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Abstract

Abstract

The ability to migrate is inherent to most cells, regardless of their origin. Indeed, life, as
we know it, only exists because cells can change their location in a highly organised way.
Cell migration plays a pivotal role during fundamental processes in multi-cellular organ-
isms, like implantation of the fertilised egg, morphogenesis, wound healing, and immune
surveillance. For immune cells, migration is essential throughout their whole lifetime to
patrol the tissues, follow cytokine gradients to a site of inflammation as well as find and
ultimately battle a pathogen or degenerate host cell. Additionally, defective or abnormal
migration can be both, cause and effect across a large collective of diseases, such as cancer,
rheumatoid arthritis or vascular diseases. This work focusses on the visualisation and quan-
tification of immune cell migration in man and mouse as a novel parameter for clinical and
biological applications.

In humans, specific immune cells were isolated from the peripheral blood and analysed
in specifically tailored and standardised in vitro assays to study their migratory behaviour.
This yielded novel insights into immune cell migration behaviour in healthy individuals,
such as an independence of eosinophil and CD8* T cell migration from age of the donor.
Furthermore, immune cell migration in various disease settings was screened, revealing the
power these assays have in clinical routine and surveillance. In this regard, neutrophil gran-
ulocytes from myelodysplastic syndrome (MDS) patients exhibited profound migratory de-
fects in the more severe cases, while milder cases displayed relatively normal migration.
Strikingly, these migration patterns correlated not only with disease severity and scoring,
but they also correlated with therapy success. In a patient suffering from atypical chronic
myeloid leukaemia (aCML), neutrophil migration remained impaired throughout the obser-
vation period. Yet, there is evidence that these neutrophils were still able to sense and react
to on-going infections, as displayed by a peak in neutrophil migration shortly before infec-
tion. Additionally, patients suffering from metastatic malignant melanoma before and dur-
ing immune checkpoint blocker therapy (ICBT) revealed a close relationship between eosin-
ophil baseline migration and therapy success. Before therapy, neutrophil and eosinophil
migration was indistinguishable from healthy patients, while CD8* T cells were strikingly
unresponsive. During ICBT, eosinophil migration proved to diminish in a progressive dis-
ease, while neutrophil migration increased during a partial remission. CD8* T cells, howev-
er, remained unresponsive.

In mice, the effect of induced ischemia on the influx of neutrophil granulocytes and on

the heart vasculature was investigated using light sheet fluorescence microscopy. This end-
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Abstract

point measurement of neutrophil migration revealed that the cells localised to the damaged
tissue 24 hours after ischemia yet did not penetrate further into the healing tissue after
5 days.

These findings spotlight immune cell migration as not only a highly important, but
quantifiable parameter that can assist routine diagnostics and prognostics of human patients
with a broad range of diseases. Additionally, these assessments might lead to future thera-
peutic approaches in blocking or boosting immune cell migration and therefore their re-

sponses to battle opportunistic infections, reduce tissue damage or enhance cancer rejection.
Keywords: immunology, cell migration, time-lapse video microscopy, light sheet fluores-

cence microscopy, clearing, in vitro assays, ischemia / reperfusion, MDS, aCML, metastatic

melanoma, immune checkpoint blocker therapy
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Zusammenfassung

Die meisten Zellen konnen sich eigenstidndig fortbewegen, unabhéngig von ihrer Her-
kunft. In der Tat ist das Leben, wie wir es kennen, nur moéglich, da Zellen ihre Position ziel-
gerichtet verandern konnen. Zellmigration spielt daher eine zentrale Rolle wahrend vieler
fundamental wichtiger Prozesse in multizelluliren Organismen, wie zum Beispiel wahrend
der Implantation der befruchteten Eizelle, der Morphogenese, der Wundheilung oder der
Uberwachung durch das Immunsystem. Gerade fiir letzteres ist Migration essenziell, damit
die Zellen die Gewebe patrouillieren, entlang Zytokingradienten an einen Infektionsherd
gelangen sowie Pathogene und entartete Kérperzellen finden und diese eliminieren kénnen.
Des Weiteren kann fehlerhafte oder abnormale Migration sowohl der Grund fiir als auch die
Auswirkung von einer Bandbreite an Krankheiten, wie zum Beispiel Krebs, rheumatoider
Arthritis oder Gefaflerkrankungen, sein.

Diese Arbeit befasst sich mit der Visualisierung und Quantifizierung von Immunzellmig-
ration des Menschen und der Maus, um diesen Parameter fiir weitere klinische und biologi-
sche Anwendungen zuganglich zu machen.

Im Menschen wurden spezifische Immunzelltypen aus dem Blut aufgereinigt und ihr
Migrationsverhalten in speziellen und standardisierten in vitro Untersuchungen charakteri-
siert. Dadurch konnten neue Erkenntnisse iiber das Migrationsverhalten von Immunzellen
aus gesunden Probanden gewonnen werden, wie zum Beispiel, dass die Motilitat von Eo-
sinophilen und CD8* T- Zellen unabhingig vom Alter des Probanden ist. Des Weiteren
wurde Immunzellmigration in verschiedenen Erkrankungen untersucht, was das Potential
dieses Parameters und der etablierten Untersuchungen fiir die klinische Routine und Uber-
wachung von Patienten aufzeigte. Hierbei weisen neutrophile Granulozyten von Patienten
mit einer schweren Form von myelodysplastischem Syndrom (MDS) einen deutlichen De-
fekt ihrer Migration auf, wahrend leichtere Falle eine relativ normale Migration zeigten.
Auffallend ist, dass diese Migrationsmuster nicht nur mit der Schwere und dem Scoring der
Krankheit korrelierten, sondern auch mit dem Therapieerfolg. Bei einem Patienten, der an
atypischer chronischer myeloischer Leukdmie (aCML) litt, blieb die Migration der Neutro-
philen wéhrend des gesamten Beobachtungszeitraums beeintrachtigt. Es gab jedoch Hin-
weise darauf, dass diese Neutrophilen noch in der Lage waren, auf bevorstehende Infektio-
nen zu reagieren, wie eine Spitze der neutrophilen Migrationsfihigkeit kurz vor einer Infek-
tion zeigte. Dariiber hinaus zeigten Patienten mit metastasierendem malignem Melanom vor
und wiahrend der Immun-Checkpoint-Inhibitor Therapie (ICBT) einen engen Zusammen-

hang zwischen eosinophiler Basismigration und Therapieerfolg. Vor der Therapie war die
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Zusammenfassung

Neutrophilen- und Eosinophilenmigration ununterscheidbar von gesunden Probanden,
wihrend CD8* T-Zellen auffallend gering ansprachen. Wahrend der ICBT zeigte sich, dass
die Eosinophilenmigration bei einer fortschreitenden Erkrankung abnahm, wéhrend die
Neutrophilenmigration wahrend einer partiellen Remission zunahm. CD8* T-Zellen blieben
jedoch ohne Reaktion.

Dartiber hinaus wurde die Wirkung einer induzierten Ischdmie auf den lokalisierten
Einstrom neutrophiler Granulozyten und die Herzgefifle mit Hilfe der Lichtblatt Fluores-
zenzmikroskopie in Mdusen untersucht. Diese Endpunktmessung der Neutrophilenmigrati-
on ergab, dass die Zellen 24 Stunden nach der Ischamie im geschéadigten Gewebe lokalisiert
waren, aber nach 5 Tagen nicht weiter in das nun heilende Gewebe eindrangen.

Diese Ergebnisse weisen Immunzellenmigration nicht nur als einen sehr wichtigen, son-
dern auch quantifizierbaren Parameter aus, der die Routinediagnostik und -prognose von
menschlichen Patienten mit einem breiten Spektrum von Krankheiten unterstiitzen kann.
Dariiber hinaus konnten diese Analysen zu zukiinftigen therapeutischen Ansétzen fithren,
um die Migration von Immunzellen zu blockieren oder zu férdern und damit ihre Reaktio-
nen auf opportunistische Infektionen zu erhohen, Gewebeschiden zu reduzieren oder die

Krebsabwehr zu verbessern.
Schlagworter: Immunologie, Zellmigration, Zeitraffervideomikroskopie, Lichtblattfluores-

zenzmikroskpie, optische Klarung, in vitro Analyse, Ischamie / Reperfusion, MDS, aCML,

metastatisches Melanom, Immun-Checkpoint-Inhibitor Therapie
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Introduction

1. Introduction

1.1. Cell migration - driver of life

Motility, the collective term describing the ability of cells to change their location, is in-
herent to many nucleated cells. While certain eukaryotic cells mostly move using a special-
ised organelle called flagellum?®, it gets more complicated in multicellular organisms, where
cells do not only migrate alone in liquid medium, but also in larger cohorts inside the organ
tissue®.

Migration is an essential feature of cells during various stages of development and host
defence in an organism, yet also a general hallmark of cancer’ 8. Most cells, e.g. stromal,
epithelial or neuronal cells, cease to migrate once their organ has fully formed during devel-
opment and they have terminally differentiated®. This does not mean, however, that they
cannot regain this ability during processes like tissue regeneration®. The cells of the immune
system, on the other hand, are responsible for host defence against exogenous pathogens
and host-derived degenerate cells and completely reliant on their ability to migrate
throughout their entire life°. Guided by extracellular stimuli, they emerge from the bone
marrow - the seat of haematopoiesis -, enter the circulation, and may actively leave it, e.g. at
a site of infection or injury!®. Once crossed through the endothelium, they must actively
migrate through the tissue to find invading pathogens and perform effector functions, but
also to interact with other immune cells to direct, enhance or suppress an immune reaction.

A prerequisite for migration is the polarisation of the cell into a front and a back, which
can either happen randomly and thus be short-lived or be influenced by external chemical
or physical factors!!: 2. After that, cell migration has been historically described in five suc-
cessive steps!! (Figure 1). Firstly, lamellipodia or filopodia, which consist of the cytoskeletal
protein actin and its associated proteins, form at the cell’s leading edge - this is called
membrane extension or elongation. In this regard, lamellipodia are fast-moving and short-
lived membrane extensions, which promote cell migration by attaching and pulling the cell
body, while filopodia move slower, but are long-lived and direct cell migration!3. With these
protrusions, the cell can attach to the substrate at a point in front of it. Once these attach-
ments are fully formed, myosin-based motors generate the contractile force to move the cell
body into the direction of the protrusions. Subsequently, the adhesive attachments on the
cell’s rear are released and the cell translocates to the new position. Finally, all proteins

needed for this process are re-used to start a new cycle of migration.
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Direction of movement ——s Leading edge

Actin network

d — @ Adhesion
= Stress fibres
= Retraction fibres

Figure 1: Schematic overview of cell migration.

Four of the five processes of cell migration. (a) During membrane elongation, lamellipodia or filopo-
dia are formed at the cell’s leading edge, which consist of the cytoskeletal protein actin and its asso-
ciated proteins. (b) These protrusions allow the cell to adhere to the substrate. (c) Once these at-
tachments are fully formed, contractile force is generated to move the cell body into the direction of
the protrusions. This process is mediated by adhesion-associated stress fibres. (d) Subsequently, the
adhesive attachments on the cell’s rear are released and the cell translocates to the new position. In
the end, all proteins needed for this process are re-used to start a new cycle of migration (not
shown). This figure is adapted from 4.

Most processes in the organism are tightly regulated and the cells, thus, attracted to
move into a certain direction. This is called directed migration and may be caused by e.g.
extracellular, soluble (chemotaxis)!> as well as immobilised molecules (haptotaxis)!¢, density
of the extracellular matrix (topotaxis)!” or electric fields (galvanotaxis)!8. Gradients of these
cues are necessary to successfully guide a cell to a specific place. Additionally, cells may
possess intrinsic directionality, which allows them to maintain a more direct path to their
target!?. But not all migrating cells move in a directed fashion. Random migration is charac-
terised by the absence of a directional trajectory in the cell’s movement, as well as multiple
protrusions that allow the cells to change their path, which mostly occurs randomly!?. This
type of migration is also influenced by external cues if they appear uniformly. Furthermore,
immune cells have been shown to randomly migrate in vivo'® 20 and in vitro> 21, leading to

the conclusion that this mechanism is important during immune surveillance.
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Both types of cell migration are therefore highly important for the immune system in

the dynamic processes during homeostasis and host defence.
1.2. The immune system - protector of the organism

The immune system encompasses a complex network of tissues, organs, single cells and
molecules that collectively protect the host organism against diseases, not only caused by
exogenous microbes, but also by degenerated host cells. Here, it is of utmost importance
that the compartments of the immune system work tightly together to find and detect the
pathogen, recruit other specialised cells and ultimately eliminate the threat in a timely
manner. To ensure this, immune cells either actively patrol organs as highly specialised cells
or can be transported via the blood vessel or lymphatic system that distributes them
throughout the body. While immunity is generally divided into two compartments - the
adaptive and the innate immune system -, they are hardly separated from each other. In
fact, both parts share closely linked and interdependent mechanisms that enable a sufficient

host defence.
1.2.1. Innate immunity

The innate immune system is a highly evolutionarily conserved mechanism that pro-
tects both vertebrates and invertebrates from infections??. It provides protection on several
layers of defence, ranging from anatomic barriers, such as the skin, over chemical and en-
zymatic systems, e.g. complement, to specialised innate immune cells that coordinate the
defence, once the first two barriers have been breached?. It is classically viewed as an un-
specific, yet fast response to invading pathogens that does not form an immunological
memory and reacts similarly in case of a second infection with the same pathogen?.

The cells of the innate immune system, such as macrophages and granulocytes, recog-
nise common structural components of the pathogen, so called pathogen-associated molecu-
lar patterns (PAMP) through pattern recognition receptors (PRR)?%, which can be localised
on the outer plasma membrane, the membrane of the endosome or phagosome, or in the
cytoplasm?. These germline-encoded PRRs detect a variety of molecules specific to bacteria,
viruses and parasites?. In response to PRR stimulation, the production and release of cyto-
kines is a major effector function of all immune cells. Cytokines are small proteins that may
act on the cells themselves (autocrine), on adjacent cells (paracrine) or even on distant cells
(endocrine) if they are stable enough?. Interleukins (IL) are a group of cytokines with a

plethora of functions: they promote inflammation (IL-1, IL-6), reduce inflammation (IL-4, IL-
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10, IL-12), induce cell growth and differentiation (IL-2, IL-5) and chemotaxis (IL-8, also
termed CXCL8)?’. Another versatile group are the tumour necrosis factors (TNF), consisting
of TNF-a and TNF-3, which are both pro-inflammatory and promote migration?’. Interfer-
ons (IFN) can be both pro- and anti-inflammatory and are vital during anti-viral immune
responses?8. Colony stimulating factors (CSF), such as granulocyte colony-stimulating factor
(G-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF), induce the pro-
duction, differentiation and release of granulocytes?’ and monocytes®’. A special group of
cytokines are those that induce migration in the target cells, so called chemokines. They
cause changes in cell adhesion and cytoskeletal rearrangements that allow the immune cells
to move more freely3!. They may guide cells of the innate and adaptive immune response
and are important regulators of cell recruitment. Among those are C-X-C motif ligand
(CXCL) 8, which induces migration in mainly neutrophil granulocytes®?, or C-C motif ligand
(CCL) 5 that recruits eosinophil granulocytes3? and T lymphocytes34.

But innate immune cells do not only release cytokines. Most of them are professionals in
engulfing and ultimately destroying a pathogen, a process called phagocytosis®. Macro-
phages are the major phagocyte population in the homeostatic tissue, where they patrol and
phagocytose foreign pathogens and, in case of infection, recruit other immune cells to aid
them3®. Granulocytes, which will be discussed in greater detail under 1.2.1.1, are highly
important for the immediate responses to infection. Especially neutrophil granulocytes ex-
hibit the greatest phagocytic activity and are the first to arrive at a site of infection as back-
up?’. Dendritic cells are part of the innate immunity, but their main task is to connect innate
and adaptive responses by phagocytosis and antigen-presentation to adaptive immune
cells38. They are found in peripheral and lymphoid tissues, such as the skin or the lymph

node, where they patrol for tissue imbalances or activate T and B lymphocytes3s.
1.2.1.1. Granulocytes

Granulocytes are a family of myeloid, innate immune cells that were named for the large
amount of small, membrane surrounded vesicles called granules in their cytoplasm. Granu-
locytes encompass neutrophil, eosinophil and basophil granulocytes, which were named
based on their histological staining3®. Another striking feature is their multilobed nucleus,
whose functions are not yet fully understood* 4!. Granulocytes arise and mature in the
bone marrow (BM), before they are released into the circulation?. Without exogenous stim-
ulation, neutrophils circulate for a few days, before they undergo spontaneous apoptosis
and are cleared from the blood system by phagocytes in the liver or spleen*3*>. Eosinophil

granulocytes, short eosinophils, however, leave the blood stream and migrate to the tissues,
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where they accumulate, help in tissue homeostasis and eventually die*®. As especially neu-
trophils are the first to arrive at a site of infection, granulocytes are specialists in migrating
from the blood stream into the tissue in a process called extravasation?’ (1.3). Chemokines,
such as CXCL8 for neutrophils*® or eotaxins for eosinophils and basophils* >0, stimulate
them to roll, firmly adhere and transmigrate through the endothelium and the tissue to a
site of infection or an accumulation of damaged cells. On site, they may directly release tox-
ic molecules to battle invading pathogens and perform effector functions like phagocytosis
and cytokine release’!. However, granulocytes are also known for the damage they inflict
on healthy tissue and it is therefore of importance that their functions are tightly regulated,

lest they do more damage than they do good>2.
1.2.1.1.1. Neutrophils

Neutrophils are, with about 70% of all leucocytes, the most abundant cell type in the
healthy, human peripheral blood and are considered the first line of cellular defence of the
immune system®3. Due to their short lifespan (few hours up to days?*’), they need to be con-
tinuously produced and released from the BM, which is why a large portion of the BM is

dedicated to the production of granulocytes, especially neutrophils>*.

Myeloblast Promyelocyte Myelocyte Metamyelocyte Neutrophil

Azurophilic Specific Gelatinase Secretory

Figure 2: Neutrophil maturation process.

Neutrophils arise from the bone marrow, from haematopoietic stem cells, that commit to the granu-
locyte lineage by differentiation into multipotent progenitors and granulocyte-monocyte progeni-
tors. Upon G-CSF stimulation, they further differentiate into myeloblasts, the first stage of neutro-
phil maturation. Promyelocytes follow the myeloblasts and generate primary, azurophilic granules.
Then, they further mature into myelocytes that contain secondary, specific granules. Metamyelo-
cytes finally generate the last granule type, tertiary, gelatinase granules. On the way to mature neu-
trophils, the nuclear shape changes from round to banded (banded neutrophil, not shown here) into
its characteristic lobulated shape. Fully matured neutrophils also possess secretory vesicles that
contain plasma proteins and membrane receptors. This figure is adapted from .

Haematopoietic stem cells (HSC) are the birth point for every blood cell*®. On their way
to neutrophils, HSCs differentiate into multipotent progenitors (MPP) that ultimately trans-

form into lymphoid-primed multipotent progenitors (LMPP) and granulocyte-monocyte
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progenitors (GMP), which commit to the neutrophil fate upon G-CSF stimulation?® by dif-
ferentiating into myeloblasts®*. These myeloblasts mature into neutrophils via various stag-
es that are well characterised based on the formation of neutrophil-specific granules as well
as nuclear shape® (Figure 2).

Mature, human neutrophils strongly express surface receptors like cluster of differentia-
tion (CD) 15%7, a glycan determinant expressed by human myelomonocytic cells, and
CD16*> 8 the Fcy receptor III. To sense gradients of N-Formylmethionine-leucyl-
phenylalanine (fMLP), a specific bacterial peptide, or of the C-X-C motif chemokines, such
as CXCL1 and CXCLS, they express high levels of the fMLP receptor (fMLPR)*>® and the C-X-
C chemokine receptors (CXCR) 1 and 2%°. Furthermore, human neutrophils express CD11b, a
subunit of the heterodimeric integrin, macrophage-1 antigen (MAC-1), which is expressed
by almost all innate immune cells and is important during inflammatory processes, like ex-
travasation and phagocytosis®!. Additionally, neutrophils express the granulocyte specific
CD66b, however its exact functions remain uncleart?. Both are upregulated upon neutrophil
activation®3. L-selectin (CD62L) is expressed on almost all human leucocytes and plays an
important role during leucocyte rolling and adhesion to the endothelium during extravasa-
tion!®. CD62L is cleaved and shed rapidly after neutrophil activation®, thus, functioning as
an additional activation marker. In mice, mature neutrophils express the specific marker
lymphocyte antigen 6 complex locus G6D (Ly-6G)*2, whose role in neutrophil biology and
trafficking is not yet fully understood®> 6.

Once a neutrophil leaves the BM, it is fully equipped with PRRs and antimicrobial gran-
ules to find and kill invading microbes. But neutrophils do not only release their numerous
granules and vesicles to get rid of a pathogen, they may also engulf and digest microbes via
phagocytosis®’. Additionally, neutrophils are capable of a special kind of effector function
that mostly results in their death; they can release so called neutrophil extracellular traps
(NETs). In this process, DNA of different origins, nuclear or mitochondrial®’, is explosively
released in spiderweb-like form from the neutrophil into the extracellular space®. This DNA
is decorated with histones and antimicrobial enzymes normally contained in the neutro-
phil’s granules and traps as well as kills microbes®.

However, neutrophils gain rising awareness not only in terms of microbial defence, but
as producers of cytokines and thereby the regulation of inflammation as well as their com-
plex participation in diseases such as cancer’’. Many cancers contain neutrophils, then
termed tumour-associated neutrophils (TANs), and both tissue and blood neutrophilia are
most commonly associated with a poorer prognostic outcome’!: 72. However, neutrophils

have also been reported to kill specific cancer cells’3, inhibit early carcinogenesis’* and thus
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be important for the rejection of different cancer types. How and why neutrophils react so
diversely to cancers is still not completely understood and neutrophils subtypes, such as

pro- and anti-tumour neutrophils, are hotly discussed®’.
1.2.1.1.2. Eosinophils

In contrast to neutrophils, eosinophils are rare cells making up under 1-3% of peripheral
blood leucocytes”. However rare, this makes them no less important than other cell types.
Eosinophils are well known for their role in host defence against infections with parasites,
such as helminths’. On the other hand, they are most infamous for their involvement in
allergy, their contribution to the development of asthma and gastrointestinal disorders”’.

Eosinophil development and maturation is very similar to that of neutrophils. HSCs dif-
ferentiate into MPPs, but then develop along the erythro-myeloid lineage*. Finally, in the
presence of IL-577, eosinophil-basophil progenitors®* go through the same maturation pro-
cess as neutrophils, from myeloblasts to mature eosinophils. Human eosinophils then ex-
press key receptors like C-C chemokine receptor type (CCR) 378 and sialic acid-binding Ig-
like lectin 8 (Siglec 8)7°. CCR3 binds ligands such as CCL5 (RANTES), CCL7 (MCP-3), CCL11
(eotaxin), CCL24 (eotaxin 2) and CCL26 (eotaxin 3) and is therefore responsible for eosino-
phil migration into and inside of the tissue. Furthermore, they were shown to express in-
creasing levels of CD44 and CD69 upon activation following IL-5 stimulation and in diseases
like asthma®® 81. CD44 is the receptor for hyaluronic acid, which is widely expressed on leu-
cocytes and best understood in its role in T cell migration and activation®?. CD69 is also
termed the early activation antigen for very early expression in activated T cells, where it
acts as a costimulatory molecule during further activation and maturation®3.

Recent reports describe an emerging role of eosinophils in human cancer and experi-
mental mouse models for cancer. They are present in both solid and haematologic tumours,
as some tumours and tumour-associated cells can recruit eosinophils from the circulation by
release of, e.g. CCL24, CCL11, vascular endothelial growth factor or histamine®. On site,
eosinophils seem to mostly exert anti-tumorigenic functions. Several human cancers are
associated with a good prognosis, e.g. gastric, colorectal or breast cancer, while others, such
as Hodgkin’s lymphoma, are associated with a bad prognosis if eosinophils are present in
the tumour®. In black skin cancer, melanoma, eosinophils have been reported to facilitate
tumour rejection by recruitment of CD8* T cells from the blood via production of chemo-
kines and their contribution to vessel normalisation®. Thus far, it is reasonable to appreci-
ate them as important bystander cells that are equipped to kill cancer cells?’, but are more

likely to modulate the tumour microenvironment by recruitment of other immune cells.
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1.2.2. Adaptive immunity

What is known as the adaptive branch of the immune system is, phylogenetically, much
younger than its innate brother®. It is, as the name suggests, much more adaptive in its re-
sponse to threats and characterised by slower, but more durable response kinetics and the
formation of an immunological memory®°. This great variability originates from a substan-
tial difference between innate and adaptive immune cells. Where innate immune cells sense
pathogens via PRRs, adaptive immune cells are additionally equipped with custom tailored
and unique receptors that allow them to detect a specific antigen on a specific pathogen®’.
The refinement of these receptors is also the reason for the much longer response time of
adaptive immune cells towards an inflammation. However, once fully formed, the receptors
are highly specialised and the cells very proficient in detecting and eradicating foreign
pathogens or rogue host cells®®. The cellular effectors of the adaptive immune system are T
and B lymphocytes®’. Both originate from the BM, but while B cells complete their initial
development there®, T cell progenitors migrate to the thymus, where they undergo matura-
tion and selection®. After this, both T and B cells are mostly encountered in the secondary
lymphoid organs, such as lymph nodes and the spleen, where they patrol for their specific
antigen in the lymph and blood. While B cells are mainly responsible for producing and se-
creting antibodies®!, the humoral branch of the adaptive immunity, T cells, which will be
discussed in the next section, execute versatile functions, such as killing, helping, and

modulating the immune response.
1.2.2.1. Tlymphocytes

The characteristic feature of T cells is their expression of a clonally distinct T cell recep-
tor (TCR) that defines their specificity and affinity to a certain antigen®2. During develop-
ment in the thymus, this TCR is rearranged and tested for antigen binding and self-
tolerance®® before naive T cells are released into the periphery. With age, however, the
thymic T cell output and the abundance of naive T cells®* in the blood decline in humans,
which is partially equalled by a peripheral production of naive T cells in humans®> %. This,
along with immunosenescence and decreasing functionality, contributes to higher suscepti-
bility to infection and immune dysregulation with higher age®’.

T cells can be generally subdivided into antigen-inexperienced, naive cells, memory cells
and regulatory cells”’. Naive T cells respond to new antigens that are encountered by the
organism, while memory T cells have already recognised an antigen, have undergone affini-

ty maturation and subsequent selection and maintain the long-term memory®’. Regulatory T

Page 20 / 153



Introduction

cells are responsible for preventing overshooting immune responses, resolving inflamma-
tion and enforcing self-tolerance®’.

Furthermore, based on the expression of their co-receptors for the TCR and their func-
tion, T cells can be divided into CD4* and CD8* cells”’. CD4* T cells, also called T helper
cells, recognise major histocompatibility complex (MHC) class II loaded with short
peptides®®. MHC 1I is expressed mostly by antigen-presenting cells, such as especially den-
dritic cells, but also B cells or macrophages®. Thus, they essentially support the immune
response by helping and activating other T lymphocytes, as well as modulating inflamma-
tion via the release of cytokines and chemokines, which in turn recruit and activate cells of
the innate immunity, such as neutrophils, eosinophils or macrophages!.

CD8* T cells, the cytotoxic T cells, bind peptides loaded onto MHC class I, which is ex-
pressed by all nucleated cells of the body!!. They kill host cells that have been infected by
intracellular pathogens, such as viruses, or show signs of degeneration, such as malignant
transformation!®l. Once they recognise their antigen, they produce pro-inflammatory cyto-
kines, such as TNF-a or IFN-y, and kill their target either by expression of cell death-
inducing ligands, such as the Fas ligand, or release of their cytotoxic granules!®2. These
granules contain perforins and granzymes that jointly induce apoptosis or lysis of the target
cell'®2, In case of infection, specific, naive CD8" T cells are primed in secondary lymphoid
organs, such as the lymph nodes, where they interact with antigen-presenting cells that
present fragments of an invading pathogen the TCR may recognise®’. This recognition,
alongside co-receptor and cytokine stimulation, results in a drastic proliferative burst, the
expansion phase, and maturation of the antigen-stimulated T cells'. These activated CD8*
cells then actively migrate from the secondary lymphoid organs into the periphery, where
they are recruited to the site of infection by other immune cells, such as CD4* T cells!* or
eosinophils®. On site, they perform their effector functions, such as target cell killing, but
are also able to protect the organ from extensive damage!%. After their work is done, most
effector CD8* T cells become apoptotic and die, while some survive and make up the immu-
nologic memory for future infections!%. These central memory T cells are long-lived and
will persist in the body for extended periods of time!?’. In case of re-infection, central

memory cells are activated and can respond to the infection faster and more rigorously!?’.
1.3. On the move - migration in the immune system

For all the above-mentioned processes, migration is essential for the involved immune
cells to reach a site of infection, communicate with each other or find and eliminate invad-

ing pathogens. Migration encompasses more than just cytoskeletal rearrangements, it also
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means breaking the BM retention, crossing the normally impermeable blood vessel system
and basal membrane, and orient and move inside the complex tissues of an organism. HSCs
are kept in the BM by interaction of their receptor CXCR4 with stromal cell-derived factor 1
(SDF-1, CXCL12), which is produced by BM stromal cells. All descendants of HSCs must
break the CXCR4-CXCL12 axis to leave the BM and enter the circulation®’. For example,
neutrophil release from the BM is induced by G-CSF!%, which interferes with the CXCR4-
CXCL12 interaction!?® and results in upregulation of CXCR2 ligands on endothelial cells
outside the BM!1?, This cuts the tethers of neutrophils in the BM and leads them directly to
the blood vessels, where they actively migrate through sinusoidal endothelium to rapidly

enter the blood stream!10: 111,
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Figure 3: The leucocyte adhesion cascade.

The adhesion and transmigration of leucocytes through the endothelium is a multistep process of
interconnected interactions between the migrating leucocyte and the endothelial cells. First, im-
mune cells are captured and roll along the endothelium via weaker interactions between glycopro-
teins called selectins and their glycosylated ligands. These interactions are strengthened by intracel-
lular signalling and activation of the rolling leucocyte by chemokines which decorate the endotheli-
um. Cell-adhesion proteins, such as integrins, facilitate a tighter binding and ultimately the arrest of
the leucocyte on the endothelial cells. Immune cells are then able to crawl along the endothelium,
which requires the interaction of ICAM-1 and MAC-1. Finally, the cells transmigrate through the
endothelial cells, either paracellularly or transcellularly, and exit the vascular basement membrane
at sites of lower density. This figure is adapted from 1°.

Through the blood circulation, immune cells are distributed throughout the body. In
case of infection, the cells are equipped to leave the circulation and enter the tissue in a
tightly regulated process known as the leucocyte adhesion cascade!? (Figure 3). This pro-
cess relies on a fine-tuned interaction between selectins as well as integrins and their lig-
ands. Capture and rolling on inflamed endothelium depend on selectins, such as L-selectin
(CD62L) on immune cells and P-selectin or E-selectin expressed by endothelial cells, as well
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as integrins like lymphocyte function-associated antigen 1 (LFA-1) or very late antigen 4
(VLA-4) on immune cells'?. Selectins are glycoproteins which interact with glycosylated
ligands, such as P-selectin glycoprotein ligand 1 (PSGL-1) on immune cells!!? and endotheli-
al cells or glycosylated CD44 on immune cells!!3. This also leads to secondary capture of
circulating leucocytes by already captured or rolling leucocytes via interaction of L-selectin
with PSGL-1114,

Integrins, on the other hand, are heterodimeric receptors, which bind ligands such as
vascular cell-adhesion molecule 1 (VCAM-1) or intercellular adhesion molecule 1 (ICAM-
1)19, Both, selectins and integrins, work in concert to facilitate rolling, slow rolling and ulti-
mately arrest. This last step requires the presence of chemokines and other chemoattract-
ants, in addition to the interaction of selectins and integrins!'>. These chemokines decorate
the endothelial cells, activate the rolling immune cells and lead to an increased affinity of
integrin interactions, thus facilitating arrest and adhesion strengthening under blood flow
conditions!!®. However, transmigration, the eventual crossing of the endothelial barrier,
does not necessarily occur at the place of rolling or arrest. In fact, neutrophils have been
shown to probe or scan their surroundings, once arrested on the endothelium!'’. They crawl
perpendicular to the blood flow, reliably finding the next cell-cell junction between two
endothelial cells through which they may transmigrate?’- 117. This active crawling is facili-
tated by the interaction of ICAM-1 on the endothelium and MAC-1 on the neutrophil!'8.

Finally, leaving the blood vessel system means crossing the vascular endothelium and its
basement membrane. Transmigration is dependent on cell-adhesion molecules, like ICAM-1
or VCAM-1, as well as proteins present in the endothelial cell-cell junctions, which essen-
tially guide immune cells through the tight, normally sealed spaces between two endothelial
cells!®. In addition to this paracellular route, neutrophils have also been reported to use
transcellular gateways to migrate directly through endothelial cells, instead of around
them!!?. However, this only seems to occur in the minority of transmigration events?’. To
cross the vascular basement membrane, immune cells have been shown to preferentially
exit at sites of lower basement membrane density!'?. These are poorer in extracellular ma-
trix proteins and show overlaps with the gaps between pericytes, which line the endotheli-
um, thus representing the easiest path for immune cell exit into the tissue!?l. After leaving
the vessel, the cells must incorporate a plethora of new signals, as well as discard the old
ones that have brought them over the endothelial barrier. In fact, strongly infection-related
chemotactic molecules, such as fMLP, can essentially override the endothelial signals'?? and

therefore lead the immune cell, in this case a neutrophil, to its final target.
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These are only two examples, but they already highlight the importance of cell migra-
tion in basic immune system functions, such as cell release from the BM and cell recruit-
ment to a site of infection. Furthermore, T lymphocytes, on their quest to find their antigen
in the periphery, actively migrate and scan secondary lymphoid organs for antigen-
presenting cells with whom they can interact!?3. Therefore, it is essential for immune cells
to be able to migrate and integrate the signals around them to successfully reach their desti-

nation so that they may execute their effector functions properly.
1.3.1. Immune cell migration in acute and chronic diseases

Changes in the migration patterns of immune cells are among the most commonly ob-
served phenomena in human diseases and mouse models. In fact, this seems natural as im-
mune cells are the first to react to an ongoing disease setting, often before any symptoms
have manifested. These changes have also been exploited on the quest for new therapeutic
targets'?*. As some diseases, such as ischemia / reperfusion injury, multiple sclerosis or
Crohn’s disease, are linked to an overshooting reaction of the immune system against itself,
the infiltration of immune cells has been targeted to open new treatment options!?4. Block-
ing the entry of neutrophils, via selectin, integrin or chemokine receptor blockage, into is-
chemic areas in mouse models has elicited considerable protection against further damage,
yet this did not wholly apply for the translation into human therapies!?>. However, blocking
the migration of pro-inflammatory T cells and macrophages during Crohn’s disease!?® or
multiple sclerosis!?’ yielded more promising results. Notwithstanding, these therapies have
a serious downside. Blocking the infiltration into organs on a systemic level leads to defec-
tive migration into every other organ as well, therefore evoking serious complications such
as increased susceptibility to infections'?* and even recurrence of life-threatening, so far
dormant viruses, such as human polyomaviruses!?®.

Besides its therapeutic potential, immune cell migration is, theoretically, an excellent
early warning system for detrimental patient progression or relapse. Multiple studies have
already been conducted to evaluate the clinical relevance of immune cell migration. For ex-
ample, neutrophils were shown to migrate less in severe sepsis cases!? and in asthma pa-
tients!30, while their migration was increased in inflammatory bowel diseases!3!. Also, T cell
migration was accelerated in e.g. multiple sclerosis'®? and inflammatory bowel disease!®3.
Thus far, the assessment of immune cell migration has not been implemented into routine
clinical applications, mostly due to lack of equipment, of rigorous standardisation and of

indications for further treatments.
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1.4. Analysing cell migration

An assay to assess cell migration must be carefully tailored to the scientific question at
hand. It is therefore important to consider the advantages and disadvantages of each meth-
od, as well as include the availability of biological material needed for a specific analysis,
e.g. mouse models or human samples. There are two main angles from which to determine
cell migration: endpoint and live cell measurements. While the former is very versatile and
can be investigated with different kinds of methods, the latter revolves all around imaging

techniques of living cells.
1.4.1. Endpoint measurements

Endpoint measurements seek to describe the outcome of migration events!34. Mostly,
this is done by investigating the presence of e.g. immune cells after a specific treatment at
the site of interest, e.g. an organ. As this is a very basic principle, the downstream applica-
tions are highly adaptable.

Flow cytometry is a broadly used tool to study the composition of single cell suspen-
sions, which can be generated from solid organs. By staining with fluorescently labelled
antibodies, subsets of cells can be identified and described!*>. The depth of this analysis de-
pends entirely on the number of investigated epitopes. However, creating a single cell sus-
pension from an organ is not trivial, especially as the cells must stay intact and unperturbed
for the coming analysis. Additionally, flow cytometry can give no information on the origi-
nal localisation of the cells as well as their neighbourhood within the organ.

Imaging techniques can retain the architecture of the organ, while simultaneously
providing insight into its anatomy and cellular composition. Most widely employed are his-
tological or immunohistological approaches!3¢, which involve the embedding and cutting of
the tissue of interest into thin slices. These are then further processed to highlight specific
structures within tissue, e.g. nuclei, proteins, organelles, cell surface receptors and others,
while giving an overview of the tissue architecture!3¢. While histology allows the analysis of
cellular localisation and abundance, it is a 2-D approach, that can be taken to the third di-
mension by sequential slicing of the tissue into many single sections. All of these must be
imaged and analysed afterwards, which is time-consuming, costly and prone to error. Re-
cent developments in optical clearing and 3-D imaging have revolutionised the analyses of
whole organs!¥’ or even entire organisms!38, by enabling the visualisation of both the over-
all architecture as well as single cells. In this regard, the combination of tissue clearing and

light sheet fluorescence microscopy (LSFM) are now well established!3°.
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Endpoint analysis of cell migration is however not restricted to organisms and organs,
but is readily applicable for primary, isolated cells or cell culture. Here, the most famous
representative are workflows based on the original published by Stephen Boyden in 1962147,
also called Boyden or trans-well assay. The core of this assay is a two-chamber system that
consists of a, mostly, multi-well cell culture plate and an insert for each well'¥?. The cham-
bers are separated by a membrane or small pores that the cells must pass in order to migrate
from the upper chamber, where they are seeded, to the lower chamber, where a stimulus
has been applied. Numerous approaches exist to modify this system to mimic migration
through e.g. extracellular matrix proteins!#! or monolayers of epithelial cells!#2. Subsequent-
ly, the cells that reach the lower well are quantified after different timepoints, thus provid-

ing the number of migrating cells as well as a proxy for their speed!43 144,
1.4.2. Live cell imaging

In contrast to the methods mentioned above, the analysis of live cell migration requires
direct imaging'®*. With the advent of multi-photon microscopy, cell migration analysis in
living animals has yielded unprecedented insights into the steady-state and disease-altered
migration of various immune cell subtypes!®. This intravital imaging, however, requires,
first and foremost, the availability of the organ to the microscope, while it is still inside the
living animal and functioning properly. Various protocols have sought to overcome this
obstacle for easier organs, such as the skin!#, but also for the ones that are harder to reach,
like bone!'?, lung!4” or brain'#®. Intravital microscopy has also been employed on humans,
e.g. muscle cells'* or during intraoperative investigations of tumours!. In addition to mul-
ti-photon microscopy, LSFM has also been used to study the migration of cells in inherently
transparent organisms, such as zebra fish larvae!>! or drosophila!>2.

However, before there was intravital microscopy, scientists relied on in vitro assessment
of live cell migration, which can be performed with either primarily isolated cells or immor-
talised cell lines, using time-lapse video microscopy!'®4. With this technique, the desired lo-
cation is imaged for a fixed amount of time with images being taken in a chosen interval.
Coupled to motorised tables, this setup is capable of imaging different locations with the
limiting factor being the interval time between the images. For the assessment of their mi-
gration, the cells do not necessarily have to be fluorescently labelled and these assays can
move from 2-D153, where cells only adhere on the plastic of the cell culture dish, to 3-D1>,
where they are plated in a gel to mimic the extracellular matrix. Furthermore, similarly to
the Boyden chamber approach, systems exist to create gradients of attracting or repelling
agents to study live directed cell migration, e.g. p-Slide chemotaxis chambers by ibidi. As
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with all in vitro approaches, video microscopy does not fully represent the processes that
occur in an organ or the entire organism!3*. However, these methods are well suited for fast

screening approaches or basic research.
1.5. Investigated diseases

This thesis includes the analysis of immune cell migration in the frame of two sterile in-
flammatory conditions, myocardial infarction and cancer. These diseases either directly af-
fect the investigated immune cells, e.g. leukaemia, or involve them through recruitment and
on-site effector functions, e.g. melanoma and myocardial infarction. As these diseases are
quite different from each other, the following chapter seeks to cover the basis of each of

them.
1.5.1. Leukaemia

1.5.1.1. Myelodysplastic syndromes

Myelodysplastic syndrome (MDS) is the collective term for a variety of BM disorders
that culminate in its inability to produce fully matured blood cells during haematopoiesis!>>.
This results in the lack of peripheral blood cells, cytopenia, depending on which kind of
blood cell is affected. Additionally, due to clonal instability that caused MDS in the first
place, the risk of transformation to acute myeloid leukaemia (AML) is high!>> 15, MDS is
more common in elderly people between 60 — 80 years and men are more often affected
than women!> 15, Due to cytopenia, patients suffer from excessive bleeding, if thrombo-
cytes are affected, and increased risk for infections, if immune cells are affected!>>.

MDS is diagnosed based on a collective assessment of peripheral blood and invasive BM
aspirates and biopsies!>> 156, Here, peripheral cytopenia and the number of immature cells in
BM, called blasts, as well as cytogenetics to determine mutational load are assessed to for-
mulate a diagnosis, calculate the risk for AML transformation and select a therapy. The re-
vised international prognostic scoring system (IPSS-R)!>7 was devised to help with the prog-
nostic scoring of MDS patients. The IPSS-R utilises the clinical variables, such as cytogenet-
ics, number of BM blasts, peripheral blood parameters, as well as age and gender, to gener-
ate a score for each category, ranging from 0 to 4'%7. Based on these scores, the risk category
for the individual is defined, from very low (score < 1.5) to very high (score > 6)!>’. This risk
category directly describes the patient’s overall survival and risk for AML transformation!®’.

As MDS is such a heterogenous disease, its treatment is equally as diverse, but limited!>¢.

Transfusions are often used to supplement the patients with the needed peripheral blood
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cells that the BM fails to produce!®. Additionally, agents that stimulate blood cell matura-
tion, such as erythropoietin and GM-CSF8, or immunomodulatory agents, like lenalido-
mide!®®, show good responses especially in lower risk MDS. Hypomethylating agents, like 5-
azacytidine, are approved for most of the MDS subtypes and result in prolonged time to
AML transformation and haematologic improvement!®?. As a last resort, the patients may
receive haematopoietic stem cell transplantation or intensive chemotherapy, if no donor is
available!®. MDS still lacks more adequate treatment options and thus research into this
direction is imperative. Furthermore, additional, more readily accessible scoring factors
would facilitate clinical work and reduce the burden that repetitive BM biopsies and aspi-

rates impose on the patients.
1.5.1.2. Atypical chronic myeloid leukaemia

Atypical chronic myeloid leukaemia (aCML) is a rare subtype of myelodysplastic /
myeloproliferative neoplasms that has a poor prognosis and no established standard of
care!®l 162, Predominantly, aCML occurs in male, elderly patients between 60 — 7613, In con-
trast to MDS, its characteristics are an elevated white blood cell (WBC) count, mainly due to
increased granulocyte numbers, splenomegaly and severe dysgranulopoiesis!®3 164, aCML
patients suffer from recurring, badly controlled infections, but normally present with gen-
eral symptoms, such as night sweats, malaise or fatigue!¢!. The lack of distinct genetic de-
fects to diagnose aCML, which would results in potential therapeutic targets, complicates
clinical work further'®3. However, some aCML cases seem associated with mutations of
spliceosome proteins, epigenetic modifiers or signalling molecules, like colony-stimulating
factor 3 receptor (CSF3R)!'%. Especially the mutation status of CSF3R in aCML is controver-
sially discussed, as certain CSF3R mutations are used to characterise chronic neutrophilic
leukaemia (CNL)!¢. The patient investigated in this thesis had a CSF3R T618I mutation,
which is a membrane proximal mutation that causes ligand-independent activation of the
down-stream signalling janus kinase (JAK) / signal transducers and activators of transcrip-
tion (STAT) pathway, predominantly JAK1/21¢7. This, in turn, leads to unchecked prolifera-
tion of neutrophils. In this regard, Ruxolitinib, a JAK1/2 inhibitor, has been tested as a ther-
apeutic option as it was able to potently control the leukaemic burden in a few studies of
CNL168 169 Because of these promising reports, Ruxolitinib is currently in clinical trials for
CNL and aCML patients with CSF3R mutations (NCT02092324).

However, despite supportive care, haematopoietic stem cell transplantation and stand-

ard cytoreductive therapies, aCML remains without adequate treatment options!’® and stud-
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ies elucidating underlying genetic and cellular mechanisms in aCML progression would

facilitate clinical work and improve the patients’ therapy options.
1.5.2. Melanoma

Based on the GLOBOCAN cancer estimates of 2018, melanoma is the 8t most common
cancer across all ages and genders and accounts for 1.7% of cancer-related deaths annually
in Europe!’!. Even though non-melanoma skin cancers are much more common (14.8% in
Europe), they have a lower mortality rate (0.6% in Europe), which makes melanoma the
most dangerous form of skin cancer!’!-173, The major risk factor for melanoma is increased
ultraviolet (UV) radiation by high sun exposure or indoor tanning, but also the presence of

moles, fair skin type and a personal history with melanomal74,
1.5.2.1. Development of melanoma

Melanocytes are distributed along the basal membrane of the epidermis, but also else-
where, e.g. in the eye or the inner ear. They originate from the neural crest and produce
melanin, a dark pigment that gives the skin its colour and absorbs UV light, thereby protect-
ing the deeper skin layers from UV-induced deoxyribonucleic acid (DNA) damage!”>. They
normally divide very slowly!’¢, but structurally normal melanocytes may accumulate in

clusters (benign naevi or moles), caused by local proliferation of melanocytes!’” (Figure 4).

Benign Dysplastic | Radial-Growth Vertical-Growth Metastatic
Nevus Nevus

Stage Phase Phase Melanoma

Epidermis

Basement
membrane

Dermis
Metastasis to lung, liver,
of brain
Benign Premalignant Decreased differentiation >
Bin]sngi: Limited grawth Lesions may regress | Unlimited hyperplasia Crosses basement membrane  Dissociates from primary
Evants Random atypia Cannaot grow in soft agar Grows in soft agar tumar
Clanal proliferation Forms tumor Grows at distant sites

Figure 4: Schematic of melanoma progression.

Malignant melanoma starts off as a benign naevus, basically a skin lesion caused by proliferation of
structurally normal melanocytes. Benign naevi exhibited limited growth, may be flat or slightly
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raised, are of uniform or regular colouration and occur along the basal membrane. Due to genomic
mutations, the nevus enters the dysplastic stage, where the cells start to proliferate, sometimes even
at new locations. In the radial-growth phase, the cells grow into the epidermis and single cells may
penetrate the dermis. The next stage, the vertical-growth phase, is characterised by dermal invasion
and the ability to form tumours in immune-compromised mice. Metastatic melanoma is the very last
stage of this disease model, where the cells may leave the primary tumour and form metastases in
distant organs, like lung, liver or brain. Each step is accompanied by a complex set of genetic muta-
tions that allows the cells to enter the next stage. This figure is adapted from !77.

This proliferation is most commonly induced by mutations that activate the mitogen-
activated protein kinase (MAPK) pathway!’® 179 a central signalling hub that communicates
signals from the extracellular space via signalling receptors to the nucleus to induce target
transcription. Importantly, the MAPK pathway is responsible for cell proliferation induced
by growth factors!8’. Hence, a large variety of cancers exhibit mutations that abnormally
activate the MAPK pathway, such as BRAF or N-RAS mutations, and therefore lead to un-
controlled cell proliferation!’’. The next stages towards metastatic melanoma are character-
ised by the formation of naevi with structural anomalies, decreased differentiation and exit
from the cell cycle, as well as clonal expansion!”’. The cells start disseminating and invading
beyond the basal membrane into the dermis and ultimately the lymphatic or blood vessel

system!®1,
1.5.2.2. Classifications

Melanoma is traditionally diagnosed by histopathology of biopsies from irregular skin
lesions and the draining lymph node'’4. This diagnosis is based on three criteria: the thick-
ness of the primary tumour; whether or not metastases have reached the draining lymph
node and finally the metastasis status to distant sites, such as distant skin areas, the lung or
the brain!’4 182, According to this, the patients are then grouped into stages, ranging from
Stage 0 (intact basal membrane, no lymph node involvement or metastases) to Stage 4 (dis-
tant metastases)!2. Furthermore, the presence or absence of key genetic alterations, such as
BRAF mutations, are tested to determine whether the patient might benefit from targeted

therapy against this special mutation, e.g. BRAF inhibitors!7.
1.5.2.3. Treatments

Most melanomas are detected early during routine check-up by an experienced physi-
cian!’4. These are easily cured by wide local excision with safety margins depending on the
tumour thickness!’*. However, once melanoma metastasises, it is increasingly hard to treat.

Depending on the mutation status of the primary tumour, BRAF inhibitors, mostly in com-
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bination with MEK inhibitors, are employed which show high response rates in tumours
positive for BRAF V600E!83: 184,

Beyond this, recent developments in the understanding of T cell biology and exploita-
tion of this knowledge have driven systemic cancer therapy to new heights. Tumour cells,

tumour-associated immune cells and cytotoxic, CD8* T cells share a complex relationship!®

(Figure 5).
Cancer cell escapes CTLA-4 inhibitors
immune system = e
pilimumal Treg
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Figure 5: Tumour immune evasion and immune checkpoint inhibitors.

Tumour cells, their associated immune cells and CD8" T cells, which are responsible for killing
rogue host cells, share a complex relationship. Cancer cells may escape immune surveillance by
expressing immune modulatory molecules, such as PD-L1 that, if binding to its receptor PD-1 on T
cells, triggers anergy and exhaustion. On the other hand, CD8* T cells may express inhibitory mole-
cules like CTLA-4 due to overexposure to their antigen, which competes with the co-stimulatory
CD28 for the binding of the B7 complex on dendritic cells or macrophages. Furthermore, regulatory
T cells (Treg) also act via CTLA-4 and inhibit CD8* T cell function. This causes the cancer cells to
grow and proliferate uncontrollably. However, these immune checkpoints, which are crucial to re-
solve and confine an ongoing inflammation, may be blocked by suitable blocking antibodies. This
unleashes the power of CD8" T cells on the tumour and leads to tumour shrinkage and clearance.
This figure is adapted from #.

Tumour cells may express restrictive molecules, such as the programmed cell death pro-
tein 1 ligand 1 (PD-L1) that, if binding to programmed cell death protein 1 (PD-1) on CD8* T
cells, directly inhibits the CD8* T cell in its function!®. Triggering of these immune check-
points is therefore viewed as an immune-evasive strategy. Furthermore, CD8* T cells can be
restricted by their expression of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)!¥7,

which binds to the B7 complex on dendritic cells or macrophages and inactivates CD8* T
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cells'®. The antibody-mediated blocking of these targets, CTLA-4, PD-1 and PD-L1, un-
leashes the power of the adaptive immune system and enables CD8* T cells to kill their tar-
get cells with high efficiency. This has revolutionised the field of systemic anti-cancer ther-
apy!’s.

However, this power comes at a cost. Under non-cancer conditions, these immune
checkpoints are important in enforcing self-tolerance!®. If this control is removed, the cells
do not only react to cancer cells, but to all entities that trigger their TCR. These so called
immune-related adverse events (irAE) mostly occur at sites of environmental exposure, such
as the gastrointestinal tract, the lungs and the skin, but also liver, heart and endocrine or-
gans!®. Overall response rates, especially for combination therapies of CTLA-4 and PD-1
blocking antibodies, are quite high (56% — 59%)'7%. However, it is still unclear whether and
why a patient will respond to immune therapy or not. Hence, reliable biomarkers to either
pre-test the susceptibility of a patient to ICBT, predict the therapy outcome or the occur-
rence of irAE early during ICBT are sorely needed.

1.5.3. Myocardial infarction

Coronary heart disease is still the leading cause of death worldwide, with myocardial in-
farction (MI) as its most common form. Even though the incidence of MI is declining in in-
dustrialised countries!®, it is increasing in developing countries, where 80% of worldwide
deaths occur from cardiovascular disease '°2. MI is defined as local dysfunction and ulti-
mately death of the myocardium due to a shortage of blood supply, ischemia, by the coro-
nary arteries. This is caused by dropping oxygen concentration and therefore the termina-
tion of the energy-providing oxidative phosphorylation in cardiomyocytes!®>. However,
under 15 minutes of ischemia causes reversible damage and the afflicted tissue may be com-
pletely salvaged!**. MI is caused by occlusion of the coronary arteries, most commonly by a
fatty coronary plaque or thrombus!®. Risk factors are, among others, old age, male gender,
smoking or alcohol drinking, as well as high blood pressure and cholesterol!*®.

MI is normally treated by unblocking the affected vessel and allowing reperfusion of the
undersupplied tissue, reducing the risk of other thrombi due to cardiac arrhythmia and pre-
venting further MIs'%’. The occluded coronary artery is most commonly unblocked via per-
cutaneous coronary intervention, which uses catheters to insert a stent into the narrowed
vessel and re-open it or, in rare cases, via fibrinolysis (thrombus) using e.g. tissue plasmino-
gen activator!®’. However, the restoration of perfusion (reperfusion) after MI may inflict
damage on the myocardium and the vasculature, the so-called ischemia / reperfusion injury
(I/R injury)!®® 19, The release of molecules normally retained inside the cells, damage-
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associated molecular patterns (DAMP), activate the endothelium, which in turn leads to re-
cruitment of immune cells, such as neutrophils, following reperfusion?®. Additionally, reac-
tive oxygen species (ROS), which are produced by undersupplied cardiac cells'4, but also
endothelial cells?*! and invading neutrophil granulocytes???, are a main cause for further
damage following I/R, as they lead to extensive tissue damage and further cell death?%.

During the early stages of reperfusion, the inflammatory phase, neutrophils massively
infiltrate into the damaged tissue and inflict further tissue damage by releasing ROS and
matrix metalloproteases??’. Pro-inflammatory monocytes arrive shortly afterwards, which
differentiate into pro-inflammatory macrophages and dendritic cells on site?**. However,
during later stages of I/R, monocytes enter the tissue that exert more reparative roles and
support healing of the infarcted tissue?**. Yet, also neutrophils play a role in healing, as
apoptotic neutrophils are phagocytosed by macrophages, which induces anti-inflammatory,
pro-healing responses?®>.

In spite of this, large parts of the influence of immune cells on cardiac damage and heal-
ing remain elusive. The depletion and manipulation of neutrophils during MI yields incon-
clusive results??6209 and the exact pathways that underlie their diverse functions are only
poorly understood. In this regard, understanding the precise kinetics and interplay of neu-

trophils with the injured myocardium and epithelium is of utmost importance.
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2. Aim

Motility is an intrinsic and central ability of immune cells. During steady-state, immune
cells patrol the organism in search of invading pathogens or rogue cells. This migration pat-
tern is highly dynamic and can adapt to changes occurring in the whole body. During an
infection, for instance, tissue-resident immune and non-immune cells sense the pathogen
and signal for backup to immune cells in the blood. This changes their motility pattern and
allows them to roll and adhere to the blood vessels closest to the target site, transmigrate
and move through the tissue in a directed fashion.

During this process, both the affected organ and the blood immune cells are subject to
changes. These two entities can be investigated to study immune cell migration either while
it occurs (live) or after it has occurred (endpoint). On the organ level, changes in endothelial
permeability and expression patterns, immune cell distribution and microenvironment take
place that are mostly investigated by endpoint measurements. However, when looking at
single cells, observing the changes while they occur yields more information.

This thesis explores and compares two possibilities to assess immune cell migration in
mouse and man and seeks answers to the following questions: What impact do diseases, like
leukaemia or solid tumours, have on the live immune cell migration and the activation sta-
tus of peripheral blood immune cells? Can these changes be quantified, and live immune cell
migration assays be standardised? Is immune cell migration a biomarker to be used in pa-
tient diagnosis and disease progression? How can we investigate endpoint immune cell mi-
gration into an organ in three dimensions? How can we quantify the distribution pattern in
a relatable manner?

Finding answers to these questions will improve diagnostics and may predict treatment
success in humans as well as open new treatment options by further understanding the role

of immune cells in mouse models.
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3. Methods

3.1. Human studies

Blood samples from healthy control patients were either provided by the Institute for
Medical Informatics, Biometry and Epidemiology (IMIBE) as part of the Heinz-Nixdorf Re-
call MultiGeneration (HNRM) study or by the blood donation centre, both at the University
Hospital Essen (Essen, Germany). Blood samples from patients suffering from metastatic
malignant melanoma (Stage 3 and 4) undergoing immune checkpoint blocker therapy were
obtained from the skin cancer Biobank (SCABIO) at the University Hospital Essen (Essen,
Germany). Samples from MDS patients were obtained from the Diisseldorf MDS registry of
the Diisseldorf University Hospital (Diisseldorf, Germany). Blood samples from the aCML
patient were obtained in cooperation with Dr. Joachim Gothert of the University Hospital

Essen (Essen, Germany).
3.1.1. Ethics committee approval

This study was approved by the relevant institutional ethics committees at the Universi-
ty of Duisburg-Essen. Written informed consent was obtained from all participants. Identifi-
cation numbers of ethical approvals/registers: 15-6686-BO (HNMR samples, Essen, Germa-
ny), 16-6982-BO (aCML samples, Essen, Germany), 3768 (MDS samples, Diisseldorf, Germa-
ny), 17-7497-BO (ICBT samples, Essen Germany).

3.1.2.Blood Transport

All blood samples were obtained in ethylenediaminetetraacetic acid (EDTA)-
supplemented tubes and transported for 30 minutes (min) up to 1 hour (h) in a
VACUETTE® transport container (Catalogue number (Cat. No.): 800110, Greiner Bio-One,

Kremsmiinster, Austria) according to the UN 3373 regulation.
3.2. Animal studies

All animal experiments were conducted in cooperation with the Department of Cardiol-
ogy and Vascular Medicine, University Hospital Essen, Essen, Germany. They were ap-
proved by the responsible governmental agency, the Ministry for Environment, Agriculture,
Conservation and Consumer Protection of the state of North Rhine-Westphalia (MULNV)

and complied with all relevant ethical regulations for animal testing and research.
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3.2.1.Ischemia/Reperfusion (I/R) heart injury

Male C57BL/6JR] and Catchup mice (12 +3 weeks of age) were subjected to a published
myocardial I/R in vivo protocol’ 21°, In short, mice were anesthetised by intraperitoneal (i.p.)
injection of ketamine (100 mg/kg, Cat. No.: 9089.01.00, bela-pharm, Vechta, Germany) and
xylazine (Rompun, 10 mg/kg, Cat. No.: 6324464.00.00, Ceva Tiergesundheit, Diisseldorf,
Germany). They were orally intubated and ventilated throughout the operation procedure
and anaesthesia was maintained during the operation by supplementing 2% isoflurane
(Forene, Cat. No.: 2594.00.00, abbvie, Wiesbaden, Germany). The chest was opened through
a left lateral thoracotomy and the left coronary artery was ligated. After 45 min of ischemia,
reperfusion was allowed for indicated time points. Mice were treated with 0.1 mg/kg bu-
prenorphine (Temgesic, Cat. No.: 997.00.00, Indivior, Richmond, Virginia, USA) subcutane-
ously every 8 h after operation for a total of 72 h. Mice received 1000 international units
heparin (Cat. No.: 27586.00.00, LEO Pharma, Neu-Isenberg, Germany) i.p. 10 min before the

end of the experimental protocol and were killed by cervical dislocation.
3.2.2. Stainings for Light sheet fluorescence microscopy (LSFM)

For light sheet experiments mice were treated as published!. In short, mice received in-
travenous (i.v.) tail vein injections 10 min before sacrifice with 5 ug of each antibody in
phosphate buffered saline (PBS) in a total volume of 150 pl per animal: anti-mouse CD31
(clone: Mec13.3, purified: Cat. No.: 553369, BD Biosciences, Franklin Lakes, New Jersey,
USA; conjugated with Alexa Fluor (AF) 647: Cat. No.: 102516, BioLegend, San Diego, Cali-
fornia, USA) and anti-mouse Ly-6G (clone: 1A8, purified: Cat. No.: 127602, BioLegend; con-
jugated with AF647: Cat. No.: 127610, BioLegend). Purified antibodies were conjugated with
AF790 using the Alexa Fluor® 790 Antibody Labelling Kit (Cat. No.: A20189, Thermo Fisher
Scientific). After sacrifice, mice were perfused blood-free with PBS, hearts were excised and

subjected to following tissue processing.

3.3. Invitro human immune cell migration assays

3.3.1.Isolation of immune cells from human peripheral whole blood

3.3.1.1. Density gradient centrifugation

Neutrophil granulocytes were isolated via density centrifugation using Poly-
morphprep™ (Cat. No.: 1114683, AXIS-SHIELD, Oslo, Norway) as previously described?.
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Briefly, Polymorphprep™ was overlaid with EDTA-supplemented human whole blood at a
1:1 ratio and centrifuged at 450 relative centrifugal force (rcf) for 30 min without brake. Pol-
ymorphonuclear cells (PMN) were collected and washed with sterile 10 millilitre (ml) PBS
Dulbecco without calcium or magnesium ions (Cat. No.: L 1825, Biochrom, Berlin, Germa-
ny). Erythrocytes were lysed for 10 min at RT in erythrocyte lysis buffer, containing
155 millimolar (mM) NH4Cl (Cat. No.: A9434, Sigma Aldrich), 10 mM KHCOs; (Cat. No.:
P748.1, Carl Roth), 0.1 mM EDTA (Cat. No.: 15575-020, Invitrogen) in distilled H20. After
another washing step in sterile PBS Dulbecco (Biochrom), cells were resuspended in sterile
hematopoietic progenitor growth medium (HPGM, Cat. No.: PT-3926, Lonza, Basel, Switzer-
land) and automatically counted using a Cellometer Auto T4 (Nexcelom Bioscience, Law-

rence, MA, USA).
3.3.1.2. Negative magnetic isolation

Since Polymorphprep™ isolation did not reliably separate neutrophils of sick patients,
they were purified via negative magnetic isolation using the human MACSxpress® Whole
Blood Neutrophil Isolation Kit (Cat. No.: 130-104-434, Miltenyi Biotec, Bergisch Gladbach,
Germany) according to manufacturer’s instructions as well. Briefly, peripheral EDTA-
supplemented human whole blood was mixed with 250 microlitre (ul) per 1 ml blood of
MACSxpress® Whole Blood Cell Isolation Cocktail and 250 pl per 1 ml blood of Buffer B for
5 min while rotating in a MACSmix™ Tube Rotator (Cat. No.: 130-090-753, Miltenyi Biotec)
at RT. The suspension was then placed in the MACSxpress® Separator (Cat. No.: 130-098-
308, Miltenyi Biotec) for 15 min at RT and afterwards the supernatant, containing purified
neutrophil granulocytes, was carefully collected. Using the MACSxpress® Erythrocyte De-
pletion Kit (Cat. No.: 130-098-196, Miltenyi Biotec), residual erythrocytes were magnetically
depleted in the same manner, according to manufacturer’s instructions. The cells were
washed with 10 ml PBS Dulbecco (Biochrom), centrifuged at 200 rcf for 5 min at RT and
resuspended in X-Vivo™ 10 serum-free hematopoietic cell medium (Cat. No.: 04-743Q, Lon-
za, Basel, Switzerland), as HPGM was discontinued during these studies. Cell concentration
was determined automatically as mentioned under 3.3.1.1.

Eosinophil granulocytes were isolated by negative magnetic isolation using the human
MACSxpress® Whole Blood Eosinophil Isolation Kit (Cat. No.: 130-104-446, Miltenyi Biotec)
according to manufacturer’s instructions and as described for neutrophil granulocytes.

CD8* T cells were isolated by negative magnetic isolation using the human MACSx-
press® Whole Blood CD8 T cell Isolation Kit (Cat. No.: 130-098-194, Miltenyi Biotec) accord-

ing to manufacturer’s instructions and as described for neutrophil and eosinophil granulo-
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cytes until the washing step with PBS. After centrifugation, CD8* T cells were resuspended
in X-Vivo™ 10 medium (Lonza) containing 1x of Gibco™ MEM non-essential amino acids
solution (Cat. No.: 11140050, Thermo Fisher Scientific, Waltham, MA, USA) and 1 mM Gib-
co™ sodium pyruvate (Cat. No.: 11360039, Thermo Fisher Scientific). Cell concentration was
then determined by automated counting as described above. The T cell medium was pre-

pared freshly and then kept at 4 °C for 14 days (d) at maximum.

3.3.2. Human immune cell migration assay conditions

3.3.2.1. Neutrophil granulocytes

Neutrophils were seeded in an uncoated 96 well p-Plate black (Cat. No.: 89626, ibidi,
Martinsried, Germany) at a density of 8,250 cells per well in 198 pl sterile X-Vivo™ 10 (Lon-
za) supplemented with sterile serum replacement 3 (SR3; final concentration: 0.3x; Cat. No.:
§2640, Sigma Aldrich). The cells were stimulated at the standard concentrations of either
2 ul N-Formylmethionine-leucyl-phenylalanine (fMLP, final concentration: 10 nM; Cat. No.:
F3506, Sigma Aldrich), 2 ul CXCL1 (final concentration: 100 ng/ml; Cat. No.: 275-GR/CF,
R&D Systems, Minneapolis, Minnesota, USA) and 2pul CXCL8 (final concentration:
100 ng/ml; Cat. No.: 208-IL-CF, R&D Systems), as previously published?. As the stimuli were
reconstituted in sterile PBS Dulbecco (Biochrom), 2 pl of sterile PBS served as the vehicle
control to determine baseline migration of neutrophils. The plate was spun down at 50 rcf

for 3 min at RT and incubated for 20 min at 37 °C, 5% COz prior to microscopy.
3.3.2.2. Eosinophil granulocytes

Eosinophils were seeded in a 384 well plate for optical imaging with tissue culture
treatment (Cat. No.: 3985, Corning, New York, USA) at a density of 2,500 cells per well in
27 pl sterile X-Vivo™ 10 (Lonza) supplemented with sterile SR3 (Sigma Aldrich). The cells
were stimulated at the indicated concentration with either 3 ul CCL5 (final concentration:
100 ng/ml; Cat. No.: 300-06B; Peprotech, Rocky Hill, New Jersey, USA), 3 ul CCL7 (final con-
centration: 500 ng/ml; Cat. No.: 585702, BioLegend, San Diego, California, USA), 3 ul CCL11
(final concentration: 100 ng/ml; Cat. No.: 583002, BioLegend), or 3 pl CCL24 (final concen-
tration: 500 ng/ml; Cat. No.: 585702, BioLegend). As the stimuli were all reconstituted in
sterile PBS Dulbecco (Biochrom), 3 pl of sterile PBS served as the vehicle control to deter-
mine baseline migration of eosinophils. The plate was spun down at 50 rcf for 3 min at RT

and incubated for 20 min at 37 °C, 5% COx prior to microscopy.
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3.3.2.3. CD8*Tcells

Human recombinant intercellular adhesion molecule 1 ICAM-1) was used to enable ad-
hesion of CD8* T cells to the microscopy plate. For this, 20 pl of 5 pg/ml ICAM-1 (Cat. No.:
720-IC, R&D Systems) were incubated in a 384-well plate for optical imaging with tissue
culture treatment (Corning) overnight at 4 °C. The supernatant was discarded the next day.
2,500 CD8* T cells per well were seeded in 30 pl sterile X-Vivo™ 10 (Lonza) supplemented
with 1x Gibco™ MEM non-essential amino acids solution (Thermo Fisher Scientific), 1 mM
Gibco™ sodium pyruvate (Thermo Fisher Scientific) and sterile SR3 (Sigma Aldrich). The
plate was spun down at 50 rcf for 3 min at RT and incubated for 24 h at 37 °C, 5% CO2. The
cells were then stimulated with either 3 pl stromal cell-derived factor 1 alpha (SDF-1a,
CXCL12; final concentration: 100 ng/ml or 500 ng/ml; Cat. No.: 300-28A, Peprotech) or 3 pl
SDF-1fB (CXCL12; final concentration: 1 pg/ml; Cat. No.: 251-FS/CF, R&D Systems). As the
stimuli were reconstituted in sterile PBS Dulbecco (Biochrom), 2 pl of sterile PBS served as
the vehicle control to determine baseline migration of CD8* T cells. The plates were imme-

diately transferred to the microscopes after stimuli addition.
3.4. BALANCE protocol for tissue clearing

Perfused hearts were immersed in 4% w/v paraformaldehyde (PFA, Cat. No.: 10195, Mor-
phisto, Frankfurt am Main, Germany) in PBS for chemical fixation for 4 h at 4 °C in 15 ml
tubes. For all following steps, hearts were kept at 4 °C, always agitated, transferred only to
pre-cooled solutions in 15 ml tubes and kept protected from light. Following fixation, hearts
were dehydrated in an ascending ethanol series in ddH20 volume per volume (v/v) of 50%,
70% and 100% (Cat. No.: 9065.2, Roth) for at least 4 h while shaking. Subsequently, samples
were bleached for 4 h in freshly prepared 5% v/v hydrogen peroxide (Cat. No.: 349887; Sig-
ma Aldrich) and 5% v/v dimethyl sulfoxide (Ca. No.: 4720.3, Carl Roth) in 100% ethanol. Af-
ter a washing step of at least 4 h in 100% ethanol, samples were warmed to room tempera-
ture (RT) for 5 min before transfer into 7 ml pure (99%) ethyl cinnamate (ECi, Cat. No.:
112372, Sigma Aldrich) in a glass vial for at least 4 h prior to imaging. Samples were kept at
RT in the dark until and after imaging.

This protocol has been published!.
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3.5. Imaging techniques

3.5.1. Time-lapse microscopy

Human neutrophils were imaged in a Leica DMI6000 B (Leica Microsystems) coupled to
a workstation running Leica Application Suite X (LASX, Leica Microsystems) with a motor-
ised stage, equipped with a HC PL FLUOTAR L 20x/0.40 DRY objective (Cat. No.: 11506243,
Leica Microsystems) at an imaging rate of one frame every 8 seconds (s for 1 h at 37 °C,
without COg, as previously published 2. Eosinophils and CD8* T cells were imaged in a Zeiss
AxioObserverZ.1 (Carl Zeiss, Oberkochen, Germany) coupled to a workstation running ZEN
Blue (Carl Zeiss), with a motorised stage, equipped with a LD A-Plan 20x/0.35 Ph1 objective
(Cat. No.: 421251-9910-000, Carl Zeiss) at an imaging rate of one frame every 9 s and one
frame every 16 s, for eosinophils and CD8* T cells respectively, at 37 °C, without COz. Mi-
croscopy resolution was 0.458716 pixel/um for the Leica DMI6000 B (for neutrophil granulo-
cytes) and 0.369 pixel/um for the Zeiss Axio Observer.Z1 (for eosinophil granulocytes and
CD8* T cells). The time between images was set to 8 s for neutrophils, to 9 s for eosinophils

and to 16 s for CD8* T cells.
3.5.2. Light sheet fluorescence microscopy

Samples were imaged using an Ultramicroscope II and ImSpector software (LaVision Bi-
oTec, Bielefeld, Germany), as previously published!. For image acquisition, cleared samples
were immersed in ECi (Sigma Aldrich) in a quartz cuvette and excited with light sheets of
different wavelengths (488, 561, 639 and 785 nm). Following band-pass emission filters
(mean nm / spread) were used, depending on the excited fluorophores: 525/50 for FITC;
595/40 for AF594 or autofluorescence; 680/30 for AF647 and 835/70 for AF790. For image
acquisition, hearts were trapped, with the apex and the aorta horizontally aligned, in a
commercially available sample holder (LaVision BioTec) and imaged along the longitudinal
axis. To avoid damage or deformation of the sample, ECi-cleared 1% phytagel/ H20 (Cat.
No.: P8169, Sigma Aldrich) blocks were used as buffers between tissue and plastic holder.

Whole-heart data sets were obtained with 2x total magnification (pixel size of 3.25 pm /
pixel x,y, lateral resolution: 6.5 pm in x and y) with 10 pm z spacing between optical planes.
Sheet width was set to 4200 and numeric aperture to 0.148, resulting in an approximate light
sheet thickness of 4 um in the horizontal focus. Illumination time was 350 ms, with enabled
8x dynamic focus in both left and right laser lines. For regions of interest (ROI), magnifica-

tions are indicated in the figure legends.
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3.6. Post-processing and image analysis

3.6.1. Time-lapse video microscopy

3.6.1.1. Automated single cell tracking

The Multi-TIFF files generated under 3.5.1 were exported as *.mov or *.mp4 in the re-
spective microscopy software. These files were analysed by the Automated Cellular Analy-
sis System (ACAS, MetaVi Labs, Austin, Texas, USA; sales@metavilabs.com). The minimum
track duration was 60 s, the evaluation interval 30 s and the movement threshold 8 pum for
all cell types. The parameters evaluated in this work are defined by the ACAS software as
given below.

The tracking first divides into valid and non-valid tracks, depending on whether the
minimum track duration, set above, is passed or not. Non-valid tracks are not included in
the later analysis of the sample. Secondly, the cells are dividing into moving and non-
moving cells. Non-moving cells (nmc.) are those tracks for which the greatest Euclidean
distance is less than the movement threshold, set above. The mean cell speed (both includ-
ing and excluding nmc.) is calculated by the accumulated distance a cell crossed in an inter-
val, divided by the interval duration (time). These speeds are averaged over all intervals for
each cell. This average speed over all intervals is then averaged again over all cells, resulting
in the speed (excluding or including non-moving cells). The mean velocity (both including
and excluding nmc.) is calculated as the Euclidean distances of a track divided by the time
duration of that track, regardless of the evaluation interval. Then the velocities for all cell

tracks in the well are averaged for the entire well.
3.6.1.2. Manual cell size analysis

To quantify the changes in cellular morphology of atypical chronic myeloid leukaemia
(aCML) neutrophils and neutrophils from healthy donors, the size of cells in the respective
video were manually analysed using FIJI?!!. For that, the first image of every video was ex-
ported as *.tif from the LASX software and imported to FIJI. Subsequently, the outer cell
margins were manually marked as ROIs and the occupied area was computed by FIJI’'s ROI
manager. Results were given in um? Additionally, five age- and gender-matched probands

were quantified as controls.
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3.6.2. Light sheet fluorescence microscopy

3.6.2.1. Surface and volume rendering

16-bit OME.TIF stacks were converted (ImarisFileConverterx64, Version 9.2.0, Bitplane,
Belfast, UK) into Imaris files (.ims). 3D reconstruction and subsequent analysis was conduct-
ed using Imaris software (Bitplane), as published!. Heart surface (25 pm grain size) and vol-
ume was determined using surface creation algorithms. All surface tracings (AAR, CD31
negative (CD317¢8), vessels) are based on the contour tracing tool and are carried out manu-
ally/semi-automatically. For surface creation, each (vessels), every 5 (CD31 tracings) or 10th
(AAR) image was traced. Surfaces were created with maximum resolution (2160 x 2560 pixel)
and preserved features, to ensure matching of the traced lines with the surface border. Dis-
crimination of arteries and veins was done by their location within the heart muscle and the

signal intensity of the CD31 staining (CD31hgh for arteries, CD31°V for veins).
3.6.2.2. Spot function for immune cell counting

Immune cell counts were determined using the spot detection algorithm with an as-
sumed diameter of neutrophils of 7 pm (14 um z), as published!. After assessment of signal
distributions in non-stained, basal, 45 min ischemia 24 h reperfusion (I45min R24h) and
45 min ischemia 5 d reperfusion (I45min 5d) hearts, a threshold was applied for all hearts
(4,500-35,000 grey values). Localisation of detected spots respective to surface borders was

measured using the distance transformation extension on desired surfaces.

3.7. Flow cytometry

3.7.1. Standard protocols for purified human immune cells

100,000 purified neutrophils were transferred to a Rotilabo® 96 well microtest plates
with U-profile (Cat. No.: 9291.1, Carl Roth) and spun down at 300 rcf for 5 min. The super-
natants were discarded, and the cells were stained in 100 pl PBS with the following antibod-
ies and dilutions: CD15 VioBlue (dilution: 1:50, Clone: VIMCS6, Cat. No.: 130-113-488, Mil-
tenyi Biotec), CD16 FITC (dilution: 1:50, Clone: REA423, Cat. No.: 130-113-392, Miltenyi Bio-
tec), fMLP receptor AF647 (final dilution: 1:100, Clone: 5F1, Cat. No.: 565623, BD Bioscienc-
es), CXCR1 PE (dilution: 1:100, Clone: 8F1, Cat. No.: 130-105-352, Miltenyi Biotec), CXCR2
PE-Vio770 (dilution: 1:20, Clone: REA208, Cat. No.: 130-100-930, Miltenyi Biotec), CD11b PE
(dilution: 1:50, Clone: REA713, Cat. No.: 130-110-611, Miltenyi Biotec), CD66b PE (dilution:
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1:10, Clone: REA306, Cat. No.: 130-117-414, Miltenyi Biotec) and CD62L PEVio770 (dilution:
1:100, Clone: 145/15, Cat. No.: 130-104-241, Miltenyi Biotec). After an incubation step of
15 min in the dark at 4 °C, the suspensions were diluted 1:1 with PBS and analysed on a
MACSQuant VYB (Miltenyi Biotec).

50,000 purified eosinophils were transferred to a Rotilabo® 96 well microtest plates with
U-profile (Carl Roth) and spun down at 300 rcf for 5 min. The supernatant was discarded,
and the cells were stained with the following antibodies and dilutions: Siglec 8 APC (dilu-
tion: 1:50, Clone: REA1045, Cat. No.: 130-117-902, Miltenyi Biotec), CD15 PE (dilution: 1:11,
Clone: REA321, Cat. No.: 130-104-936, Miltenyi Biotec), CCR3 (CD193) VioBlue (dilution:
1:11, Clone: REA574, Cat. No.: 130-108-887, Miltenyi Biotec), CD69 PE (dilution: 1:50, Clone:
REA824, Cat. No.: 130-112-613, Miltenyi Biotec) and CD44 FITC (dilution: 1:50, Clone:
REA690, Cat. No.: 130-113-903, Miltenyi Biotec). After an incubation step of 15 min in the
dark at 4 °C, the suspensions were diluted 1:1 with PBS and analysed on a MACSQuant VYB
(Miltenyi Biotec).

50,000 purified CD8* T cells were transferred to a Rotilabo® 96 well microtest plates
with U-profile (Carl Roth) and spun down at 300 rcf for 5 min. The supernatant was dis-
carded, and the cells were stained with the following antibodies and dilutions: CD8 FITC
(dilution: 1:100, Clone: REA734, Cat. No.: 130-110-815, Miltenyi Biotec), CCR7 (CD197) Vio-
Blue (dilution: 1:50, Clone: REA546, Cat. No.: 130-117-503, Miltenyi Biotec), CD45RO PE
(dilution: 1:50, Clone: REA611, Cat. No.: 130-114-085, Miltenyi Biotec) and CD154 (CD40L)
PEVio770 (dilution: 1:100, Clone: REA238, Cat. No.: 130-096-793, Miltenyi Biotec). After an
incubation step of 15 min in the dark at 4 °C, the suspensions were diluted 1:1 with PBS and
analysed on a MACSQuant VYB (Miltenyi Biotec). Isotype controls (Table 10) for the spe-
cific antibodies were tested on the cells according to the protocol above. The controls were

used in the same dilution and stained as their respective antibody.

3.7.2.In vitro stimulation

To verify the flow cytometric stainings beyond isotype controls alone, the purified cells

were stimulated in vitro to assess the up- or downregulation of the used activation markers.
500,000 neutrophils were stimulated with 10 ng/ml CXCL8 (R&D Systems) in 1 ml X-
Vivo™ 10 (Lonza) containing SR3 for 1 h in 12 well cell culture plates (Cat. No.: 92012, TPP).
The cells were then gently scrapped off the plates and washed twice with cold PBS. Half of
the collected cells were used as an unstained control, while the other half was stained ac-
cording to the standard flow cytometry panel. 250,000 eosinophils were stimulated with
10 nM GM-CSF (Cat. No.: 572902, BioLegend) in 1 ml X-Vivo™ 10 (Lonza) containing SR3
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for 2 h in 12 well cell culture plates (TPP). The cells were then gently scrapped off the plates
and washed twice with cold PBS. Half of the collected cells were used as an unstained con-
trol, while the other half was stained according to the standard flow cytometry panel.
250,000 CD8* T cells were stimulated with 100 nM phorbol 12-myristate 13-acetate (PMA;
Cat. No.: P8139, Sigma Aldrich) and 1 pM Ionomycin (Cat. No.: 10634, Sigma Aldrich) in
500 pl X-Vivo™ 10 (Lonza) containing 1x Gibco™ MEM non-essential amino acids solution
(Thermo Fisher Scientific), 1 mM Gibco™ sodium pyruvate (Thermo Fisher Scientific) and
sterile SR3 for 6 h in 48 well cell culture plates (Cat. No.: 92048, TPP). The cells were then
gently scrapped off the plates and washed twice with cold PBS. Half of the collected cells
were used as an unstained control, while the other half was stained according to the stand-

ard flow cytometry panel.
3.8. Statistical Analysis

The graphs were created using GraphPad Prism™ (Version 6.07, GraphPad Software,
San Diego, CA, USA). Statistical analyses were either performed using GraphPad Prism™
(Version 6.07, GraphPad Software) or IBM® SPSS® Statistics (Version 25, IBM, Armonk, NY,
USA).
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4. Material

4.1. Laboratory equipment and Consumables

Only equipment and consumables that were essential to the work conducted here and

that are not readily available in every laboratory are listed below.

Table 01: List of laboratory equipment

Product Type Supplier Cat. No.
Cellometer Auto T4 Nexcelom Bioscience
MACSmix™ Tube Rotator Miltenyi Biotec 130-090-753
MACSQuant® VYB Miltenyi Biotec 130-096-116
MACSxpress® Separator Miltenyi Biotec 130-098-308
Tempcontrol 37-2 digital PeCon 0503.000-230
Tempcontroller 2000-1 PeCon
Ultramicroscope II LaVision BioTec
Widefield incubator for Leica BL-X Black PeCon 272-800 098
microscope
Widefield incubator for Zeiss = XLmulti S1 Carl Zeiss
microscope
Widefield microscope Leica DMI6000 Leica Microsystems
Widefield microscope Zeiss Axio Observer.Z1 @ Carl Zeiss
Table 02: List of consumables
Product Supplier Cat. No.
384-well microplate, black / clear, for = Corning 3985
optical imaging, sterile, TC-treated
p-Plate 96 well Black, uncoated ibidi 89621
Protein LoBind Tubes Eppendorf 0.5 ml: 0030108094

1.5 ml: 0030108116
Rotilabo® microtest plates, U-profile Carl Roth 9291.1
S-Monovette® 7.5ml K3E Sarstedt 01.1605.001
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4.2. Chemicals, buffers and media

Table 03: List of chemicals

Product Supplier Cat. No.
Ammonium chloride (NH4Cl) Sigma Aldrich A9434
Dimethyl sulfoxide (DMSO) Carl Roth 4720.3
Ethanol (100 %) Carl Roth 9065.2
Ethyl cinnamate Sigma Aldrich 112372
Heparin LEO Pharma 27586.00.00
Hydrogen peroxide (H202) Sigma Aldrich 349887
Paraformaldehyde (PFA) Morphisto 10195
Phytagel Sigma Aldrich P8169
Potassium bicarbonate (KHCO3) Carl Roth P748.1
Sodium Chloride (NaCl) Carl Roth 3957.1
UltraPure™ Ethylenediaminetetraacetic acid (EDTA)  Invitrogen 15575-020
0.5 M, pH 8.0
Table 04: List of products for mouse treatment
Product Supplier Cat. No.
Buprenorphine Temgesic 997.00.00
Isoflurane (Forene) Abbvie 2594.00.00
Ketamine Bela-pharma 9089.01.00
Xylazine (Rompun) Ceva Tiergesundheit 6324464.00.00
Table 05: List of buffers
Product Containing Supplier Cat. No.
Erythrocyte lysis buffer 155 mM NH4Cl Sigma Aldrich  A9434
10 mM KHCOs3 Carl Roth P748.1
0.1 mM EDTA Invitrogen 15570-020
In distilled H20
Phosphate buffered saline | / Biochrom L 1825

(PBS) Dulbecco
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Table 06: List of commercial media and supplements

Product Final concentration | Supplier Cat. No.

Gibco™ MEM non-essential amino acids = 1x Thermo Fish- | 11140050

solution er Scientific

Gibco™ sodium pyruvate 1 mM Thermo Fish- 11360039
er Scientific

HPGM™  Hematopoietic =~ progenitor | / Lonza PT-3926

growth medium*

Serum replacement 3 0.3x Sigma- S2640
Aldrich

X-Vivo™ 10 serum-free hematopoietic | / Lonza 04-743Q

cell medium

* discontinued

4.3. Antibodies and Isotypes

Table 07: List of fluorochromes

Name Abbreviation | Excitation in nm | Emission in nm

Alexa Fluor® 647 AF647 650 665

Alexa Fluor® 790 AF790 784 814

Allophycocyanin APC 650 660

Brilliant Violet™ 421 BV421 405 421

Fluorescein FITC 490 525

PE-Vio 770 565 775

Phycoerythrin PE 564 574

VioBlue 400 452

Table 08: List of human antibodies for flow cytometry

Antigen | Clone Fluorescent dye Dilution @ Supplier Cat. No.

CCR3 REA574 VioBlue 1:11 Miltenyi Biotec | 130-108-887

CCR7 REA546 VioBlue 1:50 Miltenyi Biotec | 130-117-503

CD11b REA713 PE 1:50 Miltenyi Biotec | 130-110-553

CD15 VIMC6 VioBlue 1:50 Miltenyi Biotec | 130-113-488

CD15 REA321 PE 1:11% Miltenyi Biotec | 130-104-936

1:50
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Antigen | Clone Fluorescent dye Dilution @ Supplier Cat. No.
CD154 REA238 PE-Vio770 1:100 Miltenyi Biotec | 130-113-614
CD16 REA423 FITC 1:11* Miltenyi Biotec | 130-113-392
1:50
CD44 REA690 FITC 1:50 Miltenyi Biotec | 130-113-341
CD45RO | REA611 PE 1:50 Miltenyi Biotec | 130-114-085
CD62L 145/15 PE-Vio770 1:100 Miltenyi Biotec | 130-113-621
CD66b REA306 PE 1:11 Miltenyi Biotec | 130-104-396
CD69 REAS824 PE 1:50 Miltenyi Biotec | 130-112-613
CD8 REA734 FITC 1:100 Miltenyi Biotec | 130-110-815
CXCR1 8F1 PE 1:100 Miltenyi Biotec | 130-105-352
CXCR2 REA208 PE-Vio770 1:20 Miltenyi Biotec | 130-100-930
fMLPR 5F1 Alexa Fluor® 647 1:100 BioLegend 565623
Siglec 8 REA1045 | APC 1:50 Miltenyi Biotec | 130-117-902
* old charge of the antibody
Table 09: List of murine antibodies for LSFM
Antigen | Clone | Fluorescent dye | Amount per Supplier Cat. No.
animal
CD31 Mec13.3 | Unconjugated 5 pg in 150 pl | BD Biosciences 553369
Alexa Fluor® 647 | PBS BioLegend 102516
Ly-6G 1A8 Unconjugated 5 pg in 150 pl | BioLegend 127602
Alexa Fluor ® 647 | PBS BioLegend 127610
Table 10: List of isotype controls
Isotype Host | Fluorescent = Amount per animal Supplier Cat. No.
dye / dilution
IgM Mouse | VioBlue 1:50 Miltenyi Biotec | 130-116-318
REA Human | APC 1:50 Miltenyi Biotec | 130-113-434
REA Human  FITC 1:11/ 1:50 Miltenyi Biotec | 130-104-610
REA Human PE 1:11/ 1:50 Miltenyi Biotec | 130-104-612
REA Human | PE-Vio770 1:50 / 1:100 Miltenyi Biotec | 130-104-616
REA Human @ VioBlue 1:11/1:20 / 1:50 Miltenyi Biotec | 130-104-609
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4.4. Migration stimuli

Table 11: List of coatings and stimuli

Product | Final concen- Diluent | Supplier Cat. No. Lot No.
tration
CCL11 100 ng/ml PBS Peprotech 300-21 -
CCL11 100 ng/ml PBS BioLegend 583002 B158803
CCL11 100 ng/ml PBS R&D Systems | 320-E0/CF -
CCL24 500 ng/ml PBS Peprotech 300-33 -
CCL24 500 ng/ml PBS BioLegend 858002 -
CCL24 500 ng/ml PBS R&D Systems | 343-E2/CF -
CCL5 100 ng/ml PBS Peprotech 300-06 51233
CCL5 100 ng/ml PBS BioLegend 580202 -
CCL5 100 ng/ml PBS R&D Systems | 278-RN/CF -
CCL7 500 ng/ml PBS Peprotech 300-17 -
CCL7 500 ng/ml PBS BioLegend 585702 B162052
CCL7 500 ng/ml PBS R&D Systems | 282-P3/CF -
CXCL1 100 ng/ml PBS R&D Systems | 275-GR/CF DMO0518031
CXCL38 100 ng/ml PBS R&D Systems | 208-IL-010/CF DILS0118091
fMLP 10 nM PBS Sigma Aldrich | F3506 MKBR6832
GM-CSF 10 nM PBS BioLegend 572902 -
ICAM-1 5 pg/ml PBS R&D Systems | 720-IC DLA0716061
DLA1018111
ICAM-1 5 pg/ml PBS BioLegend 552906 B234822
ICAM-1 5 pug/ml PBS Peprotech 150-05 1008469 H2112
Ionomycin | 1 pM DMSO | Sigma Aldrich | 10634 -
PMA 100 nM DMSO | Sigma Aldrich | P8139 -
SDF-1a 100 ng/ml PBS Miltenyi 130-093-996 -
500 ng/ml
SDF-1a 100 ng/ml PBS Peprotech 300-28A -
500 ng/ml
SDF-1a 100 ng/ml PBS R&D Systems | 350-NS/CF -
500 ng/ml
SDF-1f 1 pg/ml PBS Peprotech 300-28B -
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Product | Final concen- Diluent Supplier Cat. No. Lot No.
tration
SDF-1 1 pg/ml PBS R&D Systems | 351-FS/CF -
SDF-1B 1 pg/ml PBS Cell Guide = GFH159 -
Systems

4.5. Commercial kits

Table 12: List of commercial kits

Product Supplier Cat. No.

Alexa Fluor® 790 Antibody Labelling Kit Thermo Fisher Scientific | A20189

MACSxpress® Erythrocyte Depletion Kit Miltenyi Biotec 130-098-196
MACSxpress® Whole Blood CD8 T cell Isolation = Miltenyi Biotec 130-098-194
Kit

MACSxpress® Whole Blood Eosinophil Isolation = Miltenyi Biotec 130-104-446
Kit

MACSxpress® Whole Blood Neutrophil Isolation = Miltenyi Biotec 130-104-434
Kit

4.6. Software

Table 13: List of software

Product Version Supplier

ACAS - MetaVi Labs

EndNote™ X9.2 Clarivate Analytics

FIJI (Image]) 1.52p Wayne Rasband, 2!!

Flow]Jo 10.5.3 Flow]Jo, LLC.

GraphPad Prism® 6.07 GraphPad Software, Inc.
lustrator CC 23.0.2 Adobe

Imaris 9.2.0 Bitplane

Microsoft Office 365 ProPlus Microsoft

SPSS® Statistics 25 IBM
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5. Results

Autonomous migration is a key feature of all immune cells and enables them to reach a
site of infection from the blood stream that distributes them throughout the whole organ-
ism. A great variety of methods are available to study migration of living cells, both in vivo
and in vitro, as well as the outcome of a migration event, namely the presence of immune
cells in an organ after an insult. During this thesis, both endpoint and live cell imaging as-

says were employed to study immune cell migration in mice and men.
5.1. Development of human immune cell migration assays

The assessment of human immune cell migration poses a variety of complications. Espe-
cially endpoint analyses require human material that may be altogether inaccessible or oth-
erwise in high demand for researchers. To overcome this problem, easily applicable, stand-
ardised 2-D assays were established to assess the migration of human immune cells from a
readily accessible source: the blood (Figure 6). These assays were used to elucidate changes
in immune cell migration in different types of cancer and whether these changes can predict

and monitor disease severity or therapy success.

Flow
cytometry

Cell

{33) @ isolation

(€5

@ Stimulation in Time-lapse video Automated single
standardised medium microscopy cell tracking
with selected stimuli

Figure 6: Principle workflow of the immune cell migration assays.

First, the cells of interest (neutrophils, eosinophils or CD8* T cells) were isolated from human pe-
ripheral blood via negative magnetic isolation or density gradient centrifugation (only for neutro-
phils in early studies). These cells were then subjected to the standardised migration assays and ana-
lysed using flow cytometry. In general, the cells were plated on either 96- or 384-well plates, suitable
for microscopy, and imaged for 1 — 3 h. All videos were automatically tracked using the Automated
Cellular Analysis System (ACAS) by MetaVi Labs and the data were analysed as described.

The workflow, shown in Figure 6, was used to establish migration assays for neutro-
phils, eosinophils and CD8* T cells, for which the migration behaviour was determined in
healthy donors and patients from diverse disease settings. The migration assay for neutro-
phils was already published by our laboratory, thus, establishment and standard values will
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not be discussed in detail here?. With this assay, the migration patterns of neutrophils from
myelodysplastic syndrome (MDS) patients (5.2) and a patient suffering from atypical chron-
ic myeloid leukaemia (aCML) (5.3) were determined. The migration assays for eosinophils
and CD8* T cells have not been published and are therefore included in detail in this thesis
(5.4). Ultimately, all three cell types were analysed in patients suffering from metastatic

malignant melanoma before and during immune checkpoint blocker therapy (5.5).

5.2. Human neutrophil migration as a biomarker in myelodys-

plastic syndrome patients

With the published assay?, changes in neutrophil granulocyte migration in MDS patients
were investigated. MDS is a highly heterogenous group of disorders that share the feature
of bone marrow failure to produce fully mature blood cells'>*. MDS might therefore affect
one or multiple blood cell types and has a high risk for leukaemic transformation?!2. Both,
diagnosis and prognosis are time-consuming, costly and burdensome for the patients.
Therefore, the migration patterns of neutrophils were assessed to elucidate whether they

were a suitable parameter to aid routine MDS diagnosis, prognosis and surveillance.

5.2.1. Neutrophil migration correlates with the international prognos-

tic scoring system and MDS subtype

The heterogeneity of MDS is also reflected in the migration behaviour of human neutro-
phils. A mixed phenotype was found in the overall population of 26 MDS patients with dif-
ferent disease categories and severities. Most strikingly, when comparing milder forms of
MDS, namely MDS with multilineage dysplasia (MDS-MLD) and MDS-MLD with ring
sideroblasts (MDS-MLD-RS), with the more aggressive form of MDS with excess blasts
(MDS-EB-I/II), neutrophils from MDS-EB-II patients showed severely impaired neutrophil
motility, especially in response to 10 nM N-Formylmethionine-leucyl-phenylalanine (fMLP)
(Figure 7 a + b). This was illustrated by the shorter track length and less random migration
in an MDS-EB-II patient (Figure 7 a, bottom row) as compared to a patient suffering from
MDS-MLD (top row). When looking at the speed of the neutrophils upon fMLP treatment
alone, a gradual decrease from milder MDS forms, where the speed was comparable to

healthy controls?, to severe MDS forms (Figure 7 b) was observed.
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Figure 7: Neutrophil migration correlates with IPSS-R scoring and MDS subtype.

(a) Representative trajectory plots of neutrophils from two patients suffering from MDS with multi-

lineage dysplasia (MLD, mild phenotype, top) and MDS with excess blasts II (EB-IL, severe pheno-

type, bottom) as well as the respective IPSS-R scores are displayed. Each line represents the path of
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a single cell in the video. The scale bar is 100 pm. (b) Scatter dot plot depicting the speed excluding
(excl.) non-moving cells (nmc.) in pm per min (y-axis) upon fMLP stimulation and the various MDS
subtypes: MDS with ring sideroblasts and multilineage dysplasia (MDS-MLD-RS), MDS-MLD, MDS
with ring sideroblasts and single lineage dysplasia (MDS-SLD-RS), MDS with single lineage dyspla-
sia (MDS-SLD) and MDS-EB-I/Il. The black lines indicate mean * standard error of the mean
(s.em.). p-values were calculated using the Kruskal-Wallis test with multiple comparison. ** p <
0.01, n.s. non-significant. (c) Speed excl. nmc. (y-axis) of neutrophils upon fMLP stimulation plotted
against the corresponding IPSS-R score (x-axis, top) and against the risk category (x-axis, bottom).
(d) Speed excl. nmc. upon fMLP stimulation (y-axis) was plotted against the blood parameters hae-
moglobin (top left), platelet count (top right), white blood cell count (WBC, middle left), C-reactive
protein (CRP, middle right) and the absolute neutrophil count (ANC, bottom left) as well as the
frequency of marrow blasts (bottom right). Each symbol indicates a single individual and the black
line represents the results from the best-fit of the nonlinear regression calculation. The correlations
were calculated via Pearson and the results are shown as tables below the graphs. This figure is
adapted from 2.

The Revised International Prognostic Scoring System (IPSS-R) is the current gold stand-
ard to evaluate the severity of MDS!>7. Here, multiple clinical features, such as bone marrow
cytogenetics, amount of blasts or cytopenia, are used to generate a prognostic categorisation
system™’, providing an assessment of overall survival as well as risk for acute myeloid leu-
kaemia (AML) transformation. The correlation of neutrophil migration upon fMLP stimula-
tion with their respective IPSS-R score revealed a strong relationship between the two
(Figure 7 c, top). Furthermore, the risk category of a patient is determined based on a bin of
their IPSS-R score®’. This risk category also reflects on the survival chances and risk for
AML transformation for the individual. Here, a good correlation was observed between the
risk category and the fMLP-triggered migration of neutrophils (Figure 7 c, bottom). The
assessment of blood parameters, like haemoglobin, platelets, absolute neutrophil count
(ANC) and marrow blasts, is part of the IPSS-R determination. Additionally, these and other
routinely assessed parameters, especially the amount of C-reactive protein (CRP), which is
induced during inflammatory processes in the organism, might influence blood neutrophil
migration in this assay. To follow up on this possibility, migration speed of neutrophils up-
on fMLP stimulation was correlated against the amount of haemoglobin, platelets, white
blood cells (WBC), CRP, ANC and marrow blasts (Figure 7 d). However, no significant cor-
relations existed between the parameters, except for a positive correlation between migra-
tion speed and ANC (Figure 7 d, bottom left). Hence, neutrophil migration was a parameter
that correlated with the IPSSR-R but was independent of IPSS-R defining characteristics and

was not influenced by processes that induce CRP, e.g. ongoing inflammation.
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5.2.2. Neutrophil migration as a prognostic and surveillance tool in

MDS

MDS prognosis and surveillance is often accompanied by an increased burden for the

patient, especially due to assessment of marrow blast frequency, which requires invasive

marrow aspiration. The in vitro assessment of blood neutrophil migration would facilitate

both initial scoring and prognosis, as well as MDS surveillance.
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Figure 8: Neutrophil migration might indicate therapy success.

CXCL8
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(a) Trajectory plots of migrating neutrophils from two MDS-EB-II cases (#21 and #8). The columns
show the trajectories of neutrophils stimulated with, from left to right: PBS, fMLP, CXCL1 and
CXCLS. The scale bar is 100 pm. (b) Changes in speed excl. nmc. for the MDS-EB-II case #8 (left)
and case #21 (right) over several measurements. Grey dots and lines indicate neutrophils stimulated
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with PBS, red stands for fMLP stimulation, blue for CXCL8 and green for CXCL1. The black cross
on the right indicates the patient’s death. This figure is adapted from 2.

Hence, the changes in neutrophil migration over the course of MDS disease and treat-
ment were investigated and with this, two interesting MDS-EB-II patients undergoing
chemotherapeutic therapy with 5-azacytidine were identified. Neutrophils from case #21
(Figure 8 a, first panel) showed impaired migration, as represented by the corresponding
trajectory plots, which did not improve until the last measurement timepoint 63 days later
(Figure 8 a, second panel). Neutrophils from case #8 also presented with decreased motility
during the first measurement, but their motility improved until the last measurement
timepoint 346 days later (Figure 8 a, third and fourth panel).

Interestingly, following the course of these two cases, peripheral blood neutrophil mi-
gration upon fMLP stimulation increased over the course of one successful therapy (Figure
8 b, left, case #8), while it remained impaired over the course of one unsuccessful therapy

until the death of the patient (Figure 8 b, right, case #21).
5.2.3.Summary |

This section dealt with the establishment of an assay to determine live immune cell mi-
gration of human, peripheral blood neutrophils in a standardised way. This allows for the
comparison of the results across different laboratories and clinics, paves the way for routine
application and was therefore applied on patients suffering from MDS, a highly hetero-
genous disease. With this, we learned that neutrophil migration correlates well with MDS
severity. Strikingly, neutrophil migration in an unsuccessful therapy remained impaired,

while it improved in a successful therapy.

5.3. Human neutrophil migration in a case of atypical myeloid

leukaemia

To investigate the prognostic potential of neutrophil migration in other leukaemic dis-
eases, we evaluated a patient suffering from aCML, a rare disease that shares overlaps with
MDS, chronic neutrophilic leukaemia and chronic myelomonocytic leukaemia?!3. To date,
aCML remains poorly described, hard to tell apart from other myeloid leukaemia and hence
still without a gold-standard medical treatment concept?!3. To elucidate the changes of the
previously assessed parameters, e.g. migration and receptor expression, the patient suffering
from aCML was monitored over approximately a year, from before therapy with Rux-

olitinib, a janus kinase (JAK) I/II inhibitor, until death on day 370 after therapy start.
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The patient, a 69-year-old male, presented with a WBC count of 69 x 10%/litre (L) and an
ANC of 53 x 10%/L, despite cytoreductive therapy with hydroxyurea. The manual differential
revealed 76% neutrophils, 2% band forms, 6% metamyelocytes, 3% myelocytes and 2% mye-
loblasts. Dysgranulopoiesis with hypogranularity was observed and a bone marrow biopsy
and aspirate revealed myeloid hyperplasia without increased blasts and without reticulin
fibrosis and routine cytogenetics did not show abnormalities. The next generation sequenc-
ing analysis revealed the presence of mutations in eight genes including the CSF3R p.T618I
mutation. Given the presence of dysgranulopoiesis in combination with neutrophil precur-
sors >10 %, as well as mutations frequently observed in aCML, the patient was diagnosed
with aCML. Haematopoietic stem cell transplantation as a treatment option was deferred
due to advanced age and chronic kidney disease. Even though the patient was on hy-
droxyurea, the WBC count and constitutional symptoms were poorly controlled. Because of
the potential benefit of Ruxolitinib in CSF3R T6181 mutated myeloid neoplasms!®’, the pa-

tient commenced with an off-label prescription of Ruxolitinib (day 0).

5.3.1. aCML neutrophils displayed severely impaired migration, signal-
ling receptor expression and enlarged morphology prior to Rux-

olitinib therapy

Deficits in neutrophil effector function are common in myeloid leukaemia and culminate
in increased risks for infections?!4. Therefore, migration, as a key effector function of neu-
trophils, as well as the expression patterns of central signalling receptors were characterised
in the aCML case and compared to healthy controls (Supplementary Table 1).

Here, neutrophils from the aCML patient exhibited severely reduced motility under all
tested stimulatory conditions as compared to an age- and gender-matched control group
(Figure 9 a). Both, percentage of moving cells and speed, were reduced in aCML neutro-
phils compared to 6 age- and gender-matched, healthy controls (Figure 9 b). While per-
forming the first microscopy experiments, an abnormal behaviour of the neutrophils was
noted. A large portion of the cells were flattened out and barely visible against the back-
ground in our bright-field microscopy approach (Figure 10 a, bottom panel, indicated by
black arrows). The area occupied by the cells was quantified, as cell size in pm? by manual
cell tracing, revealing aCML neutrophils to be significantly larger than the neutrophils from

healthy, age- and gender-matched controls (Figure 10 b, left).
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Figure 9: aCML neutrophils exhibit severely impaired migratory capacity.

(a) Representative trajectory plots of an age- and gender-matched control (left) and the aCML pa-
tient before Ruxolitinib therapy (right), for, from top to bottom, PBS, fMLP, CXCL1 and CXCL38
stimulation. The scale bar equals 120 pm. (b) Statistical summary of the migration patterns of aCML
(n = 1) neutrophils and age- and gender-matched controls (n = 6). The top panel shows the percent-
age of moving cells (x-axis) against the stimulation conditions (y-axis) and the bottom panel summa-
rises the speed excl. nmc. (y-axis) of the neutrophils. Black dots represent the 6 age- and gender-
matched controls and the black triangles the aCML patient. Height of the bars represent the median

and the error bars the interquartile range.

However, age- and gender-matched controls contained enlarged cells and aCML samples
also contained normally sized cells. To represent the microscopy data more accurately, the
cells were grouped according to their size and the amount of cells larger than 225 um?* was
quantified (Figure 10 b, cut-off is indicated by grey dashed line). This cut-off was chosen as
it, assuming a perfect circle, equals a diameter of 16 pm and is thus close to a human neu-
trophil’s normal diameter (12 — 15 pm) in cell culture?!®>. The number of cells above this

threshold was higher for aCML neutrophils than for healthy controls (Figure 10 b, right).
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Figure 10: aCML neutrophils show enlarged morphology.

(a) The first frame of image sequences acquired during video microscopy of neutrophils from an
age- and gender-matched control (top) and the aCML patient before therapy (bottom). From left to
right, the cells were treated with PBS as a control, fMLP, CXCL1 and CXCL8. Black arrows in the
lower panel indicate prominently enlarged cell bodies. Magnification: 20x. (b) Combined scatter dot
plot and bar graph of the cell size in um® of aCML neutrophils before therapy (left) and the relative
number of neutrophils with a cell size of > 225 um? (right). Both parameters were compared to age-
and gender-matched controls (n = 6). On average, 41 and 56 cells per condition were analysed in
age- and gender-matched controls and the aCML patient, respectively. Bars are given as median +
interquartile range and the given p-values were calculated using Mann-Whitney U-test. The cut-off
of 225 um?® (grey dashed line, left) was chosen as assuming a perfect circle equals a diameter of
16 pm and is thus close to a neutrophil’s normal diameter (12 - 15 pm) in cell culture®!s.

The defect in neutrophil migration and morphology might originate from or be accom-
panied by changes in signalling receptor expression. Therefore, flow cytometry analyses of
two neutrophil lineage markers, CD15 and CD162!¢ and the chemokine receptors for the
employed stimuli, fMLP receptor (fMLPR), CXCR1 and CXCR2 were performed. The gating
strategy is depicted in Figure 11 a. CD16, fMLPR and CXCR2 were reduced and CD15 and
CXCR1 were all but absent on aCML neutrophils as compared to an age-matched control

(Figure 11 b + ¢).
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Figure 11: Reduced expression of CD15, CD16, fMLPR, CXCR1 and CXCR2 in aCML
neutrophils.

(a) The gating strategy for flow cytometric analysis of aCML neutrophils and age- and gender-
matched controls is depicted as pseudo colour plots on one exemplary data set. The data was firstly
gated for single cells (doublet exclusion, left). This was done for FSC-A against FSC-H (shown) and
afterwards SSC-A against SSC-H (not shown). Finally, the debris was excluded based on the FSC-
SSC properties. The expression levels of CD16, CD15, fMLPR, CXCR1 and CXCR2 were determined
on all cells as mean fluorescence intensities (mfi). (b) Representative contour plots (top) and histo-
grams (bottom) of purified neutrophils. Analyses of CD16 (FITC) and CD15 (VioBlue) (top) and
fMLPR, CXCR1 and CXCR2 (bottom) expressions are shown. An age- and gender-matched control
(control, left of top panel; dotted light grey line of bottom panel) and aCML neutrophils before Rux-
olitinib therapy (before therapy, right of top panel; solid dark grey line of bottom panel) are depict-
ed. (d) Statistical summary of expression levels for CD16, CD15, fMLPR, CXCR1 and CXCR2 on puri-
fied neutrophils from age- and gender-matched controls (controls; black dots, white bars; n = 5) and
aCML neutrophils before treatment (aCML; black triangles, grey bars; n = 1). Expression levels are

given as the mfi and bars are given as median # interquartile range.

5.3.2. One week of Ruxolitinib improved neutrophil morphology but

did not impact migration or receptor expression patterns

The migration behaviour, cell morphology and receptor expression of the aCML neutro-
phils were investigated one week after onset of the Ruxolitinib therapy. Neutrophil migra-
tion remained impaired, only the percentage of moving cells upon fMLP treatment reached
the levels of healthy control individuals (Figure 12 a, top panel). The corresponding speed

remained slightly below normal levels as prior to therapy (Figure 12 b, bottom panel).

Page 60 / 153



Results

a Migration during Ruxolitinib b oxcLe
therapy (1 week) .

100 e .E.-E _
2} 80 559
3 . TE D
8 [ 22 3
ez o° T
£E a0 2
3
E 20

C
0 'sz .fMLP éxcu CXCL8 Cell size during Ruxolitinib therapy (1 week)

20 800;
g . i 6004 P=006 p =0.0001 p=0.74 p=0.28 ° ?nga‘i::gheer:ider
S 13 g LoE s controls (n = 6)
g < ° £ 4007, L. A aCML(n=1)
) E_ 10 . 8 300 R D om
3 N [ i e, oy - - ---- 255 um?
g = 51 3 200+ E “oogen A i
& © I " .
: T

0- T T r = i .

0.

PBS fMLP CXCL1 CXCL8
@ age-gender matched controls (n=6) A aCML (n=1)

PBS fMLP CXCL1 CXCL8

Amount of cells > 225 pym? during

. . e Ruxolitinib therapy (1 week)
d Receptor expression during Ruxolitinib -

therapy (1 week)

- k.

-
(=]
=)
'S
=3
:

[ ]
° -
; M
o.
I . PBS fMLP CXCL1 CXCL8

CcD15 CD16 fMLPR CXCR1 CXCR2
@ age matched controls (n = 5) A aCML (n=1)

n
i

cells > 225 ym*
in%

mean fluorescence intensity
-
(=]

Figure 12: Effect of short-term Ruxolitinib therapy on neutrophil migration, mor-
phology and receptor expression.

(a) Statistical summary of percentage of moving cells (top) and speed excluding non-moving cells
(speed excl. nmc., bottom), of purified aCML neutrophils after one week of treatment with Rux-
olitinib (black triangles, grey bars; n = 1), compared to the healthy age- and gender-matched controls
(black dots, white bars; n = 6). Each symbol represents a single individual. Bars are given as median
+ interquartile range. (b) The first frame of image sequences acquired during video microscopy of
neutrophils of the aCML patient after one week of Ruxolitinib therapy. From left to right, the cells
were treated with PBS as a control, fMLP, CXCL1 and CXCL8. Magnification: 20x. (c) Statistical
summary of the cell size in pm® of aCML neutrophils (black triangles, grey bars) after one week of
Ruxolitinib treatment (top) and the relative number of neutrophils with a cell size of > 225 pm? (bot-
tom). Both parameters were compared to age- and gender-matched controls (black dots, white bars;
n = 6). On average, 41 and 56 cells per condition were analysed in age- and gender-matched controls
and the aCML patient, respectively. Bars are given as median # interquartile range and the given p-
values were calculated using Mann-Whitney U-test. The cut-off of 225 um? (top) is displayed as a
dashed grey line. (d) Statistical summary of expression levels for CD15, CD16, fMLPR, CXCR1 and
CXCR2 on purified neutrophils from age-matched controls (controls; black dots, white bars; n = 5)
and aCML neutrophils after one week of Ruxolitinib treatment (1 week; black triangles, grey bars; n
= 1). Expression levels are given as the mean fluorescence intensity (mfi). The gating strategy is de-
tailed in Figure 11 a. Bars are given as median # interquartile range.
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Interestingly, after one week of Ruxolitinib treatment, the neutrophil morphology great-
ly differed from their appearance one week before (Figure 12 b), now resembling the
healthy controls much more. Quantification of the cells size (top) and the number of cells
above the cut-off (bottom) revealed a normalisation of cell size after one week of Ruxolitinib
treatment (Figure 12 c). In contrast, the expression levels of CD15, CD16, fMLPR, CXCR1
and CXCR2 remained unaffected by the JAK inhibitor (Figure 12 d).

5.3.3. Ruxolitinib therapy causes the loss of a CSF3R mutated clone

and cell size normalisation

For the aCML patient the clinical presentation, migration patterns, expression levels and
cell size development were monitored over the course of Ruxolitinib therapy for almost a
year. The percentage of moving cells rose to baseline levels over the course of Ruxolitinib
therapy, except for CXCLS, for which the amount of moving cells remained below healthy
levels (Figure 13 b, top panel). The migration speed of the aCML neutrophils, on average,
remained below the healthy controls, but peaked for PBS, CXCL1 and CXCL8 on day 31 (4t
measurement, Figure 13 b, bottom panel). Speed upon fMLP treatment peaked on day 67
(6" measurement), after a strong decrease, obvious in all stimulation conditions, on day 47
(5t" measurement). This peak in fMLP speed coincided with the patient’s submission to hos-
pital due to sinusitis with fever and bleeding of a gastric ulcer six days later (day 73). After
day 95 (7™ measurement), the migration speed remained stable for all stimulation condi-
tions, except for fMLP.

The amount of neutrophils exceeding an occupied area of 225 um? decreased during
Ruxolitinib therapy for PBS, CXCL1 and CXCL8 stimulated conditions (Figure 14 a), but the
amount of larger cells upon fMLP treatment remained persistently elevated until day 287
(11" measurement). Under CXCL1 and CXCL8 stimulated conditions, the percentage of en-
larged cells peaked sharply on day 31 (4™ measurements), before it fell steadily again. Under
fMLP stimulated conditions, the number of large cells sharply dropped at day 6 (2" meas-

urement), rose again and then described a shallow, downward path.
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Figure 13: Long-term effect of Ruxolitinib on neutrophil migration.

Changes in the migratory patterns, percentage of moving cells (top panel) and speed excluding non-

moving cells (speed excl. nmc., lower panel), of the aCML neutrophils over the course of treatment.

Black triangles and black solid lines indicate aCML neutrophils (every timepoint n = 1), while grey

dots and grey dashed lines indicate the median and the grey dotted lines indicate the interquartile

range of the age- and gender-matched controls (n = 6). Numbers label the specific values of aCML

neutrophils reached for percentage of moving cells (top) and speed excluding non-moving cells

(bottom) respectively.

Regarding the expression levels, a rise in CD16 expression was observed from day 14 (3

measurement) until day 95 (6" measurement) that resembled healthy controls, before the
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expression levels dropped again (Figure 14 b). On day 287, the last flow cytometry meas-

urement, CD16 expression exceeded the baseline levels.
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Figure 14: Long-term effect of Ruxolitinib cell size and receptor expression.

(a) Changes in the relative number of neutrophils with a cell size > 225 um® under the four stimula-
tion conditions over the course of therapy. Black triangles and black solid lines indicate aCML neu-
trophils (every timepoint n = 1), while grey dots and grey dashed lines indicate the median and the
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grey dotted lines indicate the interquartile range of the age- and gender-matched controls (n = 6).
On average, 41 and 56 cells per condition were analysed in age- and gender-matched controls and
the aCML patient, respectively. Numbers label the specific percentage of cells > 225 pm?® for the
indicated timepoint. (b) Changes in CD16, CD15 and fMLPR (top) as well as CXCR1 and CXCR2
(bottom) expression given as mean fluorescence intensity (mfi) of aCML neutrophils over the
course of Ruxolitinib therapy. Black triangles and black solid lines indicate the aCML patient (every
timepoint n = 1), while grey dots and grey dashed lines indicate the median and the grey dotted
lines indicate the interquartile range of the age-matched controls (n = 5). Numbers label the specific
values for receptor expression at the respective timepoint. The gating strategy is detailed in Figure
11 a.

CD15 expression remained below healthy levels over the course of Ruxolitinib therapy,
reaching almost normal levels on day 109 (6™ measurement). The expression levels of
fMLPR and CXCRI1, signalling receptors for fMLP and CXCLS8, respectively, stayed below
healthy control levels. The expression of CXCR2, the signalling receptor for CXCL1 and
CXCLS8, peaked on day 14 (3" measurement) and day 287 (last measurement), but otherwise

remained below the healthy levels as well.

5.3.4. Immature neutrophils barely influenced neutrophil migration,

cell size or receptor expression

The presence of neutrophil progenitors in the peripheral blood could be an explanation
for the reduced migration behaviour, even though reports on this are conflicting?!7 218,

To investigate this, the peripheral blood counts were correlated with the migration
speed and cell size to determine the influence that these progenitors have on the assay and
on the cell’s morphology. The movement speed of aCML neutrophils under control condi-
tions correlated negatively with higher overall leucocyte and metamyelocyte counts in the
peripheral blood, but not with the abundance of myeloblasts. The migration speed upon
CXCLS8 treatment, which was heavily impaired over the whole observation period, also cor-
related with the presence of metamyelocytes, however, none of the other parameters corre-

lated with the high leucocyte counts or neutrophil progenitors in the assay (Figure 15 a).
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Figure 15: Correlation of neutrophil speed and cell size with leucocyte counts and
the presence of neutrophil progenitors.

(a) Speed excluding non-moving cells (y-axis) was plotted against the overall leucocyte count (left,
n = 10), myeloblast count (middle, n = 7) and metamyelocyte count (right, n = 6). (b) The cell size
(y-axis) was plotted against the overall leucocyte count (left, n = 11), myeloblast count (middle, n =
7) and metamyelocyte count (right, n = 6). Each symbol indicates a timepoint of measurement of
aCML neutrophils. Grey dots indicate the speed upon control (PBS) treatment, red stands for fMLP,
green for CXCL1 and blue for CXCL8 treatment. The Spearman r and p-values correlations given
next to the graphs were calculated via Spearman’s correlation.

Furthermore, as CD15 and CD16 are both highly expressed on mature human neutro-
phils#2 57. 58 the presence of immature neutrophils in the blood can potentially influence the
analysis of these receptors. To clarify this, the peripheral blood counts were correlated with
the mean fluorescence intensities of CD15 and CD16 from the same day (Figure 16). Inter-
estingly, the absence of CD15 expression did not correlate with the assessed peripheral
blood counts. However, the expression of CD16 correlated negatively with the abundance of
myeloblasts in the peripheral blood, but not with the overall leucocyte count or the presence

of metamyelocytes (Figure 16 b).
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Figure 16: Correlation of CD15 and CD16 expression with leucocyte counts and the
presence of neutrophil progenitors.

(a) The mean fluorescence intensity of CD15 (y-axis) was plotted against the overall leucocyte
count (left, n = 8), myeloblast count (middle, n = 4) and metamyelocyte count (right, n = 3). (b) The
mean fluorescence intensity of CD16 (y-axis) was plotted against the overall leucocyte count (left, n
= 8), myeloblast count (middle, n = 5) and metamyelocyte count (right, n = 4). Each symbol indi-
cates a timepoint of measurement of aCML neutrophils. The Spearman r and p-values correlations

given next to the graphs were calculated via Spearman’s correlation.

5.3.5.Summary li

The study of a rare aCML case revealed profound migration defects for all stimulation
conditions before therapy onset with Ruxolitinib. Additionally, the cells presented with an
abnormally sized cell body and showed reduced surface expression of all investigated mark-
ers. After one week of Ruxolitinib therapy, the cell size normalised, while the migration and
receptor expression patterns remained impaired. Neutrophil size remained normal, while
the migration behaviour was unsteady for all tested conditions but remained far below
normal levels, especially in CXCL8 treated conditions. Interestingly, neutrophils lacked ex-
pression of CD15 and CXCR1, while the expression of fMLPR, CD16 and CXCR2 was unsta-
ble, but mostly below healthy levels.
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5.4. Establishment of standardised migration assay and flow cy-
tometry panels for human eosinophils, CD8* T cells and neu-

trophils

Even though neutrophils are the most abundant cell type in the peripheral blood of hu-
mans*?, they are not the only important type. To expand the repertoire of available stand-
ardised assays, enabling the investigation of a larger variety of diseases with different asso-
ciated important cell types, two additional in vitro migration assays were established: for

human eosinophil granulocytes and cytotoxic CD8* T cells.
5.4.1. Eosinophil granulocytes

Eosinophils are mostly known for their involvement in allergic airway diseases and in
the host defence against parasites’”’. However, eosinophils extensively infiltrate into many
types of human cancer?®, where they, either directly or indirectly, affect the tumour micro-
environment in complicated, not completely understood ways®.

As all circulating immune cells, eosinophils must infiltrate into the tissue, e.g. tumour,
by extravasation from the blood stream and migration inside the tissue. The migration be-
haviour of this rare, but important leucocyte subset was characterised in healthy individu-
als. For this, the established neutrophil migration assay (5.2) was adjusted for human eosin-
ophils.

After isolation, the cells were plated in 384-well plates and stimulated with four chemo-
kines which potently induced eosinophil migration, namely CCL5, CCL7, CCL11 and
CCL24. The concentration at which the migration induction was most prominent (highest
values for speed and percentage of moving cells) and showed the lowest spread of the indi-
vidual data points were determined by titration (Figure 17 a). 100 ng/ml for CCL5 and
CCL11 and 500 ng/ml for CCL7 and CCL24 were chosen as the optimal concentrations for
all future experiments regarding eosinophil migration (Figure 17 a, indicated by red dashed
line). A comparative supplier test was conducted in order to analyse whether eosinophils
are sensitive to variances in supplier-specific effects of the applied stimuli. Three independ-
ent suppliers for the stimuli at the indicated concentrations determined in Figure 17 a
(Figure 17 b) were compared. Between the supplier-specific treated groups, no significant
differences were detected, using Friedman’s test and Dunn’s multiple comparison (p-values

are not depicted in Figure 17 b).
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Figure 17: Establishment of a standardised migration assay for human eosino-

phils.

(a) Titration of the eosinophil activating cytokines, CCL5 (first), -7 (second), -11 (third) and -24
(fourth column). The y-axis depicts the percentage of moving cells in the upper row and speed excl.
nmec. in yum per minute in the lower row. The x-axis always depicts the concentrations of the stimu-
li tested. Each black dot represents one healthy individual and the black lines mark the median of at
least 3 independent experiments (n = 3-6). The red dashed line indicates the concentration chosen
for the standardised eosinophil migration assay. p-values were calculated using the Friedman test
and Dunn’s multiple comparison. (b) Supplier comparison for the stimuli titrated in a). From left to
right, CCL5, -7, -11, and -24 were tested from the three suppliers BioLegend, Peprotech and R&D

Systems (R&D). The upper row shows the percentage of moving cells on the y-axis, in the lower
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row the y-axis is the speed excl. nmc. in pum per min. The x-axis always indicates the different test-
ed suppliers. Each dot represents one healthy individual and the black lines represent the median of
a minimum of three independent experiments (n = 3-6). No significant differences were found be-
tween the supplier-specific treated groups, using Friedman’s test and Dunn’s multiple comparison.

In a next step, the eosinophil migration behaviour of 34 healthy individuals eligible for
blood donation was determined. All applied stimuli significantly induced migration. This
was indicated by a higher percentage of moving cells (Figure 18, left) and a higher speed
value (Figure 18, right), except for CCL5. CCL24 and CCL7 caused the highest induction of
both speed and moving cells. The percentage of moving cells was normally distributed for
all stimuli conditions (Figure 18, bottom left), while only the speed for PBS (control) and
CCL11 treatment passed D’Agostino & Pearson omnibus normality testing (Figure 18, bot-

tom right).
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Figure 18: Standard eosinophil migration patterns.

Eosinophil migration according to the standardised assay was assessed for 34 healthy individuals.
The left graph displays the standard values for the percentage of moving cells and the right graph
the standard values for speed excl. nmc. in pm per min. The x-axis indicates the tested conditions.
Each black dot represents a single individual and median # interquartile range are given in dark
grey. The p-values were calculated using the Friedman test and Dunn’s multiple comparison. The
table below details the test size (n), minima, maxima, median and percentiles of the tested condi-
tions, as well as the results from the D’Agostino and Pearson omnibus normality test for the data
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points above.

It is known that primary cells, granulocytes in particular, are sensitive to extended han-
dling times, regarding their activation status. Furthermore, immune cells are known for
their decreased activity in elderly people?!®. However, time for sample preparation and gen-
der had no impact on eosinophil migration (data not shown).

Additionally, it was tested whether the gender of the blood donor had any influence on
eosinophil migration. Here, no significant differences between male and female blood do-
nors for the speed of eosinophils at baseline (PBS) and under CCL5, CCL7 and CCL11 treat-
ment were detected (Figure 19, right). Interestingly, male blood donors showed a higher
eosinophil speed than female donors, while the percentage of moving cells or the speed up-
on CCL24 remained unaffected (Figure 19).

Influence of gender of donor on eosinophil migration
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Figure 19: Correlation of eosinophil migration with gender.

Influence of gender on eosinophil migration. The percentage of moving cells (y-axis, left) and the
speed excl. nmc. (y-axis, right) are plotted against the stimulation conditions, separated by the gen-
der of the blood donor. Squares indicate male individuals (n = 19) and triangles females (n = 14).
Dark grey stands for the control (ctrl, PBS), blue for CCL5, green for CCL7, red for CCL11 and pur-
ple for CCL24. Black lines represent the median + interquartile range and the p-values were calcu-
lated using the Mann-Whitney U-test.

The purity of the analysed samples and the activation status of a cell can influence the
outcome of cell migration experiments. As these parameters are easily assessed by flow cy-
tometry, a staining panel was established to analyse the purity and general activation state
of human eosinophil granulocytes. Eosinophil granulocytes were stained with antibodies
against the lineage markers sialic acid-binding Ig-like lectin (Siglec) 8 and C-C chemokine
receptor type (CCR) 3 and the activation markers CD69 and CD44. The cells did not bind the

isotype controls to the respective antibodies (Figure 20 a) and upon stimulation with 10 nM
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GM-CSF for 2 h in vitro, eosinophils upregulated both Siglec 8 and CD69 (Figure 20 b).
CD44 was not upregulated.
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Figure 20: Establishment of a flow cytometry assay for human eosinophils.

A flow cytometry assay was established for eosinophil granulocytes staining for Siglec 8, CCR3,
CD44 and CD69. (a) Normalised histograms comparing unstained cells (grey), isotype control
stained cells (red) and antibody stained cells (blue) for Siglec 8 (1%!), CCR3 (279), CD44 (3'%) and
CD69 (4 panel). (b) Purified human eosinophils were either stimulated with 10 nM GM-CSF (or-
ange) for 2 h in vitro or left untreated (grey) and stained for Siglec 8 (1°f), CCR3 (2"%), CD44 (3') and
CD69 (4™ panel). (c) Gating strategy for all following flow cytometric analyses of human eosinophil
granulocytes. First, doublets were excluded by forward scatter (FSC) area (FSC-A) and FSC height
(FSC-H) doublet exclusion, followed by side scatter (SSC) area (SSC-A) and SSC height (SSC-H)
doublet exclusion (not shown). Subsequently, residual debris and erythrocytes were excluded based
von der FSC-SSC properties. After that, the expressions of Siglec 8 and CCR3 were used to identify
eosinophils and all geometric mean fluorescence intensities (geo mfi) were determined on this eo-
sinophil population.

For all following flow cytometric analyses, doublets were excluded by their forward
scatter area (FSC-A) and height (FSC-H), as well as their side scatter area (SSC-A) and
height (SSC-H) properties, followed by exclusion of residual debris and erythrocytes based
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on their FSC-SSC properties and finally, eosinophils were identified based on their expres-

sion of Siglec 8 and CCR3 (Figure 20 c).
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Figure 21: Receptor expression pattern of human eosinophils and correlation with
gender, preparation time and age.

(a) Expression levels of Siglec 8, CCR3, CD44, and CD69 on eosinophils from healthy individuals in
geometric mean fluorescence intensity (geo mfi, y-axis). The grey lines indicate the median * inter-
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quartile range. Each black dot represents a single individual. The table below details the test size (n),
minima, maxima, median and percentiles for the tested conditions, as well as the results from the
D’Agostino and Pearson omnibus normality test. The gating strategy is detailed in Figure 20 c. (b)
Influence of gender of eosinophil surface marker expression. The geo mfi of the surface markers is
separated by the gender of the blood donor. Squares indicate male individuals (n = 13) and triangles
females (n = 10). Red stands for Siglec 8, blue for CCR3, green for CD44 and orange for CD69 expres-
sion. Black lines represent the median + interquartile range and the p-values were calculated using
the Mann-Whitney U-test. (c) Influence of time for sample preparation and age of the donors on
eosinophil surface marker expression. Time for sample preparation in h (x-axis, left) and age of the
blood donors (x-axis, right) are plotted against the geo mfi of the tested markers (left). Each dot rep-
resents a single individual and the lines represent the results from the best-fit of the nonlinear re-
gression calculation. Red squares stand for Siglec 8, blue triangle for CCR3, green dots for CD44 and
orange rhombi for CD69 expression. The table below details the sample size (n), the results from the
Spearman correlation as well as the p-value for the correlation.

In healthy people, a steady expression of Siglec 8, CCR3 and CD69 was encountered,
while CD44 displayed a high individual variance (Figure 21 a, top). The intensities were
normally distributed for all tested markers (Figure 21 a, bottom). Siglec 8 was upregulated
on samples with prolonged handling times, while all the other markers were independent of
the time for sample preparation (Figure 21 c, left and left bottom). None of the markers
correlated with age or gender of the blood donors (Figure 21 b + c), excluding activation
status as the reason for gender-dependent eosinophil migration in healthy individuals
(Figure 19 b). Furthermore, no significant correlations between the eosinophil migration
parameters and the receptor expression of Siglec 8, CCR3, CD44 and CD69 could be detected

(data not shown).

5.4.2.CD8"' T cells

Cytotoxic CD8* T cells are the main effectors of the adaptive immune system against
neoplastic or virus infected cells'?3. With their highly specialised T cell receptor (TCR), they
can recognise their specific antigen and react to the trigger with the expression of cell death
inducing receptors, e.g. the Fas ligand, or degranulation. To characterise their migration, the
assays for neutrophils and eosinophils were adjusted for CD8* T cells.

After incubation on ICAM-1 coated plates (see 3.3.2.3), a variety of stimuli were applied
but only stromal cell-derived factor 1 (SDF-1), in its o and B isoform, sufficiently induced
migration in CD8" T cells. Hence, SDF-1 a and B were titrated to determine the optimal
concentration, which was defined as the amount of stimulus where the induction of migra-
tion parameters was highest (highest value) and the spread among the tested individuals
was lowest. For SDF-1a, 500 ng/ml induced the highest, most reproducible and for the speed
including non-moving cells (speed incl. nmc.) also significant migration (Figure 22 a, upper
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row). A suboptimal, non-significant concentration of 100 ng/ml was chosen as a second con-

trol (Figure 22 a, upper row).

Establishment of a standardised CD8"* T cell migration assay: Titration
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(a) Titration of the CD8" T cell activating cytokine stromal cell-derived factor 1 (SDF-1) in its a- and
B-isoform (SDF-1a, top and SDF-1f, bottom row). The y-axis depicts the percentage of moving cells
(left column), the speed excl. nmc. in pm per minute (middle column) and the speed including (incl.)
nmc. in pm per minute (right column). The x-axis always depicts the concentrations of the stimuli
tested. Each black dot represents one healthy individual and the black lines mark the median of at
least 3 independent experiments (n = 3-4). The red dashed lines indicate the concentrations chosen
for the standardised CD8* T cell migration assay. p-values were calculated using the Friedman test
and Dunn’s multiple comparison. (b) Supplier comparison for the stimuli titrated in a). From left to
right, intercellular adhesion molecule 1 ICAM-1), which was used for coating and pre-activation of
the cells, SDF-1a (500 ng/ml) and SDF-1f were tested from the suppliers BioLegend, Peprotech,
R&D Systems (R&D), Miltenyi Biotec (Miltenyi) and Cell Guide Systems. For ICAM-1 (first column),
baseline migration (ctrl, PBS) upon supplier-specific ICAM-1 coating (black dots) was measured as
well as the migration induction upon treatment with 500 ng/ml of SDF-1a (black triangles). The
first row shows the percentage of moving cells on the y-axis, in the second row the y-axis is the
speed excl. nmc. in pm per min and in the last row, the y-axis depicts the speed incl. nmc. in pm per
min. The x-axis always indicates the different tested suppliers. Each dot represents one healthy
individual and the black lines represent the median of a minimum of three independent experi-
ments (n = 3-6). No significances were computed between the supplier-specific treated groups, us-
ing Friedman test and Dunn’s multiple comparison.

SDF-1f was less potent to induce migration in the cells, hence, 1,000 ng/ml, the highest
tested concentration, was chosen as it induced the highest migration values (Figure 22 a,
lower row). To test the independence of this assay from supplier-specific variances in stimu-

li effectiveness, a supplier test was conducted, comparing stimuli from 5 independent sup-

pliers.
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Figure 23: Standard migration values for human CD8" T cells.
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CD8" T cell migration according to the standardised assay was assessed for 40 healthy individuals.
The left scatter dot plot displays the standard values for the percentage of moving cells and the
right graph the standard values for speed excl. nmc. in um per min. The x-axis indicates the tested
conditions. Each black dot represents a single individual and median + interquartile range are given
in dark grey. The p-values were calculated using the Friedman test and Dunn’s multiple compari-
son. The table below details the test size (n), minima, maxima, median and percentiles of the tested
conditions, as well as the results from the D’Agostino and Pearson omnibus normality.

For ICAM-1 coating, no influence of the origin of the cytokine on baseline (PBS) and
SDF-1a (500 ng/ml) stimulated migration could be detected (Figure 22 b, left column). For
SDF-1a, tested for 500 ng/ml only, and SDF-1p, no significant dependences on the supplier
of the cytokines were encountered.

With this assay, the migration patterns of CD8* T cells were determined from 40 healthy
individuals (Figure 23 a). The percentage of moving cells (left), the speed excl. nmc. (mid-
dle) and the speed incl. nmec. (right) were significantly increased upon treatment with
500 ng/ml SDF-1ac and 1 pg/ml SDF-1P. 100 ng/ml SDF-1a did not induce any migration
changes, as already seen in the previous experiment (Figure 23 a). Except for the percent-
age of moving cells at baseline (ctrl, PBS) and when treated with 1 pg/ml SDF-1f, all param-
eters and stimulation conditions passed normality testing (Figure 23 a, below the graphs).

Furthermore, the effect of gender on T cell migration was elucidated by grouping the
migration values according to gender (Figure 24). On average, female donors showed fewer
moving cells (Figure 24, left) for 100 ng/ml and 500 ng/ml SDF-1«, but no significance could
be detected. Therefore, none of the migration parameters or stimuli conditions were affected
by the gender of the blood donors (Figure 24). Notably, CD8* T cell migration was not im-

pacted by time for sample preparation or age of the blood donor (data not shown).

Influence of gender of donor on CD8" T cell migration
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Figure 24: Correlation of CD8" T cell migration with gender.

Influence of gender on CD8* T cell migration. The percentage of moving cells (y-axis, left) and the
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speed excl. nmc. (y-axis, right) are plotted against the stimulation conditions, grouped by the gen-
der of the blood donor. Squares indicate male individuals (n = 25) and triangles females (n = 15).
Dark grey stands for the control (ctrl, PBS), orange for SDF-1a (100 ng/ml), red for SDF-1a (500
ng/ml) and blue for SDF-1p. Black lines represent the median + interquartile range and the p-values
were calculated using the Mann-Whitney U-test.

To investigate the effect of different CD8* T cell subpopulations on migration, the cells
were subdivided into different groups according to their expression of cell surface markers,
such as CD45RO and CCR7. CD45RO0 is upregulated once T cells enter the memory stage??°,
while downregulation of CCR7 indicates an activation of the T cell??!. Using these two anti-
bodies, a differentiation between naive (CCR7* CD45R0O") CD8* T cells, activated (CCR7-
CD45R0O") CD8* T cells, memory (CCR7* CD45RO*) CD8* T cells and activated memory
(CCR7- CD45R0O*) CD8* T cells was possible. Furthermore, the T cells were stained with an
antibody against CD154, the CD40 ligand, which is expressed by CD8* T cells that share

similarities with conventional helper CD4* T cells and possess helper functions??2.
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Figure 25: Establishment of a flow cytometric panel for human CD8" T cells.

A flow cytometry assay was established for human CD8* T cells staining for CD8, CD45R0O, CCR7
and CD154. (a) Normalised histograms comparing unstained cells (grey), isotype control stained
cells (red) and antibody stained cells (blue) for CD8 (1%t), CD45RO (2°¢), CCR7 (3'Y) and CD154 (4
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panel). (b) Purified human CD8* T cells were either stimulated with 100 nM PMA and 1 pM iono-
mycin (orange) for 6 h in vitro or left untreated (grey) and stained for CD8 (1), CD45RO (2™9),
CCR7 (3'%) and CD154 (4" panel). (c) Gating strategy for all following flow cytometric analyses of
human CD8* T cells. First, doublets were excluded by FSC-A and FSC-H doublet exclusion, followed
by SSC-A and SSC-H doublet exclusion (not shown). Subsequently, residual debris and erythrocytes
were excluded based von der FSC-SSC properties. After that, the expression of CD8 was used to
identify CD8* T cells, which were further subdivided based on their expression of CD45RO and
CCR?7 into naive (CD45RO" CCR7"), activated (CD45RO™ CCR7"), memory (CD45RO* CCR7") and
activated memory (CD45RO* CCR7*) T cells. The expression of CD154 is always based on the total
CD8+ events and given as mean fluorescence intensity (mfi).

Again, the isotype controls were negative (Figure 25 a), however CD154 was not ex-
pressed on CD8* T cells in the peripheral blood. To test whether the antibody can detect the
upregulation of CD154 and downregulation of CCR7 upon stimulation, the CD8+ T cells
were treated with 100 nM phorbol 12-myristate 13-acetate (PMA) and 1 uM ionomycin for
6 h, stained with the antibodies and compared to unstimulated control cells of the same do-
nor (Figure 25 b). As expected, CD8 and CD45RO did not change in expression level upon
stimulation, while CCR7 overall downregulated and a small portion of cells expressed
CD154, proving that the panel can detect changes in the expression patterns.
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Figure 26: Assessment of CD8* T cell subtypes and CD154 expression.

Left: CD8* T cells were grouped into subtypes (x-axis) according to their expression of CCR7 and
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CD45RO. Percentages (y-axis) were calculated from all CD8* events. Right: The mean fluorescence
intensity (y-axis) of CD154 (CD40L) is based on all CD8* events. The grey lines indicate the median
* interquartile range. Each black dot represents a single individual (n = 30). The table below details
the test size (n), minima, maxima, median and percentiles for the tested conditions, as well as the
results from the D’Agostino and Pearson omnibus normality test.

For all following flow cytometric analyses, doublets were excluded by their FSC-A and
FSC-H, as well as their SSC-A and SSC-H properties, followed by exclusion of residual de-
bris and erythrocytes based on their FSC-SSC properties. Finally, CD8* T cells were identi-
fied using their expression of CD8 and the different subpopulations were determined by
their expression of CD45R0O and CCR7. CD154 expression was assessed on the total CD8*
population (Figure 25 c¢). According to this scheme, the subtype distribution in 30 healthy
individuals was analysed (Figure 26, left). Memory cells made up the fewest percentage of
circulating CD8* T cells, while naive and activated memory cells were equally as abundant
on average. The amount of activated and activated memory T cells was normally distribut-
ed, while the number of naive and memory T cells was not. Additionally, the expression of
CD154 was assessed and found to be absent in the same healthy people (Figure 26, right).
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Figure 27: Correlation of CD8" T cell subtypes with age.
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Influence of age on CD8" T cell subtype distribution. The age of the blood donor in years (x-axis) is
plotted against the percentage of the indicated subtype of all CD8* T cell event (y-axis). Each dot
represents a single individual (n = 30) and the table below details the sample size (n), the results
from the Spearman correlation as well as the p-value for the correlation.

It was already described that the age of the blood donor has a great impact on the abun-
dance of naive T cells in the peripheral blood®*. As an internal control, the subtype distribu-
tion was correlated with the age of the donors (Figure 27 c). Naive T cells decreased signifi-
cantly with increasing age (top left), while circulating memory and activated memory cells
significantly increased with age (lower panel). The amount of activated T cells remained
stable, regardless of age (top right). However, none of the subtypes impacted the migration
behaviour of the cells in the in vitro assay (data not shown).

Finally, the impact of gender on CD8* T cell subtype distribution and CD154 expression
was analysed (Figure 28). Indeed, female donors had a significantly shifted CD8* T cell rep-
ertoire, more naive cells, but fewer activated memory cells (Figure 28 a). Additionally,
CD154 was slightly higher if the cells originated from female donors in comparison to male

donors (Figure 28 b).

a b

10
801 001 0.002
—_ —— <t
) A - co 0.04
9 60{ ia 039 °n
8 n — u 3 © A
o n A R
— [ ] A S o
g 40' n [ =
L A c 2 n
& 20{W 4 % g g
7 A,
0.67 =
- A m y — 1. % Fﬁ
0 - é—éﬁ m
Naive Activated Memory Activated Male Female
Memory

H male (n=15/14) A female (n=09)

Figure 28: Influence of gender on CD8" T cell subtype distribution and CD154 ex-
pression.

(a) The CD8" T cell subtype distribution was grouped according to the gender of the blood donors
and plotted in this scatter dot plot. The x-axis details the subtypes, gated as explained in Figure 26
a. The percentage of the respective subtype of all CD8* events is plotted on the y-axis. Each symbol
represents one single individual and black squares indicate male (n = 15) and black triangles female
(n = 9) donors. The grey lines indicate the median + interquartile range and the p-values given
above the graphs were computed via Mann-Whitney U-test. (b) The mean fluorescence intensity of
CD154 (CD40L, y-axis) was grouped by gender of the blood donor (x-axis). Black squares indicate
male (n = 14) and black triangles female (n = 9) donors and each symbol represents a single individ-
ual. The grey lines indicate the median * interquartile range and the p-values given above the
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graphs were computed via Mann-Whitney U-test.

5.4.3. Neutrophil granulocytes

With the established assay?, the assessment of human neutrophil granulocyte migration

was already performed on a cohort of healthy people. However, this approach did not in-

clude a flow cytometric analysis of the activation status of neutrophils. Like eosinophils and

CD8* T cells, a panel was set up to determine the expression pattern of key activation

markers, namely CD11b, CD66b and CD62L, on human neutrophils in health and disease. As

before, the isotype controls were negative for all tested antibodies (Figure 29 a). To further

verify the panel, purified neutrophils were activated in vitro by stimulation with 10 ng/ml of

CXCLS8 for 1 h and subsequently analysed with the panel. CD16 and CD15 remained stable

compared to unstimulated neutrophils, while CD11b and CD66b were slightly upregulated

(Figure 29 b). CD62L was downregulated, as expected for activated neutrophils??3.
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Figure 29: Establishment of a flow cytometry panel for human neutrophil granulo-
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cytes.

A flow cytometry assay was established for human neutrophils staining for the lineage markers
CD15 and CD16, as well as the activation markers CD11b, CD66b and CD62L. (a) Normalised histo-
grams comparing unstained cells (grey), isotype control stained cells (red) and antibody stained cells
(blue, orange) for CD16 (1%), CD15 (2"d), CD11b (blue) and CD66b (orange, 3"Y) and CD62L (4" pan-
el). (b) Purified human neutrophils were either stimulated with 10 ng/ml CXCL8 (orange) for 1 h in
vitro or left untreated (grey) and stained for CD16 (1st), CD15 (2nd), CD11b (3rd), CD66b (4*) and
CD62L (5 panel). (c) Gating strategy for all following flow cytometric analyses of human neutro-
phils. First, doublets were excluded by FSC-A and FSC-H doublet exclusion, followed by SSC-A and
SSC-H doublet exclusion (not shown). Subsequently, residual debris and erythrocytes were excluded
based von der FSC-SSC properties. After that, neutrophils were identified by their expression of
CD16 and CD15. The expression levels of CD11b, CD66b and CD62L are always based on the total
CD16" CD15" events and given as geometric mean fluorescence intensity (geo mfi).

For all following flow cytometric analyses, doublets were excluded by their FSC-A and
FSC-H, as well as their SSC-A and SSC-H properties, followed by exclusion of residual de-
bris and erythrocytes based on their FSC-SSC properties. Finally, neutrophils were identified
by their co-expression of CD16 and CD15, as published?. CD11b, CD66b and CD62L expres-
sions were determined on this neutrophil population as geometric mean fluorescence inten-

sity (geo mfi) (Figure 29 c).

100
2
i CD11b CD66b CcD62L
% c n 27 27 27
Q -9 Minimum 1.640 3.940 4.470
E c L) 25% Percentile 5.520 10.10 9610
0o ® Median 6.400 11.30 10.95
= O 10+ ... 75% Percentile 7.520 14.80 13.70
"q',' E ® 7 Maximum 11.80 18.40 19.45
Es |88
ow D'Agostino & Pearson omnibus normality test
g,, 2 s" ® o K2 1.273 0.9975 1.959
o P value 0.5292 0.6073 0.3754
H_E Passed
: normality test Yes Yes Yes
(alpha=0.05)?
1 T r
\Y A\ N\
AN © 6‘»

Figure 30: Expression of activation markers on peripheral neutrophils from
healthy human individuals.

Scatter dot plots of the expression of CD11b, CD66b and CD62L (x-axis) on human neutrophils as
geometric mean fluorescence intensity (geo mfi, y-axis). The grey lines indicate the median + inter-
quartile range. Each black dot represents a single individual (n = 27). The table next to the graph
details the test size (n), minima, maxima, median and percentiles for the conditions, as well as the

results from the D’Agostino and Pearson omnibus normality test.

Page 83 / 153



Results

P | . N . .
Correlation of activation markers and migration
100y . 25 100 . 25
':T__:'gz g 20{ , .oF 'fﬁ g 20 o8
% 75 - * e E e ‘ja % 75 .'\2{_’ g c .
2% 5 & gE " S e s
£Ec . @ . iy £c . @ %
3 310 - 3 3 10 T %9
E 2 o E 2 .———5‘-{"
25 & 5 he 20 25 2 5 \,
0 0 0 (]
1 10 100 1 10 100 1 10 100 1 10 100
geo mfi CD11b i geo mfi CD66b i
100 - 25
— g 20 &L -e- ctrl (PBS)
»n 75 o t. E c <
3. ‘\;*“\ SE s Eb; - fMLP
2% 50 . 3E L. -e- CXCLA1
3 - . 3 -~ CXCL8
[
E 25 & * v
0 0
1 10 100 1 10 100
geo mfi CD62L "
Moving cells in % Speed excl. nmc. in ym/min
ctrl ctrl
(PBS) fmLP CXCLA1 CXCL8 (PBS) fMLP cXcL1 CXCL8
n 24 24 24 24 24 24 24 24
CD11b expression
Spearman -0.457 -0.120 0.186 0.226 -0.510 -0.028 -0.070 0.225
r
P (two- 0.025 0.577 0.385 0.288 0.011 0.897 0.747 0.290
tailed)
CD66b expression
Spearman -0.395 -0.046 0.226 -0.031 -0.100 -0.117 -0.239 0.081
r
P (two- 0.056 0.831 0.288 0.885 0.643 0.586 0.261 0.708
tailed)
CD62L expression
Spearman 0.155 -0.022 -0.436 0.030 -0.154 0.232 0.022 0.526
r
P (two- 0.470 0.918 0.033 0.891 0.474 0.275 0.918 0.008
tailed)

o

Correlation of activation markers with preparation time, age and gender

100 100 1007

> -~ CD11b
= g -@- CD66b 0480 >09
@

2 - CD62L H .
E_E .‘. I. - o B : a 0.742 E " - A
52 10 " 10 10{ a + ? ;
‘u'; 5 v v e : L I
ES il i
o g L2 LY vV Vv & E

2

v, v v f,
1 1 1 — — —
0 2 4 6 8 0 20 40 60 80
preparation time in hours age in years \,;0 bﬁo 6‘1}’
CD11b  CD66b  CD62L & & &
n | 24 24 24
Preparation time | 16
Spearman r 03289 0357 0355 W male (n=16)
P (two-tailed) 0.117 0.087 0.089 A female (n=8)
Age
Spearmanr -0.160 0.021 0.240
P (two-tailed) 0.456 0.923 0.258

Figure 31: Correlation of neutrophil activation markers with migration of patient
parameters.

(a) Correlation of activation marker expression with migration patterns of human neutrophils. Giv-
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en are the correlation of percentage of moving cells (left) and speed (right) against CD11b (top left),
CD66b (top right) and CD62L expression (bottom left), as well as a table (below) detailing the sam-
ple size (n), the results from the Spearman correlation as well as the p-value for the correlation.
Each dot represents a single individual (n = 24) and the lines represent the results from the best-fit
of the nonlinear regression calculation. Light grey stands for the control (ctrl, PBS), red for fMLP,
green for CXCL1 and blue for CXCL8 stimulation. (b) Influence of preparation time, age and gender
on neutrophil activation markers. Left: The preparation time (left, x-axis) and age of the blood do-
nor (right, x-axis) are plotted against the expression levels of CD11b (yellow triangles), CD66b (blue
hexagon) and CD62L (purple square). The table of the right details the sample size (n), the results
from the Spearman correlation as well as the p-value for the correlation. Right: The expression lev-
els were grouped and plotted according to the gender of the blood donor. Each dot represents one
single individual and black lines indicate the median # interquartile range. Squares stand for male
(n = 16) and triangles for female (n = 8) blood donors.

With this, the expression patterns of activation markers on peripheral human neutro-
phils were investigated on the same healthy cohort as for eosinophils and CD8* T cells
(Figure 30). Peripheral neutrophils expressed CD11b, CD66b and CD62L and these expres-
sion patterns were normally distributed (Figure 30).

As these general markers give information on the activation status of the cells, it is ob-
vious to assume they might correlate with neutrophil migration. Indeed, CD11b expression
negatively correlated with the percentage of moving neutrophils and their speed under
baseline (PBS) conditions, while higher CD62L expression correlated with higher speed up-
on CXCLS8 treatment and lower percentage of moving cells upon CXCL1 treatment (Figure
31 a). None of the other parameters correlated with another. The correlation of preparation
time, age and gender of the patients with the expression of CD11b, CD66b and CD62L re-
vealed a non-significant increase in expression upon longer handling times, while both age

and gender of the blood donors had no impact of the activation marker expression (Figure

31b).
5.4.4. Summary lll

This section was about the standardisation of in vitro assays to investigate the migration
of eosinophil granulocytes and CD8* T cells. For these assays, suitable migration stimuli
were tested and titrated and eventually checked for supplier dependences. Subsequently, the
migration behaviour and receptor expression of a cohort of healthy individuals were stud-
ied. This revealed no significant dependences between eosinophil migration and preparation
time or age of the donor. However, female donors showed less migration than males. This
was not observed for CD8* T cells. Additionally, age or preparation time did not show any
impact on CD8* T cell migration. Interestingly, we learned that the distribution of T cell

subtypes (naive, activated, memory and activated memory T cells) correlated with age and
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with gender of the analysed individuals. Furthermore, the published migration assay for
human neutrophil granulocytes was extended to assess the receptor expression of the acti-
vation markers CD11b, CD66b and CD62L. Indeed, CD11b expression negatively correlated
with baseline migration pattern and a higher CD62L expression correlated with higher

speed upon CXCLS.

5.5. Leucocyte migration in metastatic melanoma patients un-

dergoing immune checkpoint blocker therapy

Melanoma is the most dangerous form of skin cancer!’? 173, however immune check-
point blocker therapy (ICBT) has arisen as a promising treatment for melanoma and many
other cancers??%. However, thus far no detection system exists to determine the therapy re-
sponse before routine staging or even predict its success before therapy induction. As it is
logical to assume that peripheral blood immune cells are among the first to react to the in-
fusion of checkpoint blocking molecules, they might be an excellent early detection system

of therapy outcome, success or immune-related adverse events (irAE).

5.5.1. Eosinophil granulocytes show decreased migration in non-

responding patients

In a first attempt to answer the question whether immune cell migration is altered in
melanoma patients receiving ICBT, experiments were performed on peripheral blood eosin-
ophils from a mixed cohort of ICBT patients. This cohort consisted of people, who had un-
dergone various primary therapies before being admitted to ICBT. Furthermore, they re-
ceived different kinds of checkpoint blocking molecules and had been under therapy for
different periods of time. Additionally, it included multiple measurements of the same pa-
tients, but did not include measurements of migration before therapy onset
(Supplementary Table 2). Further information on age, gender and available stagings of the
analysed cohorts are detailed in Supplementary Table 2. This mixed ICBT cohort was not
sorted according to type, length or outcome of treatment, pre-treatment or recurring anal-
yses of individual patients. Even in this very heterogenous cohort, eosinophil migration was
significantly diminished compared to the healthy individuals (Figure 32 a). The percentage
of moving cells and the speed of the cells was significantly reduced for all stimulation condi-
tions, except for the percentage of moving cells upon CCL24 treatment and the baseline

movement speed (ctrl, PBS) (Figure 32 a).
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Eosinophil migration in melanoma patients undergoing ICBT
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Figure 32: Eosinophil migration in a mixed cohort of melanoma patients undergo-
ing immune checkpoint blocker therapy.

(a) Scatter dot plots of the percentage of moving cells (left) and the speed excl. nmc. (right) of eo-
sinophils from healthy patients (black dots) and ICBT patients (yellow dots). The x-axis describes
the stimulation conditions. For healthy patients, each symbol represents one single individual

(n = 88). For ICBT patients, individual patients and their recurring measurements are displayed
(overall n = 124 of N = 57 individual patients). Black and white lines indicate the median # inter-
quartile range and p-values are given above the graphs as calculated by Mann-Whitney U-test. (b)
The migration speed of eosinophils upon PBS (top) and CCL5 (bottom) stimulation from ICBT pa-
tients was grouped according to the routine staging information on therapy response. Non-
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responders (n = 18, N = 10) are shown in red, responders (n = 45, N = 15) in green. Black lines rep-
resent the median # interquartile range and the p-values were calculated using the Mann-Whitney
U-test. (c) Receiver operating characteristic (ROC) analysis on the results from (b) demonstrating
the diagnostic ability of eosinophil speed on therapy outcome. The sensitivity (y-axis) is plotted
against 100% - the specificity (x-axis) for various thresholds of eosinophil speed (red dots and red
lines). The black lines represent the reference line, which equals the diagnostic ability of a coin
throw. The table below details the cut-off (speed) with the highest sensitivity and specificity, as
well as the area under the curve. The analysis was conducted with GraphPad Prism®’s ROC curve
analysis.

Next, it was analysed whether eosinophil migration differed in responders or non-
responders. Responders were defined as individuals with complete or partial remission of
the tumour(s) as well as with stable tumour burden. Non-responders were defined as those
suffering from ongoing tumour growth despite ICBT. Staging data from 10 non-responders
(18 measurements with recurring samples) and 15 responders (45 measurements with recur-
ring samples) were obtained. Recurring measurements were included in the analysis until
the last staging if the stagings were consistently “responder” or “non-responder”. Patients
with unclear, missing or varying stagings were excluded. The results were not age- or gen-
der-matched to retain calculable sample sizes. Eosinophil migration speed in non-
responders was significantly reduced compared to responders (Figure 32 b).

This was true for only baseline speed (ctrl, PBS) and speed upon CCL5 stimulation, but
not for other migration parameters or stimulations (not shown). To test the diagnostic po-
tential of these first results, a receiver operating characteristic (ROC) analysis was per-
formed on both the movement speed upon PBS and CCL5 treatment (Figure 32 c). During
this analysis, different cut-offs and their respective sensitivity and specificity to distinguish
two groups, in this case responders and non-responders, are calculated and plotted as a so-
called ROC curve (Figure 32 c, top). Each red dot indicates the sensitivity and specificity of
a speed cut-off, while the black reference line represents the sensitivity and specificity of a
coin throw (50:50). Interestingly, the best calculated cut-off for baseline eosinophil speed of
> 6.49 pym/min had a sensitivity of 77.78% and specificity of 72.22% (Figure 32 c, bottom).
This indicates that a baseline eosinophil speed of over 6.49 um/min has a high probability to
detect responders, while a speed less than 6.49 pm/min is more attributed to non-
responders. By contrast, speed upon CCL5 stimulation yielded only 65.91% sensitivity and
68.42% specificity at a cut-off of > 8.49 um/min. None of the other migration parameters or

stimulation conditions produced higher specificity and sensitivity (data not shown).
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5.5.2. Neutrophil, eosinophil and CD8" T cell migration in metastatic

melanoma patients before therapy

Eosinophil granulocytes are not the only cells important during tumour development or
rejection?® 3, In fact, CD8* T cells are the main, known, effector cells, when it comes to
eradicating degenerate host cells. Additionally, tumour-associated neutrophils are found in
many solid tumours, such as melanoma, and are linked to an overall poor prognosis??.
Therefore, the developed assays were applied on a cohort of metastatic melanoma patients,
who would receive ICBT as a first-line immune therapy. Blood was obtained before therapy

and before every following infusion with checkpoint blocking molecules (Figure 33).

3 months
infusion with infusion with
Before checkpoint checkpoint Staging
therapy blockers blockers

>

time depends on
medication regime

Blood Blood Blood
samples samples samples

Figure 33: Scheme for sample acquisition of blood samples from ICBT patients.

Schematic illustration of the time frame for the acquisition of blood samples from ICBT patients.
Samples were acquired before therapy (not applicable for the mixed ICBT cohort) and before every
ensuing infusion with checkpoint blockers. The time between sample acquisition varying depending
on the medication regime. After approximately 3 months, the patients’ response to the therapy was

assessed and they were grouped into responders or non-responders (staging).

21 individuals were included in this study. For 12 / 18 / 9 of them, migration data for
neutrophils / eosinophils / CD8* T cells were collected and passed internal quality controls.
11 / 9 / 11 had valid flow cytometry data for neutrophils / eosinophils / CD8* T cells. All
information on this cohort is detailed in Supplementary Table 3.

Before therapy, neutrophils from metastatic melanoma patients showed significantly
less moving cells under CXCL1 stimulation, but this did not impact the speed upon CXCL1
stimulation or any other stimulation condition (Figure 34, top). Eosinophil speed in ICBT
patients before therapy was comparable to healthy controls, while percentage of moving

cells was significantly increased for PBS, CCL7 and CCL11 treatment (Figure 34, middle).
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Migration parameters before therapy
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Figure 34: Neutrophil, eosinophil and CD8" T cell migration in metastatic melano-
ma patients before ICBT.

Scatter dot plots of the percentage of moving cells (left) and the speed excl. nmec. (right) of neutro-
phils (1%t row), eosinophils (2™ row) and CD8+ T cells (3™ row) from healthy patients (black dots)
and ICBT patients before therapy (yellow dots). The x-axis describes the stimulation conditions.
Each symbol represents a single individual (healthy: n = 34 / 23 / 30; ICBT: n = 12 / 17 / 9 for neu-
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trophils / eosinophils / CD8* T cells, respectively). Dark grey lines indicate the median + interquar-
tile range and p-values are given above the graphs as calculated by Mann-Whitney U-test.

However, CD8* T cells from metastatic melanoma patients before therapy were signifi-
cantly impaired in their migratory capacity. Baseline migration upon PBS and SDF-1«
(100 ng/ml) stimulation was normal, but the cells failed to react to 500 ng/ml SDF-1a and
SDF-1p compared to healthy controls (Figure 34, bottom). Neutrophils of ICBT patients
before therapy expressed significantly more CD11b and CDé66b, while CD62L expression
was normal (Figure 35 a, left). The expression patterns of eosinophil markers and CD154

on CD8* T cells did not differ in healthy and ICBT patients (Figure 35 a, middle and right).
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Figure 35: Neutrophil, eosinophil and CD8" T cell receptor expression in metastat-
ic melanoma patients before ICBT.

(a) The expression patterns of cell surface markers in geometric mean fluorescence intensity (for

neutrophils and eosinophils) and mean fluorescence intensity (for CD8* T cells) for healthy patients
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(black dots) and ICBT patients before therapy (yellow dots). The first column contains information
on expression levels on neutrophils, the second for eosinophils and the third for CD8* T cells. The
x-axis indicates the tested cell surface markers. Each symbol represents a single individual (healthy:
n=24/23/29;ICBT: n =11/ 9/ 7 for neutrophils / eosinophils / CD8* T cells, respectively). (b)
Distribution of CD8* T cell subtypes in healthy (black dots) and ICBT patients before therapy (yel-
low dots). The x-axis indicates the subtypes, as defined in Figure 26, while the y-axis represents
the percentage of the subtype of all CD8* events. Each symbol indicates a single individual (healthy:
n = 30; ICBT: n = 7). Dark grey lines indicate the median # interquartile range and p-values are giv-
en above the graphs as calculated by Mann-Whitney U-test.

However, ICBT patients before therapy had much less naive CD8* T cells and more acti-
vated memory CD8* T cells compared to healthy controls, while activated and memory cells

were not affected (Figure 35 b).

5.5.3. Preliminary results of migration development over the course

of ICBT

Four of these patients (Supplementary Table 4) could be analysed before therapy on-
set, during therapy and around their first staging. For two of these patients, only eosinophil
migration was analysed, while the other two were measured according to the scheme pre-
sented above. However, only one patient of the latter group, including all immune cells, was
staged before this thesis was completed. All of them are included here.

One of the earliest patients, #0003, was only measured for eosinophil migration patterns.
The eosinophils exhibited a highly motile phenotype before therapy onset, which dropped
prominently until the next measurement timepoint two months later (Figure 36 a). Shortly
after staging, the percentage of moving cells rose slightly again. Interestingly, however, eo-
sinophil speed dropped swiftly over the course of ICBT and the patient was diagnosed with
a progressive disease short before the last measurement (Figure 36 a, bottom).

Eosinophils from patient #0013 were also highly motile before therapy onset (Figure 36
b). Over the course of therapy, the percentage of moving cells decreased slightly, but stayed
largely stable, while the movement speed dropped until the last measurement, a month be-
fore staging (Figure 36 b, bottom). The patient was staged with a partial remission of both
cerebrally and extracranially involved organs.

The blood of patient #0021 was analysed for migration behaviour of all three presented
cell types. Neutrophil patterns were normal before therapy, however, both percentage of
moving cells and speed worsened after the 2°¢ measurement (Figure 37, top). A similar
phenotype was experienced for eosinophils from the same patient, as shortly after therapy

onset, the cells did not seem to react to the applied stimuli any longer (Figure 37, middle).
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CD8+ T cells were responsive before therapy, but both percentage of moving cells, as well

as speed upon stimulation dropped after ICBT onset (Figure 37, bottom).
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Figure 36: Eosinophil migration in a progressive disease (patient #0003) and a par-
tial remission (patient #0013).

Migration of eosinophils over the course of ICBT. (a) Percentage of moving cells (top) and speed
excl. nmec. (bottom) are shown for eosinophils from patient #0003 before therapy (11.02.2019), dur-
ing therapy and shortly after staging. Each dot represents the five stimulation conditions for eosin-
ophils and the x-axis details the measurement dates. Black arrows indicate the diagnosis with im-
mune-related adverse events (irAE), here colitis. (b) Percentage of moving cells (top) and speed excl.
nmec. (bottom) are shown for eosinophils from patient #0013 before therapy (13.03.2019), during
therapy and shortly after staging. Each dot represents the five stimulation conditions for eosino-
phils and the x-axis details the measurement dates. Grey stands for the control (PBS), blue for the
CCLS5, green for the CCL7, red for the CCL11 and purple for the CCL24 treated condition. The grey
dashed lines indicate the therapy start (left) and staging timepoint (right).

Interestingly, on the 15% of August, the patient was diagnosed with immune-related ad-
verse events (irAE) that affected the liver (Figure 37, black arrows). On the same day, neu-

trophil migration, especially upon fMLP and CXCLS8 treatment, was impaired in this in vitro
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assay, even though steroid treatment was only started four days later. Eosinophils, however,

remained as unresponsive as before.

Migration parameters of patient #0021
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Figure 37: Leucocyte migration over the course of ICBT in patient #0021.

Migration of neutrophils (top), eosinophils (middle) and CD8* T cells (bottom) for patient #0021

over the course of ICBT. The upper row shows the percentage of moving cells of all three cell types,

while the lower row reflects on the speed excl. nmc. Each dot represents the stimulation conditions

for the cell types and the x-axis details the measurement dates. Top: Grey dots stand for the control
(PBS), red for fMLP, green for CXCL1 and blue for CXCL8 treatment. Middle: Grey dots stands for
the control (PBS), blue for the CCL5, green for the CCL7, red for the CCL11 and purple for the
CCL24 treated condition. Bottom: Grey dots stands for the control (PBS), orange for 100 ng/ml SDF-
1o, red for 500 ng/ml SDF-1a and blue for SDF-1B stimulation. The grey dashed lines indicate the
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therapy start. Black arrows indicate the diagnosis with irAE, here hepatitis.

The receptor expression of CD11b, CD66b and CD62L on neutrophils from patient
#00021 was unchanged by ICBT and stayed stable over the evaluated days (Figure 38, top
left). However, eosinophils displayed low CCR3 expression that rose sharply after ICBT on-
set a few days later (Figure 38, top right). The composition of CD8* T cells in the peripheral
blood changed after therapy start with an increase in activated memory cells and a decrease
in both naive and activated CD8* T cells (Figure 38, bottom left). The expression of CD154
stayed unchanged over the analysed time (Figure 38, bottom right).

Receptor expression of patient #0021
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Figure 38: Leucocyte receptor expression over the course of ICBT in patient #0021.

Receptor expression of neutrophils (top left) and eosinophils (top right) as well as subtype distribu-
tion of CD8* T cells (bottom left) and their expression of CD154 (bottom right) for patient #0021 over
the course of ICBT. Each dot represents the fluorescence intensity or subtype percentage for the cell
types and the x-axis details the measurement dates. Top: Stars indicate CD11b, black triangles CD66b
and black, half-filled dots CD62L expression on human neutrophils. Red squares stand for Siglec 8,
blue triangles for CCR3, green dots for CD44 and orange rhombi for CD69 expression on eosino-
phils. Bottom: Blue dots indicate naive, green dots activated, purple dots memory and red dots acti-
vated memory CD8* T cells. Black squares stand for the expression of CD154. The grey dashed lines
indicate the therapy start.
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Before therapy, neutrophils of the last patient (#0023) were severely impaired in their

reaction to fMLP, as indicated by baseline moving cells and very slow speed of the cells

(Figure 39, top). Additionally, while CXCL8 induced more cells to move before therapy,

their speed was as low as baseline and the lowest in the whole ICBT cohort (compare Fig-

ure 34).
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Migration parameters of patient #0023
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Figure 39: Leucocyte migration over the course of ICBT in patient #0023.

Migration of neutrophils (top), eosinophils (middle) and CD8* T cells (bottom) for patient #0023
over the course of ICBT. The upper row shows the percentage of moving cells of all three cell types,

while the lower row reflects on the speed excl. nmc. Each dot represents the stimulation conditions

for the cell types and the x-axis details the measurement dates. Top: Grey dots stand for the control
(PBS), red for fMLP, green for CXCL1 and blue for CXCL8 treatment. Middle: Grey dots stands for
the control (PBS), blue for the CCL5, green for the CCL7, red for the CCL11 and purple for the
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CCL24 treated condition. Bottom: Grey dots stands for the control (PBS), orange for 100 ng/ml SDF-
1, red for 500 ng/ml SDF-1a and blue for SDF-1B stimulation. The grey dashed lines indicate the
therapy start (left) and staging result (right). Black arrows indicate the diagnosis with irAE, here
joint pain.

One month after therapy start, neutrophils still did not react to fMLP, but showed im-
proved speed when treated with CXCLS8. On the last measurement day, two weeks before
staging, neutrophils started to respond to both fMLP and CXCLS8 again, while migration
speed for both control and CXCL1 treatment dropped. Eosinophil migration patterns before
therapy were normal but were unstable after therapy induction (Figure 39, middle). The
response to CCL11 spiked during the 2" measurement, but returned to pre-therapy levels
after that, while the other conditions barely showed any differences in eosinophil migration.
However, shortly before staging, the cells’ response to the stimuli increased, while CCL11

stimulation did not induce any migration anymore.
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Figure 40: Leucocyte receptor expression over the course of ICBT in patient #0023.

Receptor expression of neutrophils (top left) and eosinophils (top right) as well as subtype distribu-
tion of CD8* T cells (bottom left) and their expression of CD154 (bottom right) for patient #0023
over the course of ICBT. Each dot represents the fluorescence intensity or subtype percentage for
the cell types and the x-axis details the measurement dates. Top: Stars indicate CD11b, black trian-
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gles CD66b and black, half-filled dots CD62L expression on human neutrophils. Red squares stand
for Siglec 8, blue triangles for CCR3, green dots for CD44 and orange rhombi for CD69 expression
on eosinophils. Bottom: Blue dots indicate naive, green dots activated, purple dots memory and red
dots activated memory CD8* T cells. Black squares stand for the expression of CD154. The grey
dashed lines indicate the therapy start (left) and staging result (right). Black arrows indicate the
diagnosis with irAE, here joint pain.

For CD8* T cells, the 2" measurement is missing due to technical difficulties. Interest-
ingly however, the cells showed impaired reaction to SDF-1f before therapy, which did not
improve over the course of ICBT (Figure 39, bottom). The reaction to SDF-1a before thera-
py was comparable to healthy patients but dropped after two months of ICBT. The patient
was finally staged with a partial remission. On 21" of August, the patient was diagnosed
with joint pain and treated with a cyclooxygenase (COX) 2 inhibitor. Neutrophils and CD8*
T cells of patient #0023 only slightly, if at all, changed in their expression profile and subset
composition (Figure 40, top left and bottom). Neutrophils expressed slightly less CD11b on
the last day of measurement than before (top left), while CD8* T cells stayed the same in
their composition and expression of CD154 (bottom). Only eosinophils showed an increased
expression of CD44 shortly before staging, while all other markers remained unchanged

(Figure 40, top right).
5.5.4.Summary IV

This section focussed on the changes in immune cell migration and receptor expression
induced by metastatic melanoma and immune checkpoint blocker therapy. With the previ-
ously established assays, the migration behaviour of neutrophils, eosinophils and CD8* T
cells was investigated, revealing a potential prognostic relevance for eosinophil baseline
migration in ICBT success. Furthermore, neutrophil and eosinophil migration was largely
unchanged before ICBT, while CD8* T cells showed defective migration patterns. Neutro-
phils of ICBT patients before therapy expressed more CD11b and CD66b and less naive
CD8* T cells, but more activated memory cells were present in the blood of the patients.
Additionally, the preliminary results of changes in migration over the course of ICBT in five
patients show that eosinophil migration dropped sharply in one patient with a progressive
disease. However, in two patients with partial remission the results were contradictory. The
two remaining patients did not undergo staging during the finalisation of this thesis but
were included for their interesting migratory changes in all cell types that might possibly

correlate with irAFE in one case and staging in the other.

Page 98 / 153



Results

5.6. Neutrophil migration into the murine heart following Ml

Neutrophils play a pivotal role in I/R induced injury of the heart and have been attribut-
ed versatile roles, ranging from detrimental, tissue-destroying and healing functions. Thus,
in this second part, neutrophil migration was investigated during MI. However, the assess-
ment of immune cell migration in vitro inherently lacks the cellular microenvironment and
three-dimensional complexity of entire organs. The second approach of this thesis was the
endpoint investigation of neutrophil migration in a murine model of MI. Light sheet fluores-
cence microscopy (LSFM) was chosen for this analysis as it is capable of completely imaging
large specimens, while retaining all 3-D information. As opposed to other endpoint tech-
niques, LSFM provides information on both the localisation of the cells of interest with re-
spect to spatial hallmarks and their quantity. However, LSFM performs subpar if the evalu-
ated tissue is highly autofluorescent, which is especially true for the heart muscle. This limi-

tation was overcome by developing a new clearing protocol, termed BALANCEL
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Figure 41: BALANCE enables homogenous light sheet fluorescence microscopy
(LSFM) in whole murine hearts.

(a) Macroscopic images of murine hearts during the protocol steps. In comparison to the non-
bleached sample (top right), fluorophore compatible bleaching (bottom right) enhances the clarity of
the sample. One square equals 2 x 2mm. (b) Signal distribution of ethyl cinnamate (ECi)-cleared,
unbleached or bleached hearts in LSFM in different channels detecting autofluorescence. The region
of interest (ROI) in the left ventricular wall shows high autofluorescence at the edge of unbleached
hearts (upper row). This peak is lowered, together with an overall lower autofluorescence intensity

in bleached hearts (lower row). Scale bar values are given in um. This figure is adapted from .
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A key feature of this protocol is a bleaching step with peroxide that reduces and adjusts
tissue autofluorescence in all assessed wavelength channels (Figure 41). This allows the use
of lower wavelengths for later analyses as well as utilises the autofluorescence together
with an endothelial cell staining for accurate reconstruction of distinct structures, such as

the aortic valvel.

5.6.1.LSFM allows insights into the 3-D architecture of cardiac vessels

and I/R injury

Intravenous application of CD31 (platelet endothelial cell adhesion molecule, PECAM-1)
was used to visualise the endothelium in murine hearts and enabled the identification of
both cardiac arteries and veins (Figure 42 a) depending on their localisation within the
heart muscle tissue and their expression levels of CD31.

Arteries expressed high levels of CD31 (Figure 42 a, white arrows) and were mostly lo-
cated further inside the tissue, while veins were located on the edges of the tissue and only
exhibited a low CD31 signal (Figure 42 a, asterisk). By manually tracing these structures
(Figure 42 a, bottom right), the cardiac vascular tree was reconstructed in 3-D (Figure 42
b) and subdivided into arteries (orange) and veins (light blue). From the position of the knot
that was used to induce ischemia (white), all the arteries downstream of this obstruction
were tagged as “occluded arteries” (red).

As previously published??6, CD31 positivity is lost during ischemic insult of the brain.
This was found to be true for the heart as well (Figure 42 a + c). Downstream of the knot,
areas that lacked CD31 expression (“holes”, marked with asterisk in Figure 42 c) in the oth-
erwise highly structured and dense vessel network were encountered. Via manual tracing, a
3-D model of the injury caused by ischemia / reperfusion (I/R injury, Figure 42 c right, yel-
low) could be reconstructed. This allowed for an overlay of both the I/R injury with the oc-

cluded vessels, which largely overlapped (Figure 42 d).
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Figure 42: CD31 endothelial labelling allows for reconstruction of the vessel tree
and ischemia / reperfusion induced injury.

(a) Left: Overview of CD31 (green) staining of the murine heart after ischemia / reperfusion as a
single optical slice. Right: Magnification of the ROI (white square, left) highlights the differences in
CD31 staining of CD31"°% veins (asterisk) and CD31%¢" arteries (white arrow heads). These vessels
can be manually traced using Imaris and separated according to their CD31 signal (bottom). Veins
are traced in light blue, arteries in orange. (b) 3-D reconstruction of the traced vessel tree. Left: Ar-
teries (orange) and veins (light blue) are separated by their CD31 signal and localisation within the
heart. The knot (white) indicates the location where the I/R injury was induced. Right: The vessel
tree from a different angle. Here, only arteries are displayed and separated into perfused arteries
(orange) and occluded arteries (red). Occluded arteries were all those CD31"eh vessels that were
below the knot and therefore non-perfused during ischemia induction. (¢) Quantification of I/R
injury. Left: Based on slice by slice tracing of areas negative for CD31 (CD31"8) (white stars, top), a
volume model of I/R injury (bottom) is reconstructed (yellow). Right: 3-D model of I/R injury (yel-
low) and the knot that induced ischemia (white). The I/R injury volume in this heart amounted to
4.6 mm®. (d) The findings from (b) and (c) allow an overlay of the occluded arteries (red) with the
I/R injury (yellow) and the knot (white). Scale bar values are given in pm. The overall legend is giv-
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en below the figure. This figure is adapted from .

5.6.2. Neutrophils accumulate at the border of the I/R injury after 24 h

but do not penetrate deeper into the affected tissue

Next, the changes in vascular architecture and neutrophil localisation were investigated
over the course of the early healing process of the myocardium following I/R injury. There-
fore, hearts of untreated (basal), 45 min ischemia and 24 h reperfusion and 45 min ischemia
and 5 d reperfusion mice were analysed and compared.

After 5d of reperfusion, we observed prominent changes in the vasculature. Where
there was a highly organised and ordered capillary meshwork in basal hearts (Figure 43 a,
left) and a hole in the CD31 staining that affected only the smaller vessels after 24 h of
reperfusion (Figure 43 a, 2" from left), a reduction of CD31"8 areas after 5 d of reperfusion
was encountered. Furthermore, this was accompanied by the presence of a highly unor-
dered, CD31high vascular meshwork, which we termed CD31°%Y, that was situated around
the, now smaller, I/R injury (Figure 43 a, right).

Neutrophils are the first cells to arrive in the heart after I/R injury and play versatile, but
not fully understood roles in both tissue damage and repair. These cells were visualised us-
ing Ly-6G, a highly specific marker for mature neutrophils in mice®. No neutrophils were
present in completely untreated hearts, while smaller accumulations appeared in sham-
treated mice, especially around the surgical thread!. However, neutrophils massively infil-
trated into the heart after 24 h of reperfusion (Figure 43 b). After 5 d of reperfusion, neu-
trophil numbers seemed to decrease again. Automatic quantification of neutrophils in 3-D
revealed a significant increase in neutrophil abundance after 24 h and 5 d compared to un-
treated hearts (Figure 43 c). However, after 5 d of reperfusion, neutrophils did not signifi-
cantly decrease compared to 24 h.

Neutrophils seemed to localise closely to the I/R injury border, not penetrating into the
actually damaged zone (Figure 43 b), while after 5 d, they were distributed throughout the
CD31°lY zones, away from the remaining damage. These observations were quantified us-
ing Imaris’ distance transformation and binning the resulting smallest distances for each
neutrophil in 3-D. After 5 d of reperfusion, fewer neutrophils localised closely to the re-
maining I/R injury zones (triangles) compared to the CD31curly region (squares) or the I/R

injury zone after 24 h (dots) (Figure 43 d).
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Figure 43: Changes in vascular architecture and neutrophil localisation in I/R af-
fected hearts.

(a) Maximum intensity projections (MIP) comparing CD31 staining in basal (left), 24 h post ische-
mia (2"9) and 5 d post ischemia (right) murine hearts. I/R injury is highlighted with yellow dashed
line, unordered, bright CD31 (CD31"") regions with white dashed lines. Magnification: 6.4 x (ba-
sal), 3.2 x(24 h), 4x(5 d). (b) Exemplary MIPs of Ly-6G positive (Ly-6GP°) neutrophils after 24 h (top
row) as well as 5 d (bottom row). Depicted are CD31 (green, left column) and Ly-6G (cyan, middle
column) together with a merge (right column). The dashed white line marks the border of the
CD31%Y region. Magnification: 3.2 x (24 h), 4x(5 d). (c) Scatter dot plot comparing neutrophil
counts obtained LSFM (white dots). x-axis shows the treatment (basal / untreated, 24 h of reperfu-
sion, 5 d of reperfusion), while y-axis represents the percentage of neutrophils present in the heart,
normalised to the mean neutrophil count after 24 h (100%). Displayed are the median + interquartile
range. p-values were calculated via Kruskal-Wallis test with Dunn’s correction. (d) Scatter dot plot
of the localisation of Ly-6GP® neutrophils with respect to the traced I/R injury after 24 h (dots) and
5 d (triangles), as well as the unordered CD31°"!Y volume after 5 d (squares). The x-axis depicts the

distance from the respective border in pm and the y-axis the percentage of Ly-6GP° neutrophils of
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all neutrophils in the heart that are located there. Displayed are the median # interquartile range.

Scale bar values are given in pm. This figure is adapted from .

5.6.3.Summary V

In this section, it was shown how clearing and LSFM approaches can be tailored to ho-
mogenise and lower autofluorescence while retaining the fluorescence of intravenously ap-
plied antibodies coupled to synthetic dyes. With this, the 3-D architecture of the vasculature
of murine hearts under healthy conditions and following I/R injury was elucidated. During
this sterile inflammation, high numbers of neutrophils were present inside the heart after 24
hours and they mostly localised to the border of the affected tissue. After 5 days, when their
numbers decreased, they did not penetrate further into the now healing tissue but were ra-

ther retained at the border of the previously damaged zones.
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6. Discussion

The ability to autonomously migrate is an essential feature that has made life, as we
know it, possible. While most, terminally differentiated cells cease to migrate until triggered
again during wound healing or cancer development®$, immune cells remain reliant on this
central ability throughout their whole life’. Ever since the first experiments with moving
cells in the early 1960s??7, the field has greatly expanded with both new discoveries and
technological advances. Today, cell motility has established itself as an integral process

studied in many, interdisciplinary laboratories around the globe.
6.1. Immune cell migration as a prognostic tool

The migration behaviour of leucocytes has been extensively studied and its potential for
clinical diagnostic and therapeutic purposes is high. This has been shown in various studies
across a variety of different diseases, for example for CXCR2 and CXCR?2 ligand blockage in
both mouse and man (reviewed here??8). Yet, the so far published assays quantifying migra-
tion behaviour lacked a key component: standardisation. For an assay to be clinically rele-
vant, it must allow to be performed in any laboratory by anyone and still yield comparable
results. However, the use of additives like foetal calf serum (FCS) or self-made matrices from
bovine collagen have made a standardisation even between different charges of the same
consumables largely impossible. At best, this resulted in internal databases for each labora-
tory that generated its own set of data from an assay. However, those values could hardly
be compared between studies or research teams and thus their application in clinical routine
remained elusive. But, can we overcome these obstacles and create simple, easy to use and
standardised migration assays for an array of different leucocyte subsets? And what can we
learn from this new perspective on migration in different disease settings? These were two

central questions that were sought to be answered during this thesis.
6.1.1. Establishing immune cell migration assays

To establish immune cell migration assays applicable for clinical assessment, one must
identify key differences between scientific research and medical routine. Such an assay
should be fast to either compete with already existing gold-standards or be of benefit for the
patient, if no gold-standard exists. The latter might then allow for critical clinical interven-
tions if the migration pattern is prominently altered, as is the case in septic shock, where

neutrophil migration is heavily altered hours before any clinical symptoms appear!?’.
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6.1.1.1. Aims and strategies

Thus, all established assays described within this thesis aimed at providing fast results
within hours after blood draw. Furthermore, they should require only a minimum of labora-
tory equipment and omit the need for highly trained personnel, thus reducing cost, space
and allowing understaffed laboratories to still perform the assay. Standardisation is another
important point to consider as experiments and data must be reproducible and comparable
to data from other institutions. Hence, the migration assays were tailored to be xeno- and
serum-free, containing additives only when necessary, allowing for cross-charge and cross-
laboratory comparison. Lastly, the assays should allow for high throughput screening and
thus be applicable for patient analyses as well as drug- and compound-screening.

A central step enhancing speed and comparability was the replacement of tedious and
subjective manual single cell tracking with a fast, reliable and objective auto tracking soft-
ware that greatly increased both speed and output of the migration analyses. Furthermore,
both, the neutrophil and eosinophil migration assays yield results within three to four hours
after blood draw as the cells can be induced and directly imaged without lengthy pre-
incubation times. CD8* T cells, on the other hand, required an activation step over night on
ICAM-1 coated wells. ICAM-1 is normally expressed on activated endothelial cells and re-
combinant ICAM-1, bound on the plastic surface, can mimic this situation and allow the
cells to adhere more firmly??°. It is known that ICAM-1 can boost the stimulation of T cells,
e.g. by CD3 activation, and lead to an increased biosynthesis and release of cytokines, espe-
cially of CD8* T cells?3%-232, Thus, this T cell assay omits the use of other costimulatory mol-
ecules, such as anti-CD3 antibodies, to allow for a more faithful representation of the activa-
tion in the body.

Assay feasibility was ensured by using a bright-field imaging approach on a convention-
al wide-field microscope, capable of performing time-lapse imaging of multiple positions.
These microscopes are normally available in many laboratories and their investment costs
are quite low compared to other, more dedicated imaging systems. Furthermore, all migra-
tion assays were performed in 2-D, which, of course, lacks biological context, as all process-
es in an organism are part of an intricate, 3-D structure. However, choosing this approach
greatly reduced problems like standardisation of the 3-D matrix and its components, repro-
ducibility and imaging of migration in 3-D?33 234,

In order to enhance assay comparability, several serum- and xeno-free media were cho-
sen and tested for their ability to keep the immune cells healthy over a desired period of
time (a minimum of 2 hours for neutrophils and eosinophils and 1 day for CD8* T cells),

without activating them or inducing high migration behaviour. Here, haematopoietic pro-
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genitor growth medium (HPGM, Lonza) excelled in comparison to other media for neutro-
phil granulocytes and was thus also chosen for eosinophils and CD8* T cells. During these
studies, however, HPGM was discontinued, which led to a forced change in protocols to X-
Vivo™ 10 serum-free haematopoietic cell medium (Lonza). This medium produced compa-
rable, but slightly higher migration values than HPGM (data not shown). Serum replace-
ment 3, a product containing only human proteins, such as serum albumin, transferrin or
insulin, but lacking growth factors or hormones, was chosen to replace additives subject to
high inter-charge variances, such as FCS. Furthermore, all chemokines were chosen as car-
rier-free, thus not containing bovine serum albumin (BSA) or carrier proteins from other
animals and were reconstituted in sterile phosphate-buffered saline (PBS) instead of ethanol
or dimethyl sulfoxide (DMSO), both of which are toxic to cells and can inhibit key effector
functions?3°.

Addressing upscalability, multi-well imaging plates, such as 96 or 384 well plates were
chosen, which would theoretically allow for fast screening of migration changes in many
patients side-by-side. Furthermore, these assays may also be used for screening of large
drugs and chemical compound libraries to study effects on immune cells, their morphology
and migration. However, the throughput of the migration assays is currently still limited in
terms of image acquisition. So far, only four wells for neutrophils, five for eosinophils and
eight for CD8* T cells can be imaged simultaneously as the time between two frames has to
be abided. If the time between two frames is too high and the cells have moved very far
away from the first to the second frame, automatic tracking produces errors. Then, it cannot
faithfully follow one single cell over two or more frames and terminates the tracking path.
Here, we tested and chose framerates of 8 seconds (for neutrophils), 9 seconds (for eosino-
phils) and 16 seconds (for CD8* T cells), which were the highest times between frames we
could chose for the specific cell type, without inducing imaging-related errors in subsequent
tracking. Hence, faster imaging techniques must be developed in order to truly unlock the

potential of these migration assays for clinical and industrial application.
6.1.1.2. Lessons learned from healthy individuals

The migration assays for neutrophils was the first of this kind of assays developed in our
laboratory?. Following this, the application of this technology on eosinophil granulocytes
was tested. Interestingly, while eosinophils were successfully induced to migrate by stimula-
tion with CCL5%3, -7236, -11 and -242%, they displayed high individual variability, even under
control (PBS) treated conditions (Figure 17 + Figure 18). This was unlike neutrophil granu-

locytes, which migrated more steadily in different blood donors?. This phenomenon was not
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due to the age of the blood donors, but rather because of migration differences between
male and female blood donors (Figure 19). These gender-dependent differences in eosino-
phils have previously been reported for both mice and men?%24. Zhao et al. reported fe-
male mice to produce more type 2 cytokines and chemokines?%°. Females also have more
activated eosinophils and thus more inflammation than male mice in airway
inflammation?%°, while Slapnickova and colleagues showed that female mice were more ca-
pable of controlling leishmaniasis?*8. Additionally, oestrogen has been shown to directly
influence eosinophil behaviour, including migration?*!. However, eosinophils from human
female or male donors did not differ in their levels of CD44 and CD69 (Figure 21 b), both of
which are upregulated on hypodense, more activated eosinophils®!. Furthermore, the ex-
pression of CD44 and CD69, as well as Siglec 8 and CCR3 did not correlate with any of the
evaluated migration patterns (data not shown). Here, one might argue that CD44 as assessed
by flow cytometry in this thesis was not sufficiently proven, as it was not induced by GM-
CSF in vitro stimulation and showed an overall low expression level, while both Siglec 8 and
CD69 were upregulated in response to activation (Figure 20). However, both, the isotype
and the unstained control were negative and CD44 was differentially expressed in the inves-
tigated healthy blood donors (Figure 21 a). In concordance, Lampinen et al. found the ex-
pression of CD44 to be low in healthy donors but upregulated by IL-5 stimulation in vitro?*2.
Thus, it is conceivable that eosinophils do not differ in their activation status depending on
donor sex, but rather, intrinsically, in their way of reacting to insults, such as inflammation
or chemokine stimulation. Their slower migration speed in vitro might indicate that eosino-
phils from female donors arrive at a site of infection later than eosinophils in male patients,
but this does not necessarily implicate their effector function when on site. Especially inves-
tigation of the former would shed light on the observed migratory differences in men and
women.

CD8* T cells were successfully induced to migrate on ICAM-1 coated plates after a pre-
stimulation of 24 hours. However, they required high concentrations of CXCL12 for migra-
tion induction, which has previously been linked to T cell repellence in vitro and in vivo?*>
244 Yet, as the established 2-D migration assays analyse random migration, as opposed to
the investigated directed migration in a Boyden chamber or under a gradient of CXCL12,
underlying mechanisms and required cytokine concentrations may differ. In 40 healthy
people, random CD8* T cell migration was significantly induced by 500 ng/ml SDF-1a and
1 pg/ml SDF-1p (Figure 22 + Figure 23). CD8* T cells were not influenced by the time for
sample preparation (Figure 24), as it was observed for both neutrophils? and eosinophils

(Figure 19). Both age and gender did not significantly impact CD8* T cell migration in re-
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sponse to CXCL12 (Figure 24). It is well described that T cells can be further subdivided
into functionally distinct modes based on their antigen-experience and activation status
with markers such as CD45R0O, CD45RA or CCR7%%. With a panel based on CD8, CD45RO
and CCRY7, the purified cells were checked for purity via CD8 expression and divided into
naive, activated, central memory and effector memory T cells?® (Figure 25). As expected
and already published®, naive T cells decreased with increasing age, while circulating
memory T cells and effector memory T cells increased (Figure 27). Additionally, the expres-
sion of CD154, the CD40 ligand, was analysed as this can be expressed by CD8* T cells that
possess helper functions similar to CD4* T cells??2. As described by Frentsch et al, only a
small subset of CD8* T cells can be induced to express CD40L by ex vivo stimulation with
PMA and Ionomycin, which was reproduced during this thesis (Figure 25 b)??2. Even
though the abundance of CD40L* CD8* T cells in the circulation of healthy blood donors is
low, their numbers are increased in patients suffering from colon cancer?. Hence, this
marker was included, especially to evaluate the abundance of CD8* T cells expressing
CD40L in cancer patients, e.g. advanced melanoma patients. CD40L expression was, as ex-
pected, not detectable in most healthy patients (Figure 26). Interestingly, female blood do-
nors had more circulating naive and less effector memory CD8* T cells compared to males,
even though age was not significantly different in these groups. This stands in contrast to
the recently published work by Li et al, who reported naive CD8* T cells to be higher in
male donors between 20 — 60 years of age?¥’. However, these differences might originate
from the different populations assessed in this thesis and the presented study.

Finally, the published neutrophil migration assay was supplemented with a flow cytom-
etry panel to additionally quantify their activation status. As expected, neutrophils ex-
pressed similar levels of the investigated receptors across healthy blood donors. Strikingly
however, neutrophils seemed to migrate more and faster, when they were not activated, as
expressed by lower levels of CD11b and CD66b as well as higher levels of CD62L (Figure
31). This may be caused by the inhibition of migration through tighter adherence, as was
shown for high CD66b levels, which resulted in neutrophil aggregation and clumping?. It
is also likely that activated neutrophils need a chemotactic gradient to exhibit faster migra-
tion and that this activation, in turn, reduces random migration that is mostly needed for
surveillance but not for following a gradient to a site of infection. Yet, as expected neutro-
phils became slightly, non-significantly, more activated due to longer preparation times, but

their activation was not age- or gender-dependent, which has not been reported thus far.
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6.1.2. Neutrophil migration as a biomarker for prognosis and surveil-

lance

Neutrophils are the first immune cells to arrive at a site of insult, be it sterile or patho-
genic, and infiltrate massively into the affected tissue within minutes?*’. Several studies
highlight changes in neutrophil migration in diseases associated with a higher risk of infec-
tion, such as diabetes?° or acquired immunodeficiency syndrome (AIDS)?!. Furthermore,
defective neutrophil migration was observed in severe sepsis and could be linked to a poorer
prognosis?>2. Thus, the assessment of neutrophil migration behaviour has a great potential
to valuably contribute to and facilitate clinical work in both diagnostics and prognostics.
Two diseases, which can directly affect neutrophil development and maturation and are
accompanied by a higher susceptibility to infections, are myelodysplastic syndromes (MDS)
and atypical chronic myeloid leukaemia (aCML). Both diseases are also associated with a
higher infection risk, which is thought to originate from either reduced immune cell num-

bers (MDS)!>> or their immaturity (aCML)6!.

6.1.2.1. In MDS

MDS is a heterogenous disease that affects the development of multiple haematopoietic
cells with increasing severity!>’. Routinely, MDS is staged by a combination of peripheral
blood cell counts, bone marrow blast analysis and cytogenetics, which culminate in the cal-
culation of prognostic scores, such as the revised international prognostic scoring system
(IPSS-R)1>7. The heterogeneity of MDS was also reflected in in vitro neutrophil migration
patterns and especially the migration upon fMLP treatment differed among the disease cat-
egories (Figure 7 a + b). Interestingly, the defects in neutrophil migration in response to
fMLP correlated strongly with increasing IPSS-R and thus severity of MDS, but not with any
of the assessed parameters, except for the absolute neutrophil count, some of which are the
basis of IPSS-R calculation!’ (Figure 7 ¢ + d). Furthermore, the level of C-reactive protein
(CRP) did not correlate with neutrophil migration. This is interesting, as CRP is a classical
marker for ongoing inflammation, is increased in chronic inflammatory diseases, bacterial
infections or progressive cancer?>® and has been shown to inhibit neutrophil migration in
vitro?>* 255 Tt is thus conceivable that the CRP concentrations were not sufficient to inhibit
neutrophil migration. Yet, it would be important to include healthy patients and their re-
spective CRP levels in future studies to evaluate the in vivo priming and effect of CRP on in

vitro migration behaviour.
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However, the impact of other factors on neutrophil migration, such as co-morbidities,
therapy or infection over the course of disease, remained unaddressed in this study and thus
warrant further investigation. Strikingly, the repetitive measurements of two MDS-EB-II
cases revealed the correlation of improved neutrophil migration with therapy success and
overall patient improvement (Figure 8). In contrast to that, neutrophil migration remained
impaired in a case of unsuccessful therapy, which highlights this assay’s power as a therapy
surveillance tool. Importantly, 5-azacytidine therapy itself is unlikely to have an impact on
neutrophil migration as both patients received the same therapy, but experienced opposing
outcomes.

In MDS, the in vitro measurement of neutrophil migration in a standardised way might
be able to facilitate clinical work by assisting prognostic scoring and continuous surveil-
lance of patients over the course of disease. This might lower costs and invasive procedures,
such as BM analyses, for both the hospital and the patient. However, the presented study
only included 26 patients, most of them with less severe MDS subtypes, which showed little
to no differences in migration behaviour compared to healthy patients. It would therefore be
important to include more individuals with high risk MDS, different therapies and therapy
outcomes in future studies to explore the true prognostic and surveillance potential of neu-
trophil migration. In addition to that, the reason for diminished neutrophil migration re-
mains elusive thus far and could open the door for more, sorely needed treatment options in

MDS.

6.1.2.2. InaCML

aCML is a rare neoplasia that has a poor prognosis and is characterised by increased
granulocyte numbers and their progenitors in the peripheral blood as well as severe dys-
granulopoiesis!®!-164, Similarly to severe MDS, neutrophils from one patient suffering from
aCML were highly impaired in their migratory ability before therapy (Figure 9) but also
remained so throughout therapy (Figure 13). Furthermore, the expression of the low affini-
ty IgG receptor FcyRIII, CD16, and carbohydrate antigen, CD15, which are normally strong-
ly expressed by human mature neutrophils, remained below the healthy average. CD15 ex-
pression is regulated during neutrophil maturation®” and was largely absent over the com-
plete observation period and did not significantly correlate with peripheral immature neu-
trophils (Figure 16 a). CD16, which is also upregulated with increasing neutrophil matura-
tion*?, correlated with the amount of peripheral myeloblasts, but not significantly with any
other neutrophil progenitor counts (Figure 16 b). Additionally, CD15 was downregulated

on the overall neutrophil population, while CD16 was absent on a large proportion of the
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cells (Figure 11). The reason for the lack of CD15 expression could not be clarified in this
study. However, overall CD16 expression was influenced by immature neutrophil subsets,
as published*. In addition to this, the signalling chemokine receptors for fMLP (fMLPR),
CXCL1 (CXCR2) and CXCL8 (CXCR1 and CXCR2) were severely reduced on aCML neutro-
phils throughout therapy. The expression of fMLPR, CXCR1 and CXCR2 did not correlate
with the migration behaviour in healthy donors?, however it is conceivable that especially
the severely impaired migration upon CXCL8 treatment might stem from the absence of its
main signalling receptor CXCR12%. Yet, CXCL8 can also signal via CXCR22%, whose expres-
sion levels verged on normal over the course of aCML, but did not impact neutrophil migra-
tion when triggered with CXCL8. As CXCL8 is a key molecule required for the recruitment
of neutrophils and their successful extravasation from the blood vessel system?7, it is
tempting to speculate that this disrupted response to CXCL8 might explain why the patient
remained susceptible to bacterial and fungal infections throughout his therapy.

Strikingly, the therapy with Ruxolitinib was successful in reducing both the white blood
cell count (WBC), peripheral neutrophil precursors and other disease manifestations, but
had virtually no impact on neutrophil migration or receptor expression. In MDS, a success-
ful treatment was indicated by a normalisation of neutrophil migration, while this does not
seem to be the case in aCML. Here, it is therefore conceivable that the underlying genetic
cause for defective neutrophil migration was not targeted by Ruxolitinib therapy, which
aimed at impairing the CSF3R mutated clone!®® 16°. Additionally, Rudolph et al. recently
reported that Ruxolitinib itself showed impairing effects on dendritic cell migration?8.
While it stands to reason that Ruxolitinib therapy is partially responsible for the diminished
neutrophil migration, the low migration speed and recruitment were already detectable be-
fore therapy (Figure 9). To date, only the migratory capacity of banded neutrophil granulo-
cytes has been investigated and these data yielded conflicting results?!7- 218, Yet, the analysis
of neutrophil migration speed and the abundance of overall leucocytes, myeloblasts and
metamyelocytes in the patient’s peripheral blood, revealed no strong correlation (Figure 15
a). However, metamyelocyte counts correlated negatively with speed upon CXCLS8. Thus,
metamyelocytes might influence the migration analysis either directly by being slower than
mature neutrophils, or indirectly by repressing mature neutrophil migration.

Another interesting difference between the aCML patient and MDS patients was the
neutrophils’ morphology. In aCML, neutrophils were significantly enlarged compared to
healthy controls before therapy, but whether this is the result of enlarged cytoplasm or in-
creased adherence, remains unclear (Figure 10). This altered morphology improved in ac-

cordance with therapy success upon Ruxolitinib treatment (Figure 14). Furthermore, neu-
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trophil size did not correlate with assessed peripheral blood parameters, ruling out that neu-
trophil progenitors are responsible for these changes (Figure 15 b). Additionally, neutrophil
morphology normalised to healthy levels already one week after therapy initiation. In fact,
it has been reported that Ruxolitinib causes microtubule instability in mutant HEL cells?*®
and might thereby change their morphology. Furthermore, it is conceivable that the CSF3R
mutant clone was responsible for the abnormal shape or adherence of neutrophil in this
assay, which then normalised by clonal depletion (data not shown).

Of high importance is the peak in neutrophil speed upon fMLP stimulation on day 67 to
12.5 pm/min (Figure 13). Only six days later, the aCML patient was hospitalised due to a
sinusitis with fever and bleeding from a gastric ulcer. Therefore, surveillance of neutrophil
migration could help identify not only therapy success in MDS, but also function as an early
warning system for upcoming infections in high risk patients. Interestingly, this also shows
that aCML neutrophils were still able to overcome their unresponsive state, but seemed to
require additional, yet undefined, host-derived stimuli to migrate in an in vitro assay. Unfor-
tunately, it remains unclear whether neutrophil migration was altered during the last
weeks, when the patient was diagnosed with mucormycosis, a fungal infection, mostly oc-
curring in immunosuppressed patients?®®, as no migration data could be acquired during
these stages. Whether weak neutrophil effector function and motility might have been the
cause of this disease or something else triggered this drastic deterioration, can only be sub-

ject of speculation.

6.1.3. Immune cell migration in malignant melanoma and immune

checkpoint blocker therapy

Melanoma is the most dangerous form of skin cancer and especially melanoma metasta-
sis is aggressive and increasingly difficult to treat!’4. However, ever since the discovery of
immune checkpoints in T cell activation and suppression in the 1990s%6!: 262, tremendous
efforts in understanding T cell biology and developing blocking antibodies, have led to fun-
damentally new treatment options: immune checkpoint blockers. Especially anti-PD-1 and
anti-CTLA-4 antibodies are now routinely applied in clinical treatment of metastatic mela-
noma patients as they have yielded exceptional results in overall survival?¢3-2%, However,
significant percentages of patients do not respond to PD-1, CTLA-4 or even combination
therapies??4. Furthermore, serious, sometimes even life-threatening complications, so-called
immune-related adverse events (irAE), arise from these therapies as not only tumour-
specific T cells are boosted, but also those that might have been suppressed due to their au-

to-reactivity?®®. Biomarkers, which can identify responders and non-responders either be-
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fore therapy or early on during therapy, as well as predict the occurrence of irAE, are sorely

needed to improve the clinical outcome for the patients.
6.1.3.1. The prognostic potential of eosinophil migration

Eosinophil granulocytes have been described as important players in cancers, such as
melanoma?. Many malignancies are accompanied by peripheral eosinophilia and eosinophil
infiltrates and some of them are correlated with a favourable outcome for the patient> 267,
In 2015, Carretero et al. described that eosinophils are involved in cancer rejection by re-
cruiting CD8* T cells and normalising the tumour vasculature to facilitate this infiltration®®.
In addition to that, Lucarini and colleagues demonstrated that eosinophils were recruited to
the primary tumour site by IL-33, where they then recruited and activated CD8* T cells and
natural killer (NK) cells, thus promoting tumour rejection?s. In concordance, peripheral
eosinophilia has been proposed as a biomarker for melanoma patients during immunother-
apy with checkpoint blockers?¢’. As any other immune cell, eosinophils much migrate to
reach the tumour site and exert their multi-facetted functions. Thus, the mere assessment of
their abundance in the blood might not reflect on their ability to infiltrate into the tumour.
Therefore, the migratory patterns of eosinophils were determined in patients suffering from
metastatic melanoma undergoing ICBT.

In a first, mixed cohort of patients under ICBT, eosinophil migration patterns were high-
ly reduced over the whole cohort compared to non-melanoma, healthy individuals (Figure
32 a). Interestingly, eosinophil speed upon control treatment with PBS was, overall, undis-
tinguishable from healthy people. This was further elucidated by grouping the patients ac-
cording to their treatment outcome into responders and non-responders (Figure 32 b). Up-
on control treatment with PBS, eosinophils migrated faster if they originated from a re-
sponder as compared to eosinophils from non-responders, which migrated significantly
slower. A receiver operating characteristic (ROC) analysis revealed that eosinophil baseline
speed was able to tell apart responders from non-responders with high specificity and sensi-
tivity (Figure 32 c). However, this mixed cohort did not contain measurements before
ICBT. Furthermore, it was not possible to group the patients according to previous treat-
ments, checkpoint blocking agent, age, gender or recurring measurements, as this would
have severely reduced the already small samples sizes.

Eosinophil migration can be a powerful tool to study the response of patients to ICBT in
melanoma. Already the mixed cohort of different previous treatments, checkpoint blocking
antibodies, ages and gender revealed a correlation between faster baseline migration speed

and successful therapy outcome. It is conclusive that eosinophils are activated due to ICBT,
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but whether this is a direct or indirect effect remains unclear. Heightened migratory capaci-
ty in the peripheral blood might indicate that they are more capable of migrating into the
tumour to exert accessory functions for CD8* T cells or NK cells®®, but also into other pe-
ripheral sites and thus inhibit the spreading and growth of more distant metastases?¢8.
However, whether increased eosinophil migration is associated with increased infiltration

into the tumour bed or distant sites remains to be elucidated in future studies.

6.1.3.2. Interplay of neutrophils, eosinophils and CD8* T cells in malignant

melanoma

To overcome the limitations of the first mixed cohort, a new melanoma cohort was set
up to investigate the migration behaviour and receptor expression of eosinophils and neu-
trophils, but also CD8* T cells. This cohort encompassed only patients, who received ICBT
as a first therapeutic option and who could be measured before therapy to determine pre-
therapy migration behaviour.

Interestingly, both neutrophil and eosinophil speed in melanoma patients before ICBT
was largely indistinguishable from healthy controls (Figure 34). However, peripheral CD8*
T cells were completely inhibited in their response to CXCL12, both in its o and P isoform.
Additionally, neutrophils from melanoma patients expressed more CD11b and CD66b and
were thus more activated®3, while the level of CD62L expression was similar to healthy con-
trols (Figure 35). FEosinophils from melanoma patients did not show an upregulation of
CD44 or CD69, which was reported for activated eosinophils in other diseases®!. Melanoma
patients had significantly less naive, but more activated memory cells, which is, most likely,
due to the advanced age of the melanoma patients (ICBT: 45 — 82 versus healthy: 27 - 62)
and not from the disease itself.

These experiments show that melanoma systemically affects CD8* T migration and neu-
trophil activation but has no impact on overall neutrophil or eosinophil migration, eosino-
phil activation or CD8* T cell expression of CD154. This highlights that the changes ob-
served in eosinophil migration discussed under 6.1.3.1 are a result of the cells’ reaction to
the treatment rather than already present because of the disease itself. Thus, eosinophil mi-
gration might still be a prognostic marker during ICBT but cannot indicate responders and
non-responders before therapy. It is of high importance to investigate whether this is a mel-
anoma specific phenomenon or if CD8* T cell migration is impaired in other cancer types as
well. Furthermore, there is therapeutic potential in restoring this defective migration to

boost melanoma rejection beyond sole T cell activation, as performed during ICBT. It also
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remains unclear whether melanoma directly downregulates T cell migration or if defective

T cell migration might be the cause for melanoma in the first place.
6.1.3.2.1. Preliminary results from five follow-up patients and their stagings

As only four patients of the new ICBT cohort could be followed over their course of
treatment and subsequently be staged so far, only preliminary results on migration and
therapy response could be acquired. Notably, in one case of progressive disease, a non-
responder, eosinophil migration, especially speed, gradually worsened over the course of
ICBT (Figure 36 a). This hints at a gradual, systemic reduction of eosinophil migration be-
yond the direct interaction of the cells with the checkpoint blocking molecules as eosino-
phils have not been reported to circulate in the blood stream for multiple months?®®. How-
ever, this extended manifestation of the defective migration phenotype might indicate that
eosinophil migration is not a good prognostic marker for ICBT success, as first staging and
migration deficiency occur roughly at the same time. On the other hand, if eosinophil mi-
gration failure coincides with therapy failure, modulation and restoration of eosinophil mi-
gration might help to counteract melanoma progression and ICBT resistance.

Two patients with partial remissions showed contradicting results. Patient #0013, who
was analysed only for eosinophil migration, displayed steeply declining migration patterns
after ICBT onset, despite being diagnosed with a partial remission (Figure 36 b). These re-
sults, of course, questions the value of eosinophil migration during ICBT therapy, as both a
progressive disease and partial remission were accompanied by reduced eosinophil migra-
tion. Yet, this was already observed in the first, mixed cohort (Figure 32 b). Here, some re-
sponders showed defective migration, while some non-responders presented with normal-
ised migration, but eosinophil migration still produced a good overall correlation with ther-
apy success in this old cohort. Therefore, other parameters that might influence eosinophil
migration, such as IL-2 or GM-CSF levels, in this setting must be identified and carefully
considered to paint a more precise picture of patient progression or therapy success.

It is tempting to speculate that ICBT directly inhibits eosinophil migration, regardless of
the outcome, yet patient #0023, who was also staged with a partial remission, exhibited
normalised eosinophil migration patterns two weeks before staging (Figure 39). Notably,
this normalisation of migration coincided with an upregulation of the activation marker
CD44, while all other markers remained unaffected (Figure 40). CD44 has been extensively
studied for its role in tumour progression, where it promotes migration and invasion?7% 271,
Furthermore, it can regulate the rolling of T cells on endothelial cells?’?, which express its

ligand hyaluronic acid, and initiate extravasation and infiltration. So far, little is known
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about the biology of CD44 on eosinophils other than that it is an activation marker in bron-
chial diseases®® 273, As no correlation existed between CD44 expression and migration be-
haviour of eosinophils in healthy individuals, the increase in CD44 coinciding with in-
creased migration in patient #0023 must be presumed as by chance.

Neutrophil migration from patient #0023 was severely impaired before ICBT onset. In-
terestingly, the responses to fMLP and CXCL1 remained below normal levels, while CXCL8
induced speed normalised over the course of therapy (Figure 39). This was accompanied by
a slight downregulation of CD11b, but not of any of the other markers (Figure 40). There-
fore, ICBT induced normalisation of neutrophil migration patterns, which has been associ-
ated with a positive outcome for MDS patients before?, yet both fMLP and CXCL1 failed to
induce responses comparable to the healthy situation. fMLP is an N-formylated peptide that
is characteristic for bacteria and elicits strong chemotactic responses in neutrophils and
other immune cells?’4. fMLP is an end target chemoattractant that leads neutrophils to the
site of infection after they have crossed the endothelium?*’. Intermediary, endogenous
chemokines, such as CXCLS8, induce rolling and transmigration of neutrophils on the endo-
thelium and thus must be overridden by stimuli, such as fMLP to facilitate directed migra-
tion in the tissues?’. Heit and colleagues proposed a hierarchical model of integrating these
stimuli by the activation of different intracellular signalling pathways triggered by fMLP
and CXCL8?7. It is therefore conceivable that neutrophils from patient #0023 were dysregu-
lated in their intracellular signalling pathways, affecting the response to all tested chemo-
kines. This, however, might stem from other cytokines, such as GM-CSF?’¢, which may in-
fluence neutrophil responses without changing the expression of signalling receptors, but
rather change the intracellular signalling landscape.

Furthermore, higher neutrophil expression of CD11b correlated negatively with migra-
tion behaviour, at least for baseline migration (Figure 31). Indeed, patient #0023 showed
high CD11b expression before therapy, which persisted for one month, but dropped on the
third measurement, when migration sharply increased. In this regard, Zen et al. demonstrat-
ed that CD11b/CD18 is important for firm adhesion of neutrophils to the endothelium, but
that CD11b must be cleaved for successful transmigration?’’. High expression of CD11b
could induce firm adhesion of neutrophils to the plastic in the presented assay and thus re-
duce percentage of moving cells and speed of all stimulation conditions. This was not ob-
served for healthy patients, most likely because such high CD11b expression was not pre-
sent in healthy individuals.

Strikingly, CD8* T cells, which were able to respond to 500 ng/ml SDF-1¢, lost this abil-

ity during therapy until staging and were thus completely unresponsive to any trigger in
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the migration assay, despite partial remission. This is unexpected as one would assume that
a responder is characterised by a normalisation of T cell migration to healthy control levels,
not by further decrease of said migration. One week before this reduction, the patient re-
ceived a cyclooxygenase (COX) 2 inhibitor in response to immune-related joint pains
(Figure 39). COX-2 is induced due to pro-inflammatory mediators and is responsible for
increased prostaglandin production, which in turn lead to vasodilatation and endothelial
permeability to facilitate leucocyte infiltration into the inflamed tissue?’®. Additionally,
dysregulation of COX-2 has been described to drive the pathogenesis?”® and play an im-
portant role during immune evasion of cancer?®. In contrast to that, COX-2 and its product
prostaglandin E; are also involved in migration of macrophages?®! and dendritic cells?®2.
While no studies of pharmacological COX-2 inhibition on T cell migration exist so far, it is
tempting to speculate that decreased T cell migration is the result of anti-inflammatory
treatment against immune-related joint pain in patient #0023. In this regard, Lukkarinen
and colleagues described increased neutrophil influx into injured lungs after treatment with
the COX-2 inhibitor NS-398283. In patient #0023, neutrophil and eosinophil migration was
also increased after COX-2 inhibition, which could thus be another possible reason for these
observations.

Patient #0021, for whom no staging exists so far, was characterised by a strong decrease
of neutrophil, stable but high and largely uninducible eosinophil and worsening CD8* T cell
migration (Figure 37). Due to overall bad migration behaviour, it is tempting to speculate
that this might be a non-responder, especially concerning neutrophil and eosinophil migra-
tion patterns. Furthermore, the patient was diagnosed with immune-related hepatitis on the
last day of observation, which might account for the severe decrease in immune cell migra-
tion patterns, as was observed in our lab for neutrophils from severe acute hepatitis patients
(unpublished data). Sadly, no flow cytometry data was acquired on that last day, which
could shed light on immune cell activation during immune-related hepatitis.

In summary, this study investigating the activation status and migration of neutrophils,
eosinophils and CD8* T cells in melanoma and during ICBT still severely lacks in patient
samples, stagings and follow-up measurements. First hints can be gained from the data ac-
quired for this thesis. Eosinophil and neutrophil migration, for instance, is obviously
changed in response to ICBT, but not due to melanoma itself, while peripheral CD8" T cells
remained severely impaired in their migratory capacity despite ICBT. In this regard, a rea-
son for ICBT failure could be the insufficient migration of CD8* T cells into the tumour be-
cause of previously inscribed migratory defects. Thus, ICBT would activate the cells, but not

support them in getting to the tumour site. ICBT does not seem to have a direct effect on

Page 118 / 153



Discussion

the migration of cells it should directly affect, namely CD8* T cells. Other mediators, such
as serum levels of IL-2, GM-CSF, G-CSF or others, might be responsible for the evaluated
changes, making migration data alone hard to interpret in this multi-facetted disease. To
precisely determine the prognostic, maybe even diagnostic, value of migration in this dis-
ease, further analyses must be conducted on a larger cohort of patients, assessing also tu-
mour biopsies for immune cell infiltrates and plasma samples for the induction of specific
mediators that correlate with altered migration patterns. Only then can a comprehensive

picture be painted, and migration behaviour be linked to tumour rejection or progression.

6.2. Light sheet fluorescence microscopy as a novel tool for in-

depth migration endpoint analyses

Biological processes inherently happen in three dimensions, but barely any techniques
faithfully represent this 3-D nature. Light sheet fluorescence microscopy (LSFM) of optically
cleared organs has established itself by taking a step back and visualising entire organs at
cellular resolution. However, optical clearing of the samples is the key step, enabling ho-
mogenous and therefore quantitative imaging of whole specimens and organs. While a great
variety of different approaches for optical clearing exist, most of them suffer from com-
pound toxicity, prolonged handling and clearing times or suboptimal clearing of pigmented
organs'®, such as the heart. This was overcome by the development of BALANCE!, which
combines key aspects of other clearing approaches with the use of non-toxic reagents and
allows for fast and reliable 3-D characterisation of pigmented organs. In comparison to un-
bleached murine hearts without any further staining, BALANCE reduced tissue absorbance
and edge halos (Figure 41). This was especially important as subsequent automated anal-
yses, such as counting of neutrophil granulocytes, relied on a homogenously distributed
signal and the ability to apply an overall threshold for negative and positive signals
throughout the entire organ. Additionally, this allowed the segmentation of vessels into
arteries and veins solely based on the brightness of their endothelial staining (CD31) as well

as their localisation.
6.2.1.Vessel architecture during ischemia / reperfusion injury

During myocardial infarction (MI), the supply of blood by coronary arteries is terminat-
ed, mostly due to fatty plaques or thrombi'®>. This leads to reduced or even terminated sup-
ply of nutrients and oxygen to the myocardium and thus inflicts tissue damage. Fast inter-

vention is needed to restore the perfusion of MI after ischemia (reperfusion), which in turn
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has been shown to inflict additional damage on both myocardium and blood vessels, a phe-
nomenon termed ischemia / reperfusion (I/R) injury!®% 19,

As the vasculature is the starting point of I/R injury, faithful reconstruction of the vessel
tree was the first aim of this study. CD31 (platelet endothelial cell adhesion molecule,
PECAM-1) proved invaluable in visualising the dense vessel meshwork® 137 in the murine
heart (Figure 42 a). The supplying arteries expressed high levels of CD31284 285 were locat-
ed on the inside of the heart muscle tissue and were larger than other vascular structures.
Veins were characterised by low expression of CD31, thin walls?8¢ and their localisation
rather on the edge of the tissue. This allowed for a semi-manual 3-D reconstruction of the
large vascular tree of the murine heart (Figure 42 b). However, LSFM-guided immunohisto-
logical sections and stainings for Sca-1, a-SMA (arteries) or Ephrin B4 (veins)?® should be
conducted to verify that these vessels as indeed arteries or veins.

The identification of the knot, which was used to induce I/R injury in the here employed
mouse model, was possible as the suture was autofluorescent and scattered light, especially
in the lower wavelength channels. This enabled the segmentation of the heart arteries into
those that were above the knot and thus perfused (orange), and those that were downstream
of the knot, thus presumably not perfused (red) arteries. Non-perfused arteries furthermore
overlapped with the so-called area at risk (AAR) as determined by other means in the same
heart, thus proving that these vessels were indeed not perfused during artery occlusion!.

Recently, Lugo-Hernandez et al. shed intricate light on the changes in vasculature fol-
lowing stroke??®. Here, ischemic brain areas showed a severely decreased vessel density due
to loss of capillaries when compared to non-ischemic areas. In this paper, the authors com-
bined vessel filling with fluorescently labelled albumin with CD31 staining, proving that
both methods produced the same results, namely a loss of capillaries in the ischemia-
affected brain hemisphere. Based on these findings, the loss of CD31 was studied in I/R inju-
ry. Indeed, CD31 was absent in areas of the heart, especially around and downstream of the
knot (Figure 42 c), which allowed for semi-manual reconstruction of these structures.
These I/R injury volumes overlapped with the previously identified, occluded arteries
(Figure 42 d). However, both occluded arteries and AAR!, were larger in size and also ex-
isted outside of the I/R injury volume. The question arises why some parts of the myocardi-
um are affected, while others, that lie inside the AAR and were not perfused during ische-
mia, are not? It is tempting to speculate that structural differences in both vessels and the
myocardium are responsible for these differences. Furthermore, the termination of the blood
flow via one coronary artery might not necessarily mean the undersupply of all downstream

areas, as these may still be supplied via other larger vessels. Elucidating these intra-heart
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differences could shed more light on the pathology of I/R injury and pave ways for treat-

ments and prevention of vessel loss due to acute ML
6.2.2. Neutrophils in I/R injury

Reperfusion is needed after ischemia to restore the supply with blood and therefore ox-
ygen and other nutrients to prevent further death of cardiomyocytes?®’. However, reperfu-
sion triggers pro-inflammatory responses, which further damage the affected
myocardium?®. Also here, neutrophil granulocytes are the first responders and arrive early
at the ischemic border, where they generate reactive oxygen species (ROS) and secrete their
cytotoxic granules, thus furthering tissue injury?%. Yet, neutrophils do not only play a det-
rimental role in I/R injury, but are also important modulators of the immune response, cul-
minating in resolution of inflammation and subsequent healing. In this regard, Horckmans
and colleagues showed that complete neutrophil depletion in their chronic MI model was
detrimental for cardiac function, resulted in increased fibrosis and heart failure?%’. On the
other hand, blocking or depletion of myeloperoxidase (MPO), an enzyme mostly produced
by neutrophils and pro-inflammatory monocytes, was mostly accompanied by improved
outcome and cardiac function, but had no impact on the I/R injury size?%® 29°. However,
while some studies report improved outcome upon blocking neutrophil infiltration, others
could not reproduce these results or show any positive effect of neutrophil blockage on I/R
injury in experimental mouse models?%.

Thus, it is conceivable that neutrophils play a pro-inflammatory role early after ischemic
insults. Attracted by DAMPs, they massively infiltrate into the tissue and produce ROS and
other pro-inflammatory mediators that reduce oxygen availability for the already stressed
myocardium and inflict more tissue damage. This results in increased infarction size, espe-
cially as neutrophil localise to the border of the previously ischemic zone (Figure 43) after
24 hours. However, they can phagocytose and thereby clear the border zone of dead cells
and debris. After this initial pro-inflammatory response, apoptotic neutrophils are phagocy-
tosed by macrophages, which induces anti-inflammatory responses in these macrophages?%.
This is thought to be important for initiating the healing process and might explain the det-
rimental results obtained from overall neutrophil depletion during ML Interestingly, after
5 days of reperfusion, during the early healing phase, neutrophils were still localised to the
previous ischemic border zone at 24 hours, without penetrating further into revascularizing
tissue, characterised by unordered, “curly” CD31 signals! (Figure 43).

LSFM analysis of murine hearts provided an overview on the destruction and develop-
ment of the vasculature as well as the influx of neutrophils and their localisation during I/R
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injury. Thus, this technique is highly valuable for further investigations to determine the
exact impact on infarction and healing after intervention, such as neutrophil depletion or
blockage of their infiltration. This might help to better understand the lack of translation
between mouse models and humans in MI. Furthermore, as neutrophils are not the only
cells involved in I/R injury, it is important to consider that the published protocol is versa-
tile and can be modified for other cells, such as macrophages!, T cells, B cells or fibroblasts,

only limited by the availability of antibodies against surface antigens of a specific cell type.
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7. Outlook

The described and employed methods can go far beyond the applications that were ex-
plored in this thesis. The standardised 2-D migration assays allow for fast and reproducible
screening of blood immune cells from healthy and diseased donors in virtually all disease
settings. BALANCE, LSFM and the performed image analyses have overcome the problems
of fast clearing procedures, homogeneous and quantitative imaging of previously complicat-
ed organs and dedicated image analysis that shows what can be gained from images, besides

mere representation.
7.1. Versatile application of immune cell migration assays

A large portion of this thesis was dedicated to exploring and harnessing the potential of
immune cell migration. The established assays for neutrophils, eosinophils and CD8* T cells
can now be applied, but importantly adapted to other disease settings. During establish-
ment, we tested and titrated basic chemotactic molecules, such as fMLP or SDF to induce
reproducible migration behaviour in the various cell subsets. However, if a laboratory is
interested in the effect of other molecules, such as C5a28% 290 or I1.-33240. 268 on their immune
cell of interest, these assays are easily adaptable to the specific question. As these assays are
conducted in cell culture, the influence of hypoxia or nutrient starvation can be studied
without much adaption. Cross-species adaption can be more complicated, as e.g. mouse neu-
trophils are less sensitively to fMLP and require different stimulation*?.

These are only some examples of adaptation that highlight the versatile nature of these
assays. Of note, while it is possible to screen different disease settings or molecules, other

techniques are needed to fully elucidate the underlying molecular mechanisms.
7.2. Influences on immune cell migration

Immune cell migration is a highly complex process that incorporates exogenous and en-
dogenous cues to generate a single outcome. Thus, it is hard to interpret migration behav-
iour if the overall picture is not complete. To verify their application in the clinical setting,
the migration assays must be tested more thoroughly on more individuals and underlying
mechanisms should be explored to counteract observed changes in the patients. For this, the
migration assays should be supplemented with routine analyses of signalling receptors and
activation markers, e.g. via flow cytometry, as well as serum analyses for the abundance of

migration-influencing molecules, such as G-CSF and GM-CSF?°!, IL-1$%? or IL-6%%3. Fur-
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thermore, the patients should be closely monitored for blood parameters, such as peripheral
cell counts or CRP, medication and other chronic and acute diseases, like allergy; all of them
can potentially influence in vitro immune cell migration. Furthermore, to clarify the influ-
ence of gender or oestrogen in particular on eosinophil migration, future studies should
specifically include postmenopausal compared to premenopausal female donors. These ex-
periments should be supplemented with measurement of oestrogen and other, above-
mentioned blood parameters.

It remains unclear whether cell-intrinsic migration properties correlate with the com-
plex cell migration as observed in an organism. Thus, it is mandatory to study whether in-
creased in vitro migration means increased infiltration or migration inside the tissue. In
melanoma, this can be studied by analysing tissue samples of the primary tumour for the
abundance of immune cells and correlate it to the migration behaviour before therapy. It
would be also important to explore this phenotype in melanoma models in mice. By mim-
icking the assay for mice, neutrophil, eosinophil and CD8* T cell migration could be ana-
lysed in vitro, while other experiments, such as intravital microscopy or subsequent LSFM,
could still be performed. In MDS and aCML, neutrophil migration was severely impaired,
but it seems unlikely that this is solely due to the presence of immature neutrophils in the
blood and the assay. Future studies should aim at elucidating this migratory defect of neu-
trophils to counteract it as this might be the reason for the increased risk of infection. This
could be a new angle from which to approach MDS and aCML in terms of medication and
standard care. Furthermore, migration is an excellent tool for surveillance as severe changes
from the patient’s normal pattern can indicate inflammation or therapy failure.

In I/R, neutrophils are controversially discussed, however the field severely lacks in-
depth analyses of neutrophils and their effector function over the course of I/R. It is appre-
ciated that their functions change from early to late I/R, yet the exact kinetics and functions
are largely unexplored. As the blockage of overall immune cell infiltration in humans after
MI yielded contradicting results?** 2%, further effort has to be invested into elucidating these
differences in model systems to improve clinical work when treating MI. Especially more
timed and more specific blockage of neutrophils might help in tackling the problem of im-
mune-related injury. Blocking neutrophil entry, for example, in the first few hours might
help reduce I/R injury size, but this blockage must be transient to enable them to exert their
anti-inflammatory and wound healing promoting functions later in I/R.

Overall, it is important to remember that the organism is highly interconnected, and that
one analysis can never yield the answers to all questions. However, easy, fast and reproduc-

ible assays are needed to explore the basis of a phenotype before delving deeper. Especially
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in the clinical routine, there is neither the time nor the money to perform sophisticated,

lengthy assays that yield a lot of data that cannot be analysed in time.
7.3. Automated image and data analysis

This already leads to the last, but by far not unimportant point: automation. 2-D migra-
tion has been historically analysed by manual tracking. While this may be initially faster
than writing a script to the analysis, it gets tedious and time-consuming with image se-
quences of 361 frames; the number of images in only one neutrophil video. If one considers
the 111 healthy individuals measured during the MDS study?, this accounts for 111 x 4 vide-
os x 361 frames = 14,440 images to analyse. In clinical application, it is not possible to track
all these images manually. We overcame this problem by using the Automated Cellular
Analysis System by MetaVi Labs. Availability of such analysis software is mandatory to ac-
curate and timely representation of imaging data. Furthermore, the analysis of the migra-
tion videos for morphological changes throughout the migration process should also be
conducted automatically in the future, as this will represent the imaging data more faithful-
ly. While time-lapse microscopy already produces large amounts of data, LSFM reaches new
heights in data size, but also information stored within these data. In the published paper!,
we presented a variety of different information that can be extracted from just one heart
stained with against CD31, Ly-6G and filled with FITC albumin. However, most of these
analyses were conducted manually or semi-manually in Imaris, a software package by Bit-
plane. Furthermore, the raw data required lengthy pre-processing steps for the automated
computation of e.g. vessel density via FRANGI or automated spot counting in Imaris!.

Automation is sorely needed to assist researchers and clinicians alike in acquiring, but
also understanding and correctly interpreting their data. Imaging data is complex and artifi-
cial intelligence and deep learning have the potential to extract the aforementioned infor-
mation but also entirely new feature from these versatile data, in a fast, reproducible and

understandable manner.
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Appendix

9. Appendix

9.1. Supplementary Tables

Supplementary Table 1: General information on the aCML patient and the ana-
lysed age- and gender- or age-matched controls.

Controls Controls aCML
(migration) (flow cytometry)
Individuals 6 5 1
Age [y] (median, range) 69 (66 - 74) 72 (68 - 74) 69
Sex (m:f) 6:0 2:3 male

Supplementary Table 2: General information on the mixed ICBT cohort and
healthy controls.

ICBT Healthy controls

Individuals | 57 88
Recurring measurements? Yes No
Age in years (median, range) 60 (23 - 83) 61.5 (20 - 85)
Sex (m:f) 26:31 51:37
Clear stagings 25 -

Complete remission (responder) 5 -

Partial remission (responder) | 2 -

Stable disease (responder) 8 -

Progressive disease (non-responder) 10 -

Supplementary Table 3: General information on the new ICBT cohort and healthy

controls.
ICBT Healthy controls
Individuals 21 34
Neutrophils (migration / flow cytometry) 12/11 34 /24
Eosinophils (migration / flow cytometry) 18/9 33/23
CD8 T cells (migration / flow cytometry) 9/11 30/30
Age in years (median, range) 58 (22 — 82) 52.5 (25 - 74)
Neutrophils: migration 56 (22 — 82) 52.5 (25 — 74)
flow cytometry 57 (45 — 82) 49 (25 - 68)
Eosinophils: migration 62 (22 — 82) 41 (21 - 70)
flow cytometry 57 (45 — 82) 41 (25 - 68)
CD8 T cells: migration 70 (22 — 82) 41 (27 - 62)
flow cytometry 57 (45 — 82) 41 (27 - 62)
Sex (m:f) 14:7 21:13
Neutrophils: migration 8:4 21:13
flow cytometry 7:4 16:8
Eosinophils: migration 13:5 20:13
flow cytometry 7:2 13:10
CD8 T cells: migration 6:3 18:12
flow cytometry 7:4 18:12
Recurring measurements included? No No
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Appendix

Supplementary Table 4: Patient information on recurring ICBT patients.

Patient number #0003 #0013 #0021 #0023
Age 58 50 70 70
Gender male male male male
Primary tumour skin skin skin =~ Unknown primary
NRAS mutated wt wt mutated
BRAF wt wt V600E wt
Prior Therapy - | - - -
Stage 1IC 1\Y% 1\Y% II1B
Affected organs skin brain LN skin
LN LN muscle LN

lung liver
abdomen bone
ICBT agent Nivolumab | Ipilimumab Nivolumab Ipilimumab
Nivolumab Nivolumab
Best PD PR * PR
response

Date 06.05.2019 19.06.2019 * 11.09.2019
Migration data from Eosinophils ~ Eosinophils =~ Neutrophils Neutrophils
Eosinophils Eosinophils
CD8* T cells CD8" T cells
Flow cytometry data from - - | Neutrophils Neutrophils
Eosinophils Eosinophils
CD8" T cells CD8" T cells

wt — wildtype, PD — progressive disease, PR — partial remission, CR — complete remission,

LN - lymph node / s

* staging not yet conducted
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9.2. List of Abbreviations

11

pl Microlitre / microlitres
A

aCML Atypical chronic myeloid
leukaemia

AF Alexa Fluor

AML Acute myeloid leukaemia

B
BM Bone marrow

C

Cat. No. Catalogue number

CCL C-C motif ligand

CD Cluster of differentiation

CD31"¢& CD31 negative

COX Cyclooxygenase

CRP C-reactive protein

CSF Colony stimulating factor

CSF3R Colony-stimulating factor 3
receptor

CTLA-4 Cytotoxic T-lymphocyte-
associated protein 4

CXCL C-X-C motif ligand

CXCR C-X-C chemokine receptor

D
d Day / days
DAMP Damage-associated molecular
pattern /s

DNA Deoxyribonucleic acid
E

ECi Ethyl cinnamate
EDTA Ethylenediaminetetraacetic acid
excl. Excluding

F

FCS Foetal calf serum
fMLP N-Formylmethionine-leucyl-
phenylalanine

fMLPR fMLP receptor

FSC Forward scatter

FSC-A Forward scatter area
FSC-H Forward scatter height

H

h Hour / hours
HPGM Haematopoietic progenitor
growth medium

i.p. Intraperitoneal

i.v. Intravenous

I/R injury Ischemia/Reperfusion injury

I45min R24h 45 min ischemia 24 h
reperfusion

I45min R5d 45 min ischemia 5 d
reperfusion

ICAM-1 Intercellular adhesion molecule
1

ICBT Immune checkpoint blocker
therapy

IFN Interferon

IL Interleukin

incl. Including

irAE Immune-related adverse event

J

JAK Janus kinase

L Litre / litres

LSFM Light sheet fluorescence
microscopy

Ly-6G Lymphocyte antigen 6 complex
Ge6D

M

MAPK Mitogen-activated protein kinase

MDS-EB MDS with excess blasts

MDS-MLD MDS with multilineage
dysplasia

MDS-MLD-RS MDS with ring
sideroblasts and multilineage dysplasia
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MDS-SLD MDS with single lineage
dysplasia

MDS-SLD-RS MDS with ring
sideroblasts and single lineage
dysplasia

MHC Major histocompatibility complex

MI Myocardial infarction

min Minute / minutes

MIP Maximum intensity projection

ml Millilitre / millilitres

mM Millimolar

N

NK cells Natural Kkiller cells
nmc. Non-moving cells

P

PAMP Pathogen-associated molecular
pattern

PBS Phosphate buffered saline

PD-1 Programmed cell death protein 1

PD-L1 Programmed cell death protein 1
ligand 1

PECAM-1 Platelet endothelial cell
adhesion molecule

PFA Paraformaldehyde

PMA Phorbol 12-myristate 13-acetate

PMN Polymorphonuclear cell / cells

PRR Pattern recognition receptor

R

rcf Relative centrifugal force

ROC Receiver operating characteristic
ROI Region of interest
RT Room temperature

S

s Second / seconds

s.e.m. Standard error of the mean

SDF-1a / B Stromal cell-derived factor 1
alpha / beta

Siglec 8 Sialic acid-binding Ig-like lectin
8

SR3 Serum replacement 3

SSC Side scatter

SSC-A Side scatter area

SSC-H Side scatter height

T

TCR T cell receptor, T cell receptor
TNF Tumour necrosis factor

U
UV Ultraviolet
Vv

v/v Volume per volume

w

WBC White blood cells
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