill
their effector functions immediately upon activation. Cellular proliferation and the
implementation of effector functions require an enormous supply of biomolecules. For
this reason, activated lymphocytes have an increased demand for energy. To meet the
metabolic demands, they have been shown to utilize large amounts of glucose in
cellular glycolysis (77). Glucose can provide the energy for lymphocytes in various
ways, as it is the primary substrate for the generation of ATP. Nevertheless, it can also
serve as a carbon source for the synthesis of other macromolecules, such as nucleic
acids and phospholipids (132). However, glucose cannot pass the lipid membrane of the
cell by simple diffusion. Glucose utilization in the glycolytic pathway is limited by the
transport of glucose into the cells, demonstrating the critical role for glucose
transporters for the energy supply of a cell. The entry of glucose molecules into the cells
is accomplished by a large family of structurally related transport proteins known as

facilitated diffusion glucose transporters (Glut) (133). To date, there are 14 different

® Allogeneic individuals differ at genes in the HLA, whereas semiallogeneic individuals are sharing some, but not all
genes (1).

95



4 Discussion

glucose transporter isoforms characterized in humans, which are expressed on different
cell types (134,135). Glutl is the most ubiquitously distributed of the transporter
isoforms that facilitates an energy-independent transfer of glucose across the
membrane (132,136).

Immune cell activation is associated with an upregulation of Glutl on the cell surface
that allows the uptake of available glucose from the surroundings fueling cellular
energy production and assembly of biomolecules (81,137,138). Many studies have
shown that CD3/CD28 T cell receptor (TCR) stimulation leads to an upregulation of
Glutl on the surface of human T cells (85,86,139-143). Due to the fact that NK cells
and cytotoxic CD8 T cells share common features, as they both are able to exert direct
cytotoxic responses and produce proinflammatory cytokines upon activation, this study
aimed to investigate the expression of Glutl within the functional different subsets of
educated and uneducated NK cells. The data of this study revealed that educated
NK cells exhibited higher amounts of Glutl on their cell surface already prior to
stimulation and moreover increased the expression of Glutl after activation by target
cell lines. To date, it was unknown whether educated and uneducated NK cells have a
distinct Glutl receptor profile. The distinct Glutl expression profile among functionally

different NK-cell subsets raises the question of how this transporter is regulated.

Extracellular nutrient availability leads to continuous cell growth and proliferation in
unicellular eukaryotes, which can take up extracellular nutrients in a cell-autonomous
manner (144). The cells of multicellular organisms are generally surrounded by
sufficient amounts of nutrients that can fuel cellular metabolic pathways. However,
extracellular availability of nutrients does not automatically lead to cellular growth and
proliferation in these cells. In fact, they are tightly regulated to prevent uncontrolled
proliferation and to preserve the integrity of an organism (145,146). Tissue-specific
growth factors ensure that the cells can only survive in their designated environment. As
soon as these cells are missing extracellular survival signals, they undergo atrophy® and
eventually initiate programmed cell death upon intrinsic cellular pathways (147,148). A

study by Rathmell et al. postulated that TCR stimulation provided surviving signals that

® Atrophy is a form of cell adaptation in response to a lack of nutrients, trophic influences or functional demands
which is characterized by decrease in cell size, protein content, cellular ATP and the rate of glycolysis (165).
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allowed T cells to utilize available nutrients and furthermore upregulate Glutl
expression (149). They showed that T cells which were cultivated without TCR
stimulation displayed undetectable levels of Glutl in vitro. The authors concluded that
T cells require extrinsic signals to utilize available nutrients and that TCR stimulation
was required to maintain basal Glutl expression. In addition, it has been shown that
Glutl upregulation was also cytokine-dependent. Glutl mRNA and Glutl surface
expression were decreased upon cytokine withdrawal in an IL-3-dependent pro-B cell
line (150,151). IL-3 is a cytokine, which functions as a growth factor promoting
proliferation and differentiation in hematopoietic cells (1). IL-3 and other growth
factors induce pathways leading to activation of phosphatidylinositide 3-kinases
(PI3Ks) and protein kinase B (PKB), also known as Akt, which have been described
multiple times to directly influence cellular metabolism and Glutl expression in
immune cells (85,142,143,152,153). Together with the mammalian target of rapamycin
(mTOR), PI3Ks and Akt are the main components of the PISK/Akt/mTOR signaling
cascade that regulates proliferation, survival and cellular metabolism (154). mTOR is an
evolutionarily conserved serine/threonine protein kinase that associates with other
proteins to form two distinct complexes (MTORC1 and mTORC2). Extracellular
signals, such as growth factors, nutrients, energy status and cellular stress activate
mMTORC1 (155,156). Upon activation, mTORC1 regulates cell growth and protein
synthesis, whereas stress conditions such as starvation, reduce mTORC1 signaling that
can lead to autophagy (154,157). Donnelly et al. demonstrated in mice that mTORC1
activity was required for maintaining glycolysis and moreover for the production of the
NK-cell effector molecules IFN-y and granzyme B (158). Limiting the rate of glycolysis
led to an abrogation of IFN-y and granzyme B production. Interestingly,
cytokine-stimulated NK cells that have been treated with the mTORCL1 inhibitor

rapamycin significantly downregulated Glutl from the cell surface.

To date, there are only a few studies that have investigated the impact of cytokine
stimulation on the expression of Glutl in human NK cells. Keating et al. provided
evidence that a subset of NK cells, CD56™"" NK cells, which are potent producers of
IFN-y, display high levels of Glutl compared to their counterpart CD56%™ NK cells
which express low levels of Glutl without stimulation (110,129). They demonstrated
that CD56"™ NK cells, which are considered to be more cytotoxic than CD56°"™

NK cells, upregulated Glutl after stimulation with IL-2 or a cytokine combination of
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IL-12/15, whereas CD56°"™ NK cells did not change after cytokine stimulation.
However, the regulation of Glutl is complex, since it is controlled at the level of
transcription, translation and transport to the cell surface (159). A recent study from
Schafer et al. performed RNA sequencing expression analysis for Glutl in
NK cells (160). To receive sufficient cells for their analyses, they co-cultured NK cells
over a time period of 14 to 21 days with a K-562-based feeder cell line. This cell line
expressed membrane-bound IL-12, which supported NK-cell proliferation. The study
showed that the levels of Glutl RNA in NK cells after cytokine-driven expansion did
not differ from freshly isolated, unstimulated NK cells. However, the authors stated that
the feeder cell lines, which stimulated NK cells in this setting, were added on day 1, 7
and 14 during the expansion process. A study by Macintyre et al. investigated the levels
of Glutl mRNA in naive and CD3/CD28-stimulated CD4 murine T cells (85). Glutl
MRNA levels were increased after 8 h stimulation and declined already after 24 h
stimulation. Thus there is the possibility that the study by Schafer et al. did not detect
differences in Glutl mRNA levels between the tested NK-cell subsets due to inadequate
stimulation methods. Furthermore, the same group performed fluorescence-activated
cell sorting to separate expanded NK cells into educated and uneducated cells and
analyzed the protein expression levels of these NK-cell subsets. They observed a strong
increase of the glycolytic enzyme pyruvate kinase M2 (PKM2) in educated NK cells
compared to their uneducated counterpart (160). PKM2 is an isoform of pyruvate kinase
that catalyzes the production of pyruvate in the last step of glycolysis providing energy
in form of ATP (see 1.5.1, Figure 10). Remarkably, it has been described that PKM2 is
regulated by the hypoxia-inducible factor 1la (HIF1a) which in turn is controlled by
mTOR, indicating a regulation of PKM2 activity through the PI3K/Akt/mTOR
signaling pathway (161,162).

In summary, elevated levels of PKM2 as a crucial enzyme for energy production during
glycolysis might lead to enhanced glycolytic flux in educated NKcells. As a
consequence, educated NK cells might benefit from a better supply with energy and
important biomolecules that contribute to the implementation of their effector functions.
In order to fuel glycolysis, the cells would require greater amounts of glucose.
Consequently, the cells would need to upregulate the levels of Glutl on the cell surface
to meet the increased demands of glucose. This model is supported by the observation
in this study, whereas educated NK cells exhibited increased surface expression of
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Glutl compared to uneducated NK cells already before and also after stimulation with
target cell lines. To recapitulate, the integration of extracellular activation signals can
support the upregulation of Glutl in various immune cells. The studies of different
authors point into the direction that the upregulation of Glutl is achieved through the
activation of the PISK/Akt/mTOR signaling cascade, regulating proliferation, survival
and cellular metabolism. Further studies are now required to investigate if the
stimulation of inhibitory and activating NK cell receptors leads to the activation of the
PI3K/Akt/mTOR signaling cascade in the context of NK-cell education. One recent
study by Marcais et al. addressed the role of mTOR in murine NK cells. The authors
discovered that the activity of the PI3K/Akt/mTOR pathway was selectively higher in
reactive NK cells (163). They showed that the phosphorylation of direct and indirect
targets of mTOR correlated with the level of NK-cell responsiveness. Furthermore, NK-
cell function was abrogated in mTOR deficient knock-out mice. The authors
hypothesized that an unopposed signaling by activating receptors might abrogate mTOR
signaling in uneducated NK cells. However, the interaction of inhibitory receptors with
their cognate ligand prevents the desensitization and maintains mTOR signaling for
optimal NK-cell functions upon activating receptor stimulation. Moreover, this model
was supported by their observation that SHP-1, the phosphatase triggered upon
inhibitory receptor engagement, was necessary to maintain activity of the mTOR

signaling pathway (164).

Here | provided evidence, that the functionally superior subset of educated NK cells
exhibited significantly increased surface levels of the glucose transporter Glutl
compared to uneducated NK cells. This difference was detected prior to stimulation and
increased significantly after stimulation with target cell lines. Until today, it is unclear
which metabolic processes lead to the functional superiority of educated NK cells.
Recent studies in immune cells demonstrated an interplay between the cellular
metabolism and the effector functions in these cells. The activation of the
PI3K/Akt/mTOR pathway has been described to regulate proliferation, survival and
cellular metabolism (144). Recent observations in mice provided evidence that this
pathway is involved in NK-cell education. The PI3K/Akt/mTOR pathway has been
described to promote Glutl upregulation upon stimulation with extracellular factors. |
suggest the model that the upregulation of Glutl in educated NK cells is promoted by an
activation of PI3K/Akt/mTOR pathway. Upon the interaction of inhibitory and
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activating receptors with downstream molecules of the PI3K/Akt/mTOR pathway, the
educated NK cells can upregulate Glutl on their cell surface and promote the uptake of
Glucose fueling cellular metabolic pathways that contribute to the functional superiority
of educated NK cells (Figure 38).

Figure 38: The activation of the
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phosphorylate various target proteins that
have an impact on different downstream pathways promoting proliferation, differentiation, cellular metabolism or
apoptosis. Akt enhances the translation and localization of Glutl to the cell surface and stimulates hexokinase activity
supporting increased glycolysis (144,153,165). Another function of Akt is the inhibition of tuberous sclerosis
proteins (TSC) 2 upon phosphorylation. Inactive TSC1/2 is not able to bind to RAS homolog enriched in brain
(RHEB), leading to the activation of mammalian target of rapamycin complex 1 (mMTORC1). mTORCL1 is a
serine/threonine protein kinase that regulates numerous cellular functions, such as cell growth, protein synthesis and
autophagy (154). It has been demonstrated that mTORCL1 induces pyruvate kinase M2 (PKM2) activity via hypoxia-
inducible factor 1a (HIF1c)-mediated transcription activation (161). PKM2 is an isoenzyme of the glycolytic enzyme
pyruvate kinase, which directly supports glycolysis by enhancing the formation of pyruvate in the last step of
glycolysis. Recently, a strong upregulation of PKM2 in educated NK cells that sustain glycolysis has been
observed (160). Glycolysis provides the cell with energy and biomolecules that can fuel the production of effector
molecules, such as cytotoxic mediators and cytokines. Inhibition of mMTORC1 by its inhibitor rapamycin abrogates
glycolysis and was shown to decrease the ability of cytokine production in NK cells (158). These observations point
into the direction that NK cells, which receive different signals upon ligand-engagement with their inhibitory and
activating receptors, might use the same pathways to increase Glutl and upregulate glycolysis for the production of
effector molecules.
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Cellular metabolism is considered as a complex interplay of various chemical reactions
that occur in living organisms to maintain cellular functions. However, recent findings
in immune cells demonstrated that cellular metabolism does not only provide energy
and substrates for growth and survival but also plays an important role in differentiation
and immune responses (166). In order to meet the changing metabolic demands upon
activation, immune cells have been shown to actively reprogram their intracellular
metabolism from a mitochondrial oxidative phosphorylation (OXPHOS) to enhanced
glycolysis (110,158,167). This process is known as metabolic reprogramming (168—
172). The first evidence for metabolic reprogramming, however, was not observed in
immune cells. Metabolic reprogramming is known as one of the hallmarks for cancer
cells, as these cells exhibit increased glycolytic rates compared to normal cells
(173,174). This phenomenon is described as the Warburg effect, discovered by Otto
Warburg in 1924 (175-177). In normal cells, glycolysis is used to catabolize glucose to
pyruvate, which can be later converted to Acetyl-CoA fueling the citric acid cycle in the
mitochondria. The citric acid cycle generates the coenzymes NADH and FADH,,
providing the electrons for the mitochondrial respiratory chain and subsequent energy
production of ATP. Unlike normal cells, which utilize glycolysis only when oxygen
supply is limited, cancer cells preferentially use glycolysis even in the abundance of
oxygen (173). Interestingly, T cells have been shown to undergo metabolic
reprogramming upon activation, which promotes an enhanced glycolytic flux, the
upregulation of Glutl as well as the expression of glycolytic enzymes
(76,138,172,178,179). Hence, distinct immune cell subsets exhibit different metabolic
demands that are accompanied by the use of different metabolic pathways (178,180).
The metabolic mechanisms that lead to the functional differences between educated and
uneducated NK cells are not fully understood to date. This study provided evidence that
educated NK cells exhibit increased levels of the glucose transporter Glutl, leading to
the hypothesis, that metabolic reprogramming is an underlying mechanism for the
superior function of educated NK cells. The data of this study revealed that educated
NK cells displayed an enhanced glycolytic profile in comparison to uneducated
NK cells. The metabolic profile of a cell population can be assessed through metabolic
flux assays. In this assay, OXPHOS is determined by the oxidative consumption rate
(OCR), whereas glycolysis is defined by the extracellular acidification rate (ECAR)
(see 2.2.13). A study by Keppel et al. investigated the basic metabolic profile of murine
splenic NK cells (181). Analyzing the OCR and ECAR of freshly isolated NK cells
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revealed that NK cells preferentially used OXPHOS at a resting state. Short-term
activation with the cytokine combination of IL-12 and IL-18 or antibodies against
activating receptors did not induce substantial changes in energy pathway usage. As
OXPHOS can be fueled by different pathways, such as glycolysis, fatty acid oxidation
or glutaminolysis, the authors performed inhibition experiments elucidating glucose as
the main fuel for OXPHOS. Interestingly, the inhibition of glycolysis or OXPHOS did
not affect the IFN-y production in cytokine-stimulated NK cells. In contrast, IFN-y
production was nearly abrogated upon inhibition of glycolysis or OXPHOS in receptor-
stimulated NK cells. The authors concluded, that the receptor-stimulated IFN-y
production is dependent on metabolism-driven signaling, whereas cytokine-driven
IFN-y production is not. Of note, long-term culture with high doses of IL-15 restored
the IFN-y production capacity in receptor-stimulated NK cells despite inhibition of the
metabolic pathways. IL-15 is a cytokine that is critical for NK-cell differentiation and
survival and is known to prime NKcells for the implementation of effector
functions (182,183). Aligned with this finding, high doses of IL-15 have been described
to activate mTOR, to stimulate glucose uptake, proliferation and cytotoxic effector
functions in murine NK cells (158,163,184). Enhanced IL-15 signaling that leads to
increased stimulation of mTOR might be an explanation for the recovered IFN-y
production capacity in receptor-stimulated NK cells. Furthermore, a study by Viel et al.
provided evidence for this hypothesis. Treatment of murine and human NK cells with
the mTOR inhibitors rapamycin and transforming growth factor-f§ (TGF-B), abrogated
the IL-15-induced activation of mTOR resulting in reduced metabolic activity and
impaired cytotoxicity (185). In comparison to the studies in mice, Schafer et al.
described that human educated NK cells displayed increased glycolysis, higher
glycolytic capacity and a greater glycolytic reserve than uneducated NK cells.
OXPHOS levels did not differ between the two functionally different subsets. In
contrast to this, Keating et al. observed that elevated levels of OXPHOS but not
glycolysis were required to support cytotoxicity and IFN-y production in cytokine-
stimulated NK cells. In accordance with observations in mice, they reported a cytokine-
driven upregulation of mMTORC1 in human NK cells (110). Of note, the stimulation with
IL-2 or a combination of IL-12/15 robustly upregulated mTORC1, but only
IL-2-induced upregulation was shown to be sensitive to inhibition by rapamycin. This
observation suggests that different cytokine stimulations activate distinct downstream

signaling pathways that might explain inconsistent observations.
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Figure 39
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4 Discussion

Figure 39: Educated NK cells possess the exclusive ability to activate the PI3BK/Akt/mTOR signaling pathway
as a model for the functional differences between educated and uneducated NK cells

Schematic overview of the metabolic pathways that are used upon activation in educated and uneducated NK cells.
Uneducated NK cells (left) are characterized by a low surface expression of the glucose transporter Glutl. Therefore
only low amounts of glucose are transferred into the cytosol of the cell. Glycolysis catabolizes glucose to pyruvate,
which is directly transferred into the mitochondria where it is transformed to Acetyl-CoA fueling OXPHOS. Thereby
uneducated NK cells can produce high amounts of ATP for basal cellular activities. Uneducated NK cells either lack
the expression of self-inhibitory receptors or express inhibitory receptors that cannot engage with self-HLA class |
molecules. Unstimulated inhibitory receptors fail to transfer signals that lead to the activation of the PI3K/Akt/mTOR
signaling cascade. In contrast, activating receptors that engage with stimulatory ligands might transfer a signal into
the cell, which however might not be sufficient to activate the PI3K/Akt/mTOR signaling cascade. Educated NK cells
(right) express self-inhibitory receptors that engage with self-HLA class | molecules. The interaction leads to an
activation of SHP-1 and transfers a signal into the cell that leads to an activation of the PI3K/Akt/mTOR signaling
cascade. The activation of this pathway leads to an upregulation of Glutl on the surface of educated NK cells. High
amounts of glucose are transported into the cell that fuel glycolysis. Furthermore the activation of mTOR leads to an
upregulation of pyruvate kinase M2 (PKM2) increasing the glycolytic flux by enhancing the formation of pyruvate.
Furthermore, educated NK cells have increased levels of Lactate dehydrogenase (LDH) promoting the conversion of
pyruvate to lactate. Although glycolysis is characterized as an inefficient way for energy production it also generates
biosynthetic precursors that are used for the production of cytotoxic effector molecules and cytokines.

Consistent with the data of Schafer et al. this study showed that educated NK cells
exhibited increased levels glycolysis compared to uneducated NK cells. Conversely, the
data of this study did not reveal differences in the glycolytic capacity or the glycolytic
reserve of educated and uneducated NK cells. However, these differences might be
explained by a distinct experimental setup, as Schafer et al. used cytokine-driven
expanded NK cells for their experiments in contrast to rested NK cells that were used in
this study.

Unraveling the metabolic mechanisms that regulate functional responses in NK cells is
difficult, as NK cells can be divided into distinct phenotypical and functional subsets
that might use different metabolic pathways. In addition, NK cells are stimulated
through various receptors that might activate distinct downstream signaling molecules.
The molecular mechanisms underlying the functional differences of educated an
uneducated NK cells have not been fully elucidated to date. However, this study
provided evidence that a characteristic glycolytic profile might serve as the underlying
mechanism for the functional superiority of educated NK cells. Further studies that
investigate the downstream signaling molecules of the described metabolic pathways in

the context of NK-cell education are necessary to verify this model in human NK cells.
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