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Zusammenfassung IX

Zusammenfassung

Die Myokarditis ist eine entzliindliche Herzerkrankung, die haufig durch kardiotrope
Viren ausgelost wird. Wahrend die myokardiale Entziindung bei der Mehrzahl der
Patienten spontan abklingt, kann die akute Entzindung in eine subakute und
chronische Phase uUbergehen, die schlieBlich zu kardialem Remodeling und
Herzversagen fihren kann. Im Gegensatz zum adaptiven Immunsystem ist die Rolle
der angeborenen Immunitét bisher noch nicht ganz aufgeklart worden. Ziel dieses
Projektes ist es, den Pathomechanismus wahrend der Herzmuskelentziindung weiter
zu untersuchen und somit neue Angriffspunkte zur Behandlung der Myokarditis zu
identifizieren.

Um Einblicke in die zugrundeliegenden Mechanismen der postinfektiosen Myokarditis
und Kardiomyopathien zu erhalten, wurde ein experimentelles Autoimmunmyokarditis
Mausmodell (EAM) verwendet. In diesem Modell wird die Herzmuskelentziindung
durch die Gabe eines kardialen Peptids zusammen mit Complete Freund's Adjuvant
in Mausen induziert. Die akute Phase des EAM-Modells &hnelt der postviralen
Erkrankung nach dem Ubergang zur Autoimmunmyokarditis, einem Kklinischen
Szenario, das viele Patienten mit chronischer Myokarditis betrifft.

Wir konnten beobachten, dass das Zytokin Midkine (MK) wahrend der kardialen
Entzindung im Herzgewebe im EAM-Modell hochreguliert wird. In vivo Experimente
identifizierten auRerdem eine kritische Rolle fir den Low-Density-Lipoprotein-
Rezeptor-Protein 1 (LRP1) Rezeptor. In vitro Experimente bestatigten zudem, dass
LRP1 den funktionell relevanten Rezeptor fir MK bei der Bildung von Neutrophilen
extrazellularen Traps (NETs) in Neutrophil-ahnlichen Hoxb8-Zellen darstellt. Die
gezielte Bekampfung von NETs nach Beginn der EAM ab Tag 21 durch die
Applikation von DNase oder CI-Amid als therapeutische Intervention hat jedoch
keinen Einfluss auf die Myokarditis an Tag 63.

Es konnte auch gezeigt werden, dass plasmazytoide dendritische Zellen (pDCs), an
Tag 21 im Herzgewebe der Mause wahrend der EAM eingewandert sind. pDCs
stellen die Hauptquelle von Interferon Typ | (IFN-I) dar. IFN-I ist fir eine Vielzahl von
Genen verantwortlich, die in aktivierten pDCs exprimiert werden (IFIT1, IFIT3, IRF3,
IRF7, IRF8 und I1SG15). Weiterhin sind sie dafir bekannt, eine Vielzahl von pro-
inflammatorischen Zytokinen (CXCL10 und IL-6) zu sezernieren. Die Ergebnisse
zeigten, dass IFN-I, die Interferon-regulierenden Faktoren, die Interferon-
stimulierenden Gene und Chemokine an Tag 14 und 21 in Mausen mit EAM
hochreguliert sind. Bei Experimenten, indem der Interferonrezeptor blockiert wurde,
konnte zudem eine reduzierte Infiltration von Leukozyten (Neutrophile, T-Zellen und

pDCs) in das kardiale Gewebe an Tag 21 nach Induktion der EAM festgestellt werden.
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Dies unterstreicht deutlich die Bedeutung von IFN-I wahrend der kardialen
Entzindung.

Zusammenfassend postuliert diese Arbeit, dass die MK-LRP1-NET-Achse sowie der
IFN-I Weg eine entscheidende Rolle wéhrend der Herzmuskelentziindung spielt.
Somit kdnnte der Interferon Signalweg ein neuartiges therapeutisches Ziel fur die

Behandlung der kardialen Entzindung darstellen.
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Abstract

Myocarditis is an inflammatory disease which is often triggered by cardiotropic
viruses. Whereas myocardial inflammation resolves spontaneously in the majority of
patients, acute inflammation can progress to subacute and chronic inflammation
finally resulting in cardiac remodeling and heart failure. In contrast to the adaptive
immune system, the role of innate immunity remains have not been elucidated so far.
In this project, the aim is to discover detailed pathomechanisms during cardiac
inflammation and identify new targets to treat myocarditis.

To gain insights into the underlying mechanisms of post-infectious myocarditis and
cardiomyopathy an experimental autoimmune myocarditis (EAM) murine model was
used. In this model, mice are immunized with epitopes of a myosin heavy chain
together with complete Freund’s adjuvant. The acute phase of the EAM model
resembles post-viral disease after transition to autoimmune myocarditis, a clinical
scenario affecting many patients developing chronic myocarditis.

In this thesis, it is demonstrated that the cytokine Midkine (MK) is upregulated during
cardiac inflammation in the inflamed heart. In vivo experiments identified a critical role
for the low-density lipoprotein receptor-related protein 1 (LRP1). In vitro experiments
showed that LRP1 acts as the functionally relevant receptor to MK for NET formation
in neutrophil-derived Hoxb8 cells. However, targeting NETs after the onset of EAM
with the application of DNase or CI-Amid as a therapeutic intervention has no impact
on myocarditis during the chronic phase at day 63.

It could be also shown that a new key player between the innate and adaptive immune
system, so called plasmacytoid dendritic cells (pDCs), are present on day 21 in the
cardiac tissue of mice during EAM. pDCs represent the main source of interferon type
I (IFN-I). Therefore, IFN-I accounts for a lot of genes expressed in activated pDCs
(IFIT1, IFIT3, IRF3, IRF7, IRF8 and ISG15). pDCs are also known to secret a variety
of pro-inflammatory cytokines (CXCL10 and IL-6). It could be reported for the first time
IFN-1, interferon regulatory factors, and interferon stimulated genes and chemokines
are all upregulated in EAM mice on day 14 and 21. This significant upregulation on
day 14 and 21 of genes involved in the IFN-I pathway highlights the importance of
IFN-I during cardiac inflammation. Interferon receptor blocking experiments showed
a reduced infiltration of leukocytes (neutrophils, T cells and pDCs) into the cardiac
tissue on day 21 after the onset of EAM.

In conclusion, this work postulates that the MK-LRP1-NET axis as well as the [FN-I
pathway play a crucial role during EAM. Thus, the IFN-I pathway may represent a

novel therapeutic target for the treatment of cardiac inflammation.
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1. Introduction

1.1 Human myocarditis

In 1995 the World health organization defined myocarditis as the inflammation of the
myocardial tissue'. The term myocarditis was first introduced at the beginning of the
19" century and described a disease of the heart?>. Now the term myocarditis refers
to acute and chronic inflammatory responses of the heart mostly triggered by a viral
infection or a postviral immune response. However, it can also be idiopathic, toxic or
a result of an autoimmune disease which will be further introduced in the next
chapters.>34 Pathologically, myocarditis is identified as an infiltration of focal or
diffuse mononuclear cells to the myocardium if over 14 leukocytes per 1 mm? are
visible in the heart by histology with immunohistochemical technigues®*. It can be
divided into acute, subacute, or chronic state and can be either focal or affect more
parts of the muscular wall of the heart called myocardium®. Clinically a wide variability
of symptoms occurs from almost asymptomatic to patients with acute heart failure®.
Because of the unclear pathophysiology and inadequate therapy options myocarditis

and its consequences remain a challenge for diagnosis and therapy.

1.1.1 Etiology

The term myocarditis is a collective term for an inflammatory disease of the heart
muscle and combines a wide variety of etiologies. Until now it is known that
myocarditis is caused by the interaction between the environment and genetic factors
of the patient*. Environmental triggers include infectious causes like bacteria, fungi or
viruses as well as non-infectious causes such as immune-mediated ones like
allergens or autoantigens. Moreover, toxic causes like drugs, hormones or physical

agents can also be triggering factors (Table 1)%.

Infectious Bacterial Staphylococcus, Streptococcus,
causes Chlamydia, Mycoplasma, Mycobacteria
Fungal Aspergillus, Candida
Parasitic Trichinella spiralis, Toxoplama gondii
Viral Enteroviruses (Coxsackie A/B), HIV
Adenovirus, Parvovirus B19, Coronavirus
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Non- Allergens Vaccines, drugs (penicillin, tetracycline)
infectious -
immune
mediated Alloantigens Heart transplant rejection
causes Autoantigens cardiac antigens (aMyHC)
Associated with Systemic Lupus Erythematosus (SLE),
Autoimmune diseases | giant cell myocarditis
Non Drugs Amphetamines, cocaine, ethanol,
infectious - clozapine

toxic causes

Heavy metals Copper, iron, arsenic

Physical agents Radiation, electric shock

Table 1: Overview of possible causes of myocarditis. Modified from Caforio et al. and
Kindermann et al.*8,

Viral infections and their postinfectious immune response is the most common cause
of myocarditis in western industrialized nations and geographical differences of
triggers could be shown’. In France, enteroviruses are most common® whereas
Parvovirus B19 and human herpesvirus 6 is most common in Germany®?*! In
addition, there are also numerous non-viral infections inducing myocarditis. Most
common triggers in developing countries are bacterial pathogens such as Chlamydia
and Mycobacterium, fungi, and parasites!?. Besides infectious causes, myocarditis
can also occur due to non-infectious causes. These include agents (vaccines, heavy
metals, physical agents), hypersensitivity disorders following drug administration,
certain vaccinations or autoimmune diseases such as systemic lupus erythematosus

or rheumatoide arthritis®.

1.1.2 Clinical presentation and diagnosis of myocarditis

The heterogeneous appearance of myocarditis is also reflected in its clinical
presentation. The symptoms of myocarditis range from asymptomatic states with
hardly any signs and symptoms to flu like symptoms including fever, mild dyspnea or
chest pain and can develop into life-threatening disease such as angina pectoris or
cardiac rhythmic disorder**3, Symptoms can resolve without any treatment, however,
it can lead to cardiogenic shock or sudden death. Patients suffering from DCM show
reduced heart pump action, blood clots and arrhythmias leading to heart and organ

failures!.
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The incidence of myocarditis is around 1.5 to 1.8 million in the whole world per
year®1® |n 2013 22 per 100,000 people suffered from myocarditis whereas nowadays
it is 10.2 to 105.6 per 100,000 worldwide!”'® whereas men have a higher incidence
rate than women?!®. Myocarditis is slightly more common in men than in female
patients due to sex hormones which influence the reaction of the heart in the event of
an injury 221, In young competitive athletes myocarditis is the third leading cause of
sudden cardiac death as the American Heart Association publishes??. Young men
suffer more frequently from heart muscle inflammation with highest occurrence
between 16 and 20 years of age?'. Female patients on the other hand have an lower
incidence rate than male but develop more severe cases, including life threatening

cardiac arrhythmias, heart failure and death, at an older age of 56 to 602,

An early clinical diagnosis is more difficult due to the heterogeneous presentation of
a subclinical progress of myocarditis dysfunction and the associated delayed first
presentation at the clinic or the cardiologist®. Therefore, myocarditis remains
undetected in a lot of cases. The first instrument of choice for the detection of
myocarditis is the echocardiogram (ECG). It can detect abnormalities in the contractile
function and helps in early diagnosis by identifying deformation of the cardiac
chamber of the myocardium?:. Additionally, magnetic resonance imaging (MRI)
gained interested because it can measure the function and the structure of the heart
and detects wall abnormalities or thickening in case of myocarditis®?*. Another
noninvasive technigue is the examination of biomarkers in the serum, such as cardiac

Troponin T which is elevated in the blood during heart damage?.

For final diagnosis endomyocardial biopsy (EMB) is another option. It remains the
gold standard for diagnostic confirmation. In 1986 the Dallas criteria were established
to define myocarditis by histopathological characterization. Here, Dallas criteria define
myocarditis due to inflammatory infiltrate in the myocardium accompanied by necrosis
(acute myocarditis) or degenerative changes of the surrounding cardiomyocytes
without necrosis (borderline myocarditis)?. In EMBs, DCM is manifested as the
replacement of cardiac cells with fibrotic tissue and deposition of collagen*. However,
higher diagnostic and prognostic relevance of modern immunohistochemical

methods, the Dallas criteria are no longer adequate?’.

1.1.3 Therapeutic approach

So far there are no therapeutic approaches established that abolish myocarditis
entirely. In case of suspected myocarditis or validated by histopathology the
international guidelines advise patients to reduce physical activity for at least three to

six months until the inflammation has disappeared and the cardiac function has
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normalized?®. Furthermore, patients receive standard medications to treat heart
failure. The standard drug therapy currently used includes angiotensin include
angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers, beta-
receptor blockers and diuretics®. Furthermore the use of defibrillators and cardiac
resynchronization therapy are used for cardiac function support®. In addition, small
studies have shown success with causal therapeutic approaches such as IFN but
these have not yet found their way into clinical practice clinical practice as they show
mixed results. Patients, diagnosed with viral myocarditis, have been shown to
eliminate the virus within six months of IFNB therapy and improve left ventricular
function of the heart*°. A follow up on these patients showed that treatment of IFNB
and therefore eradicating the virus showed a significant higher survival rate than
patients with a persisting virus®!. However, in a recently published study there was no
relevant hemodynamic difference in a larger patient population compared to the
placebo group®. A long term follow up of patients with idiopathic dilated heart muscle
diseases or myocarditis were treated with IFNa. 81% of the patients showed improved
ejection fraction at 2 year follow up®. For some patients, immunosuppressive therapy
to treat myocarditis, is an option to cure myocarditis*.

Because the causes and mechanisms of myocarditis are not fully understood due to
the unknown pathomechanism, research on myocarditis is an important topic to find

the best therapy options.

1.1.4 Pathophysiology

In summary myocarditis results from the interaction of an external pathogen with the
immune system of the host®*. Both, non-infectious and infectious triggers can lead to
myocardial damage and the exposure of to the immune system which can result in an
autoimmune response against the heart (Fig 1-1). In the majority of patients (40-60%)
spontaneous healing of cardiac inflammation occurs with a complete recovery and
heart function®+¢, Nonetheless, in up to 30% of patients the acute phase can progress
to a subacute stage followed by a chronic stage finally resulting into cardiac
remodeling, fibrosis and loss of myocardial architecture. This latter chronic phase can
lead to the major long-term consequence dilated cardiomyopathy (DCM) leading to
acute heart failure. DCM is characterized by the dilatation of the left heart chamber
with impaired emptying of the left ventricle causing heart pump weaking. It is
manifested by cardiac remodeling with massive replacement of muscle cells with
fibrotic tissue and collagen in the heart (fibrosis). DCM is being the main reason for
heart transplantation these days.**3%37-3 |n up to 50% of DCM patients, myocarditis

is the underlying reason for DCM in Europe and North America*. Up to now it is



Introduction 23

known that a heart-specific autoimmune mechanism is also involved in the
development and/or progression of myocarditis®*. In 30% of myocarditis and DCM
patients high amounts of heart-reactive autoantibodies were detected in the blood*?

and the autoantigen cardiac myosin heavy chain (MyHC) was detected in the sera®.
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Figure 1-1 Pathogenic mechanism involved in myocarditis. Modified from Caforio

et al.
The pathophysiology of cardiac inflammation in humans is incompletely known and
continues to raise scientific questions. The immune system makes an important
contribution to cardiac inflammation. After infection, large numbers of immune cells
such as natural killer cells, macrophages, neutrophils and T cells infiltrate
cardiomyocytes at different time points during myocarditis, where they participate in
different activities such as removal of dying tissue, removing pathogens or promote
healing. However, failing of immune cells leads to damage of the heart including heart
failure*®. The mostimportant insights into pathophysiological processes of myocarditis
have been obtained with the help of different mouse models (see Chapter 1.3).
Myocarditis can be divided into three phases: Phase one (acute phase) is
characterized by damage of the myocard followed by a first reaction of the innate
immune system. Phase two, the subacute phase, is featured by components of the
innate immune system and the immune response occurs. Patients resistant may
recover without transition to phase three. However, persistent immune response and
permanent damage to the heart may occur in the further chronic phase 3 leading to

heart failure with fibrosis and dilatation of the heart in susceptible people.*
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1.1.4.1 Acute phase

The first phase is characterized by myocardial damage and the activation of the innate
immune system?®. If myocarditis is mediated by a virus which enters the host via the
gut (Enterovirus) or through the respiratory tract (Enterovirus and Adenoviruses) it is
called acute viral myocarditis*’. The virus hides in immune cells of lymphatic organs
escaping the immune clearance and is then transported via blood vessels through the
blood or lymphatic system to secondary organs, where it reaches its target organ“®.
The virus infiltrates the heart muscle cells via specific receptors®. After the virus
entered the cardiomyocytes, virus replication takes place leading to myocardial
injury®®. As a result, cardiomyocytes undergo apoptosis and autophagy. Following
damage of the cardiac tissue and death of cardiomyocytes, cardiac self-antigen
protein fragments, such as cardiac myosin, are released and exposed to the innate
immune system. Toll-like receptors (TLR) on macrophages get activated exclusively
by cardiac myosin and invade the heart®. Clinically, this phase is often missed by

clinicians since this phase last only a few days.

1.1.4.2 Subacute phase

The second phase is manifested by acute inflammation and uncontrolled innate
immune response even after virus resolution and takes place weeks to month®*°. The
immune signaling leads to a change in the host cells cytoskeleton with an increased
entry of the virus into its target cells®. Virus specific T lymphocytes, natural killer cells
and neutrophils infiltrate the heart tissue to fight inflammation®5t. Additionally high
levels of cytokines are produced during myocardial injury®? and can lead together with
autoantibodies produced by B-cells to further tissue damage of the heart leading to
impaired systolic function®®. If the immune system is still active despite elimination of

the virus, an autoimmune response follows.

1.1.4.3 Chronic phase

Important for the patients outcome is the balance of the immune system by its host.
The immune response needs to be activated to eliminate virus infected cells but it
also needs to turn the immune response off when appropriate because ongoing
inflammation leads directly to tissue damage and organ dysfunction®. If the virus is
eliminated efficiently, hearts normally heal spontaneously. In up to 40% of the patients
the immune response is regulated and heart function is improved without any
noticeable consequential damages®. However, it can happen that the persistence of
the virus leads to a chronic autoantigen-driven response with a massive infiltration of

heart reactive CD4+ T cells, leading to DCM with heart failure or death. This immune
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reaction is often directed against organ specific antigens such as cardiac Myosin and
thus has an autoimmune character. Overreaction of the immune system can cause

heavy tissue damage to the heart resulting in fibrosis and dysfunction?®.

1.2 Immune system

Under steady state conditions all classes of leukocytes, such as neutrophils, B and T
cells, are present in the heart of mice. Here, they are resident or circulate the blood**.
Hearts of mammalians use both of the immune systems to respond to tissue injury
resulting from different triggers. Leukocyte infiltration represents a key feature of
cardiac inflammation. So far the role of the adaptive immune system in myocarditis
has been widely investigated®. In contrast to the adaptive immune system, the role
of innate immunity, especially of polymorphonuclear neutrophils (PMN) and
plasmacytoid dendritic cells (pDCs) remain largely unclear. Therefore, the most
relevant cell components of the innate and the adaptive immune system for this thesis

will be described in the next chapters.

1.2.1 Neutrophils (PMN)

When myocarditis occurs, neutrophils are often recruited to the affected area as part
of the immune response. Neutrophils help to combat pathogens and clear cellular
debris at the site of inflammation. However, in the case of myocarditis, an excessive
or prolonged activation of neutrophils can contribute to tissue damage. PMN are
described as the first cells at the site of inflammation and have a rather short life span
in the circulating blood®*. They respond to altered conditions by producing cytokines,
which recruits further immune cells, and can alter their gene expression during
inflammation and aging®®. At the site of inflammation neutrophils undergo a strictly
regulated mechanism called the leukocyte recruitment cascade to invade the inflamed

tissue.

1.2.1.1 The leukocyte recruitment cascade

Upon infection or inflammation PMN have the ability to migrate through the
endothelium to get to the site of inflammation®®. This process is initiated by tissue
resident macrophages or dendritic cells. These cells recognize pathogen-associated
molecular patterns (PAMPSs) and tissue damage is recognized by damage-associated
molecular patterns (DAMPSs). The release of proinflammatory cytokines (TNFa, IL-1[3)
of these immune cells leads to the activation of the endothelium and it's adhesivity for
circulating PMN®"°8_ This follows a tightly regulated multistep cascade including

capturing, fast and slow rolling, firm adhesion, adhesion strengthening, spreading,
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intraluminal crawling, transmigration, abluminal crawling, which all depend on B2

integrins and interstitial migration to the site of inflammation (Fig 1-2)°%.
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Figure 1-2 The leukocyte recruitment cascade. Upon inflammation neutrophils
migrate from the blood stream to the site of injury and migrate into the inflamed tissue.
They undergo a tightly regulated multistep cascade including capturing, fast and slow
rolling, firm adhesion, adhesion strengthening, spreading, intraluminal crawling,
transmigration, abluminal crawling, which all depend on B2 integrins and interstitial
migration to the site of inflammation. At the site of inflammation neutrophils undergo
phagocytosis or NETosis to eliminate pathogens. Modified from Schymeinsky et al.°

The initial capturing and rolling on the vessel wall is mediated by the reversible
interactions of neutrophil expressed selectins with their ligands®®. L-selectin and P-
selectin glycoprotein ligand-1 (PSGL-1) on neutrophils bind to P- and E-selectin
expressed on the inflamed endothelium despite constant blood flow®!. Firm adhesion
of neutrophils is facilitated by additional support of adhesion molecules of the (32
Integrin family, presented by PMN. The interaction of PSGL-1 on PMN with selectins
on the inflamed endothelium triggers a signaling cascade in PMN leading to the
activation of 32 Integrins. Activated 32 Integrin’s allows PMN to bind to intercellular
adhesion molecules (ICAM-1) on EC resulting in firm adhesion®2. Following adhesion,
neutrophils finally migrate into the inflamed tissue where they undergo either

phagocytosis or NETosis.

1.2.1.2 Neutrophil extracellular traps (NETS)

At the site of inflammation neutrophils eliminate pathogens by phagocytosis and
degranulation of antimicrobial proteins®. In 2004, NETs as a novel mechanism of
neutrophil defense against pathogens have been described for the first time®. NETs
are formed during the cell death of PMN called NETosis®® and are formed after

microorganism or endogenous stimuli, such as immune complexes, bind and
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neutrophils adhere®. The formation of NETs can be triggered by LPS, small
microorganisms or DAMPs and activates downstream effector proteins. Within 60 min
after stimulation the chromatin starts to decondense in the cell nuclei while the cell
membrane remained completely intact. This is accompanied by a progressive
separation of the inner and outer nuclear membranes. Finally the cells round off
before the cell membrane ruptures and the cell content is released into the
extracellular space.®® NETs are structures of chromatin filaments coated with
histones, proteases and granular proteins such as Myeloperoxidase (MPO),
Neutrophil Elastase (NE) and the antimicrobial peptide LL-37 which are expelled into
the extracellular space®. An important role in this process seems to play the protein
peptidyl arginine deiminase 4 (PAD4)%. After induction of NETs, PAD4 citrullinates
histones by converting Arginine into Citrulline and therefore leads to decondensation
of the chromatin®®°, Furthermore, reactive oxygen species (ROS) generated by the
nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase, stimulates MPO to
translocate NE from the granule into the nucleus to help also decondensate chromatin
by processing histones®® " (Fig 1-3). Following this, the nuclear membrane ruptures
and decondensed chromatin is released into the cytosol. Via Gasdermin D (GSDMD),

a protein which forms pores, NETs are released into the extracellular space”.
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Figure 1-3 Schematic mechanism of NET release. A) Stimulation with different
inflammatory triggers (virus, bacteria or inflammatory mediators) leads to neutrophil
adhesion. B) Neutrophils mobilize granule components, including NE and MPO leading
together with peptidylarginine deiminase 4 (PAD4), which promotes citrullination of
histones, to chromatin decondensation. C) Finally, the cell membrane ruptures and
NETSs are released.

adhesion

NETs are known to help neutrophils to immobilize, target and kill bacteria by
possessing antimicrobial components such as histones, NE, MPO and LL3772. When
encountering a microbe, PMN decide whether or not to induce NETs depending on
the size of the pathogen”. In contrast to large microbes, small ones hardly trigger
NET formation. However, if dysregulated NETs can occur in a non-infectious, sterile
inflammation’"%, such as SLE"”’, rheumatoid arthritis (RA)’8, vascular stroke’ or
Wiskottich-Aldrich syndrome®. By releasing NETs, PMN externalize citrullinated
autoantigens implicated in autoimmune diseases. Recently, our working group could

show for the first time NETs in EMBs of patients with acute myocarditis®'. NETs also
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have an impact on other immune cells. NETs can activate CD4+ T cells by reducing
the activation threshold in vitro linking the innate and the adaptive immune system®,
LL37 for example, forms a complex with self-DNA from NETSs, which are taken up by
pDCs, and promote a strong IFNa response leading to proliferation and activation of
Th1 cells®2. NETs taken up by endothelial cells (EC) can induce a type I IFN signature
leading to the induction of IFN-I stimulated genes (ISGs)®. Furthermore, increased
NETs can modulate immune response by activating the IFN-I pathway in pDCs in
SLE®*8 and Wiskott-Aldrich Syndrome®. This shows that NETs have a positive effect
by eliminating pathogens. However, the activation and persistence of NETs can lead
to autoimmunity triggering diseases.

1.2.2 Plasmacytoid dendritic cells (pDC)

pDCs were described 50 years ago®® and are a subtype of dendritic cells (DC). They
originate in the bone marrow from lymphoid precursor cells®’88 and are known to be
main producers of IFN-I. IFNa is essential for the survival , activation and migration
of pDCs in vivo®. By producing IFNa they promote an antiviral state by enhancing
immune response of innate immunity®®. However, pDCs also play a role in producing
pro-inflammatory cytokines and act as antigen presenting cells. Therefore, they are a

new key player of immune cells linking the innate and the adaptive immune system.

pDCs are present in the human peripheral blood and lymphoid tissue at very low
levels, accounting for 0.2% to 0.5% of all peripheral blood mononuclear cells®t. Under
homeaostatic conditions pDCs circulate in the blood and migrate into lymph nodes via
high endothelial venules (HEV)®2. To successfully migrate into lymph nodes
circulating pDCs express high levels of the chemokine receptor CXCR4 and integrins
and bind to adhesion molecules ICAM 1 and to the CXCR4 ligand CXCL12 expressed
by HEV®*-9%, Additionally to remaining in primary and secondary lymphoid organs,
pDCs are difficult to detect in most peripheral tissues, but are detectable in some
tissues, such as small intestine®. During pathological conditions pDCs migrate from
the bone marrow or the circulation to the site of infection, where they secrete large
amounts of IFN-I. Large numbers of pDCs have been found in autoimmune and
inflammatory diseases such as the skin of lupus erythromatosus®’ and lichen planus
patients®® or in inflamed synovia of patients with RA%, in the intestine of an
inflammatory mice model®® or in coronary artery lesions of a murine model mimicking
coronary arteritis!®. Migration of pDCs to the site of inflammation involves adhesion
molecules and chemokines. The receptor CXCR3, which is upregulated during
inflammatory conditions on pDCs is required to migrate into the inflamed tissue®:.
Here, CXCR3 binds to the ligand CXCL10 produced in the inflamed tissue. However,
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only response to both CXCR4 and CXCRS3 and their ligands CXCL12 and CXCL10
respectively, induces pDC migration into the inflamed tissue and cluster formation in

the inflamed lymph node®1°%,

1.2.2.1 Functions of pDCs

Because of the production of IFNa, pDCs link the innate and the adaptive immunity.
Whereas, the production of TNFa is independent of IFNa, the activation of the
interferon type | receptor (IFNAR) signaling pathway serves as an amplifier for TLR
activation and thus allowing pDCs to produce high levels of CXCL10%?2, TNFa leads
to the differentiation of pDCs into mature antigen-presenting cells, whereas IL-6
together with IFNa induces the differentiation of B cells in antibody (Ab) secreting
plasma cells, secreting 1gG1%. The secretion of CXCL10 in pDCs is able to recruit
activated T cells and other immune cells to the site of inflammation®. IFN-I release
can lead to CD4+ T cell activation by upregulating CD69% and differentiation into Thl
subtype!®, It directly affects T cell response by the secretion of IL-17 of Tcells.
Furthermore, pDCs express major histocompatibility complex (MHC) Il molecules and
T cell- co-stimulatory molecules and can therefore present antigens to CD4+ T
cells'’. Moreover, they have found to promote B cell activation together with IL-6°,
IFN-I acts as an immune adjuvant and promotes the maturation of DCs, polarization

of Th cells in to Thl and activation of cytotoxic T cells (Fig 1-4)08:109,
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Figure 1-4 Functions of pDCs. pDCs link the innate and the adaptive immunity by
producing IFN-I and proinflammatory cytokines (CXCL10, IL-6) leading to the
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recruitment of further immune cells, promoting CD8+ T cell and Th1 cell response and
B cell activation. Furthermore, they provide an antiviral state and activate natural killer
cells (NK).

1.2.2.2 IFN-I signaling pathway

IFN is a special cytokine, which consists of three classes IFN type |, Il and Ill. IFN-I
consists of IFNa, which is divided into 13 subtypes, IFN B, IFNJ, IFNg, IFNk, IFNT,
IFNw and is produced by innate immune cells!'°. pDCs are specialized to produce
large amounts of IFN-I after viral infections'®®. However, macrophages, fibroblasts,
endothelial cells’! and neutrophils!!?113 also produce IFN-I. IFN-I binds to their
specific ubiquitously expressed receptor, composed of IFNAR1 and IFNARZ2,
activating the Janus kinase (JAK)/signal transducers and activators of transcription
(STAT) pathway. Type Il only consists of IFNy and binds to its IFNGR receptor,
composed of IFNGR1 and IFNGR2. Type Il is induced by NK cells, macrophages and
activated T cells. Besides Type | and I, type lll acts mainly on epithelial cells binding
to its receptor with the ILIOR2 and IFNLR1 chain!4,

Under steady state conditions IFN-I production is restricted, however in response to
sensing of microbial patterns (PAMPS) by pattern-recognition receptors (PRRs) and
cytokines, IFN-I production is induced in mainly all cells'®®. It is dependent on
interferon regulatory factor (IRF)3 or IRF7. IRF3 is constitutively expressed in mostly
every cell and is not induced further after virus infection, however IRF7 is cell type
specific with constitutive expression in pDCs!!® and therefore can immediately
express large amounts of IFNa after TLR signaling!'’. Upon virus detection all infected
cells detect cytosolic ribonucelic acid (RNA) or desoxyribonuleic acid (DNA) and
phosphorylates IRF3, which is translocated into the nucleus to promote the
expression of Type | IFN4, Type | IFN in turn induces more IRF7 leading to a positive
feedback loop thus leading to even more IFN**8. IFN-I then binds to its receptor, which
is ubiquitously expressed on all cells'*®. Binding of IFN-I can promote an autocrine
(on the secreting cell) and paracrine (on bystander cells) signaling pathway. For both
pathways, binding of IFN-I to IFNAR leads to the activation of the JAK/STAT pathway.
IFNAR1 activates JAK1 and Tyrosine kinase (TYK) 2, which are constitutively
associated with the receptor, leading to the phosphorylation and activation of STAT1
and STAT2 by JAK.114120-122 STAT1 and STAT2 recruit IRF9 and they assemble to
the IFN-stimulated gene factor 3 (ISGF3) complex. ISGFR3 and STAT proteins bind
to IFN-stimulated response element (ISREs), acting as transcription factors and
translocate to the nucleus to induce expression of ISGs!?. ISGs provide an antiviral

state in infected and neighboring cells inhibiting viral replication (Fig 1-5)°.
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Figure 1-5 Schematic presentation of type | interferon (IFN) signaling. PAMP’s,
genomic material, get recognized by PRR’s leading to the activation and
phosphorylation of interferon regulatory factor (IRF)3 and/or IRF7. IRF3/7 translocate
to the nucleus to promote the production of IFN-I. IFN-I can act in an autocrine and
paracrine manner. Upon binding of IFN-I to IFNAR1/2 receptor leads to activation of
JAK1/TYK2 leading to the phosphorylation of Stat1/2. Statl/2 lead together with IRF9
to the ISGF3 complex. The complex translocate to the nucleus driving the expression
of interferon regulated genes (ISG).

1.2.2.3 pDCs as IFN-I producing cells

pDCs can produce IFNa systemically measurable in response to a wide range of DNA
and RNA viruses, whereas the virus is either enveloped or non-enveloped. Next to
IFNa they are also able to produce IFNB but to a lower extent'?*. Besides endocytosis
of the virus, different cell surface receptors recognize pathogens and mediate the
uptake of the virus into the target cell. Human pDCs express Fc receptor for 19G
(FCyRII), Siglec-5 and CD36, whereas murine pDCs exclusively express SiglecH'%.
After binding to the receptor, a receptor-mediated endocytosis, followed by the
acidification of the compartments activates the fusion of the virus into the
cytoplasm??4, Toll-like receptors (TLRs) are important for innate response and of the
known TLRs, TLR 7 and 9 are uniquely expressed in pDCs'?. TLRs reside in the
endoplasmic reticulum and are translocated via a chaperone to the endosome after
virus activation. They expose their ligand-binding domain by cleavage in the
endosome. Both receptors are transmembrane receptors and bind their ligands within
endosomes??’. Therefore, the virus has to enter the endosome via receptor-mediated

endocytosis or direct fusion with the endosomal membrane. The endocytosed virus
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gets uncoated in the acidic endosome and pDCs get activated by their respective
ligand pairs via endosomal TLR7/9.12* TLR9 detects double stranded (ds) DNA
containing CpG rich sequences, whereas TLR7 senses single stranded (ss) RNA,
such as Coxsackievirus B.82128-130 The activation of TLR’s lead to an intracellular
multifaced signal cascade involving different molecules and is specifical for pDCs. In
mice IFN-I production is dependent on IRF7 acting as the master regulator of IFN-I
dependent immune response in pDCs3, Following detection of endocytosed nucleic
acid ligands, the adapter molecule myeloid differentiation factor 88 (MyD88) is
recruited to TLR 7/9 by its C-terminal Toll-interleukin-receptor protein domain32133,
Then a complex called cytoplasmic transductional-transcriptional processor (CTTP)
is built’**, Here, MyD88 forms a complex with IL-1 receptor-associated kinase (IRAK)-
4 and (IRAK)-1 through its death domain, a serine/threonine kinase, the ubiquitin
ligase TNF receptor-associated factor (TRAF 6) and IRF713413%5 |RAK4
phosphorylates IRAK1, which is the kinase to phosphorylate IRF7. IRF7 translocates
to the nucleus to act as a transcription factor where it promotes the expression of IFN-
|.133.134.136 Because IRF7 is constitutively expressed in pDcs it allows a fast assembly
of the complexes described above and therefore a fast amount of IFN-I production®’.
Expressed IRF8 seems to act as a positive stimuli*®®, controls the survival and
function®™® and is essential for the development of pDCs as studied in IRF8 KO
mice!%. Downstream of TLR signaling, IRF5 interacts with the CTTP?4, gets activated
by MyD88 and TRAF6 and is translocated to the nucleus, where it induces the

production of pro-inflammatory cytokines such as IL-6 or TNFa41:142,

Furthermore pDCs sense via TLR7/9 and activate downstream the MyD88/ nuclear
factor kb (NFkB) cascade*®. This pathway is well conserved between humans and
mice. Here, MyD88, IRAK4, IRAK1 and TRAF6 build a complex®** and TRAF6
ubiquitinylates TAK1 inducing the expression of mitogen-activated protein kinases
(MAPKSs) and directly phosphorylates IKK-B of the IKK complex consisting of IKK-a,
IKK-B and IKK-y*®. The activated IKK complex permits NF-kB to enter the
nucleus®44, NF-kB and MAPKs induce the production of proinflammatory cytokines
(TNFa, IL-6, IL-12, IL-1B)'°? and chemokines (CXCL10)® (Fig 1-6).
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Figure 1-6 Signaling pathway specific for pDCs. 1) The virus enters the target cell
by binding to specific receptors, followed by a receptor-mediated endocytosis.
Acidification of the endosomal compartments activates the fusion of the virus with
endosomal membranes and release of the virus into the cytosol. 2) DNA or RNA is
transported to the endosome via vesicles 3) Here, they bind TLR7 or 9. This hence
allows downstream signaling via the adaptor molecule MyD88. 4) MyD88 forms a
complex with IRAK4 and IRAK1, TRAF 6 and IRF7. IRAK 4 phosphorylates IRAK1,
which is the kinase to phosphorylate IRF7. 5) IRF7 translocates to the nucleus to
promote the expression of IFN-I. 6) Phosphorylated IRF5/8 induces the expression of
cytokines. Furthermore pDCs sense via TLR7/9 and activate downstream the
MyD88/NFkB cascade. 7) MyD88, IRAK4, IRAK1 and TRAF6 build a complex and
TRAF6 ubiquitinylates TAK1 which directly phosphorylates the IKK complex. 8) The
activated IKK complex permits NF-kB to enter the nucleus and induces the production
of proinflammatory cytokines (TNFa, IL-6) and chemokines CXCL10.
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1.2.2.4 IFN-I and diseases

However, pDCs also play a predominant role during viral infections and autoimmunity.
During viral infections, pDCs first produce large amounts of IFNa at the site of virus
replication, whereas antigen presentation occurs in a latter stage#®. IFN-1 production
of pDCs contributes to a variety of autoimmune diseases. In the autoimmune disease
SLE, self-nucleic acid from NETs of PMN are responsible for pDC activation and
inducers of IFN-I18147. The DNA-Ab complex binds FCRIlla on pDCs and is
translocated to endosomal compartments, acting in a TLR9 dependent manner to
induce IFNa*, In this disease there is evidence for a direct activation of pDCs through
IFNal®. During psoriasis pDCs initiate disease progression via IFNa production by
infiltrating the skin of these patients'®®. It is known that IFN-I can inhibit CVB3
replication in vitro and CVB3-induced myocarditis mice treated with IFN-I ameliorated
the effect and prevented mice from early death due to CVB3 infection!*°. Recently a
group could show an important function of the IFN-IRF3 axis during a myocardial
infarction model. Interruption gave rise to reduced levels of chemokines, inflammatory
cytokines, or inflammatory cell infiltration in cardiac tissue, but also improved cardiac
function®®. Furthermore excessive IRF3 activaton and IFN-I causes

autoinflammatory conditions?®2,

1.2.3 Tcells

As T cells play a crucial role during all phases of myocarditis, a better understanding
of T cells is necessary. T cells are part of the adaptive immune system, which is
extremely specific and the response is very efficient. It takes about two weeks to
develop its potential but it can acquire a memory to recognize pathogens even faster
after the second infection. T cells can be classified by their cluster of differentiation
(CD) markers and play a role during promotion of inflammation through cytokine
production, Kkilling unwanted target cells and regulate immunosuppressive

response.%3

They originate from a hematopoetic stem cell which differentiates into a multipotent
progenitor cell and into the common lymphoid progenitor cell in the bone marrow®4,
Lymphoid progenitor cells enter the circulation and migrate from the bone marrow to
the thymus, where T cells develop®®. In the thymus, they undergo T cell receptor
(TCR) arrangement and selection (Fig 1-6). Early T cells are double negative (DN)
thymocytes because they lack the expression of TCR, CD4 and CD83. T cells
progress through four states of double negativity DN1 to DN4 where a rearrangement
of TCRa and B chains take place until they reach double positive (DP) transition with

a complete TCR receptor (CD4+/CD8+)'°. Before DP cells get released in the
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periphery, they are tested whether TCR is functional or tested for self-reactivity in the
cortex and medulla of the thymus®®®. Therefore, DP thymocytes meet cortex-specific
self-antigens bound to myosin heavy chain (MHC) | or Il molecules on the surface of
cortical epithelial cells in the thymus®®’. DP thymocytes with a high affinity for the
presented antigen by the MHC class undergo apoptosis, whereas DP thymocytes with
an intermediate affinity for the presented antigen undergo survive (positive
selection)®®’. Positive selection also coincides with the development of DP thymocytes
into single positive (SP) cells. DP thymocytes binding to MHC class | develop into
CD8+ and binding to MHC class Il develop into CD4+ SP cells'®’. To ensure self-
tolerance SP thymocates move to the medulla. Thymocytes cells binding with a high
affinity for the presented antigen undergo apoptosis (negative selection) whereas low
affinity leads to naive SP CD4+ or CD8+ cells®®8,

After their development and selection in the thymus SP naive T cells migrate to
secondary lymphoid organs, such as lymph nodes or the spleen. Here, they circulate
until they meet antigen presenting cells (APCs) with matching antigens and get
primed. Antigens presented via MHC | molecules, such as intracellular peptides from
pathogens, activate naive T cells to become a CD8+ cytotoxic cell, whereas antigens

presented via MHC Il, activate naive T cells to develop into CD4+ T cells%1%°,

Afterwards they migrate into the inflamed tissue where they receive additional signals
from APCs and local cytokines to carry out their effector function. CD8+ T cells secrete
enzymes that will kill target cells directly such as cancer cells or virus. The activation
of CD4+ T cells leads to a differentiation into subsets and is dependent on the cytokine
milieu, such as IL-6 and IL-1B, and antigenetic stimulation with different cytokine
release and aims to act. Thl produce IFNy, activate macrophages and eliminate
pathogens and is essential in the regulation of inflammatory responses in autoimmune
diseases. Th2 stimulate B-cells, mast cells, eosinophils and produce large amounts
of IL4 whereas Th17 recruits neutrophils and promote autoimmune inflammation by
secreting IL-17 (Fig 1-7)°.
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Figure 1-7 Development of T cells. Lymphoid progenitor cells migrate from the Bone
marrow (BM) to the thymus where they undergo T cell receptor rearrangement to
develop into double positive cells (DP). DP cells ensure MHC restriction (positive
selection) and self-tolerance (negative selection) to differentiate into CD4 and CD8
single positive (SP) cells-CD4 and CD8 naive T cells enter LN and spleen to get
activated. CD4+ naive cells differentiate into Th1, Th2 and Th 17 subsets with secreting
IFNy, IL-4 and IL-17, respectively to attract further immune cells, such as Macrophages
(Mo), Eosinophils (Eo) or Neutrophils (PMN) to fight pathogens.

1.3 Myocarditis mouse model

The pathophysiology of cardiac inflammation in humans is incompletely known and
continues to raise scientific questions. The most important insights into
pathophysiological processes of myocarditis have been obtained with the help of
different mouse models. Mouse models represent an excellent way to study
pathologies due to the genetic homologies between human and mice!®!. Different
mouse models giving insights into the underlying mechanism of post-infectious
myocarditis and cardiomyopathy were described in the literature so far. There are two
models which have a huge impact on the understanding of myocarditis. The first one
is induced by the infection with CVB3 and the other one by the immunization with a

cardiac peptide elusively expressed in the cardiac tissue called cardiac myosin?62,

The CVB3 model shows the transition into a second phase after an acute phase, with
left ventricle dysfunction of viral myocarditis in certain mouse strains such as A/J and
Balb/c. This chronic phase is characterized by fibrosis, cell necrosis and DCM without
a virus detection in this phase!®®. The advantage of this virus-induced myocarditis
mouse model is the realistic similarity to the human myocarditis which is mainly
induced by a virus as well. However, myocarditis is the result of not only a immune
response against a virus but also a consequence of a boosted heart-specific
autoimmune response'®t. Here, cardiac myosin is one of the main antigens, only
present in the heart!®>1% to mediate a heart-specific autoimmune mediated immune

response during the chronic phase in the CVB3 model'®’. Disadvantage of the CVB3
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model is the complexity of handling the virus, therefore the EAM mouse model used

during this PhD project will be described in more detail the following chapter.

1.3.1 The EAM model

The EAM model does not rely on an infection and therefore gives insights in an
isolated manner into the latter phase of myocarditis. The chronic phase of the CVB3
model can be simulated by immunizing mice with pure cardiac myosin derived from
a-cardiac myosin heavy chain. Here, mice are exposed to cardiac self-antigen
peptide. Neu et al. described in 1987 the immunization with a cardiac myosin together
with the T cell activator Complete Freund’s adjuvant (CFA) in different mouse
strains!®®, Here, myocarditis is driven by heart-reactive T cells without a pathogen.
Due to genetic susceptibility only few strains develop myocarditis therefore we used
Balb/c mice!®®1%, The fact that the adoptive transfer of purified T cells from mice with
acute myocarditis to healthy control mice transferred the disease and depletion of
CD4+ T cells, provided evidence that myosin-induced myocarditis is a primarily T cell
driven disease!’®", Studies to investigate the pathomechanism of the induction and
maintenance of EAM suggest that both the innate and the adaptive immune systems
are important in the development of the disease. Important key players of myocarditis
are so far: autoreactive T cells'’®, heart specific autoantibodies**'72, different

cytokines and chemokines®2173,

1.3.2 Time course of the EAM

Since inducing EAM and investigating different time points was an essential part of
this thesis, this chapter will give more detail about the different phases of the EAM.
Mice get immunized by the application of CFA together with cardiac myosin twice in
eight days®. The emulsion of cardiac myosin and CFA triggers an autoimmune
response by a massive infiltration of immune cells into the heart in susceptible mouse
strains, reaching its peak of infiltration on day 21'"*. Furthermore antibodies against
myosin reaches its peak in murine sera on day 21'°. Three phases can be observed:
first the induction phase with priming from day 0-10, second the effector or
progression phase starting around day 7-10 by the infiltration of immune cells and last
the remodeling or late phase lasting until day 60 leading to DCM with fibrosis and

heart failure (Fig 1-8)">176,
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Figure 1-8 The phases of experimental autoimmune myocarditis (EAM) in the mouse
model according to Cihakova and Rose!’>.

1.3.3 Cellular infiltrate of EAM

As described above the exposure to cardiac self peptide aMyhC and the adjuvant
CFA induce the early immune response. TLR receptors on immune cells and cardiac
cells get activated. Innate immune cells and cardiac cells release cytokines,
chemokines and interferons. II1B induces the production of monocytes and
macrophages in the bone marrow. These cells get released and migrate to lymphoid
organs such as spleen. Afterwards these immune cells home from the spleen to the
heart. Until day 7 mice showed histological evidence of acute inflammation as
indicated by the infiltration of a first wave of mononuclear and polynuclear cells such
as monocytes, natural killer cells and macrophages!’’7. Additionally macrophages
digest dead cardiomyocytes and migrate to the draining lymph nodes*. In the lymph
nodes dendritic cells present the cardiac myosin to naive T cells. A heavy infiltration
of mixed inflammatory cells and the recruitment of specific CD4-positive (CD4+) T
cells, which get activated by the cardiac myosin, to the lymph node follows between
day 7 and 14 after immunization, marking the second wave of inflammatory heart
infiltration in mice with EAM®38, These activated CD4+-T cells migrate from the
peripheral lymph node organs to the myocardium, where they infiltrate the cardiac
tissue. This correlates with histopathological methods shown by Afanasyeva et al.
who examined the different subpopulations infiltrating the heart showing CD45+
leukocytes peaking between day 15 and 21 after immunization in EAM mice
compared to control mice!’. Furthermore increased numbers of CD3+ (T cells), CD4-
positive (CD4+) T cells, CD8-positive (CD8+) T cells, CD19 (B-cells), CD11b+/Gr-1-
(Macrophages) and (CD11b/Grl+ (neutrophils) infiltrated the heart during
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myocarditis'’4. Furthermore, activated B-cells generate antibodies. These myosin
reactive antibodies are measurable in the serum with increasing inflammation
between day 10 and 21. 21 days postimmunization less immune cells infiltrate the
heart, inflammation decreases, and the heart tissue is starting to become fibrotic">178,
In the chronic phase of myocarditis (day 21-63) a correlation between the proportion
of CD4+ T cells and cardiac functional parameters, such as increased end-diastolic
volume and reduced ejection fraction leading to decreased pump function is

observable!™.

T cells play a crucial role for the development of cardiac inflammation and different
subsets play distinct roles in EAM. It could be shown via flow cytometry that
myocarditis is a T cell driven process and the heart infiltrate consists of CD4+ T cells
and CD8+ T cells'’%17%, CD4+ T cells initiate the disease and CD4+ T cell depletion
completely prevented EAM in mice!”. While CD4+ T cells appear to be critical for the
development of EAM, the role of CD8+ T cells is less clear. Depletion of CD8+ T cells
reduced the severity of inflammation but did not prevent induction of myocarditis*’%172,
CD4+ T cell subsets contribute differently to the outcome of myocarditis. Th1 not only
initiates tissue damage but also protects the myocardium from excessive
inflammation. Basically, the differentiation of T helper cells in EAM shows a
dominance of the Th2 subtype as well as Th17 T cells®8, Th17 T cells infiltrate the
heart during EAM and are a major regulator in late and chronic phase of the

disease!82-184,

1.3.4 Cytokines involved during EAM

Upon activation, macrophages, neutrophils and other innate immune cells secrete
pro-inflammatory cytokines. Their general role is to mediate the recruitment of
neutrophils and macrophages to the site of inflammation. They also induce the
expression of cellular components that help to eliminate the pathogen.!®® Prominent
ones are the interleukin family such as Interleukinl (IL-1), Interleukin6 (IL-6) and
TNFa acting locally as well as systemically. TNFa and IL-1f are crucial for myocarditis
as blocking these cytokines during the onset ameliorates myocarditis!®. IL1 and
TNFa are necessary at the time of infection for the transition to an autoimmune
myocarditis. Cytokines released by T cells such as IFNy (Th1), IL-4 (Th2) and IL-17
(Th17) play a crucial role during cardiac inflammation and can either diminish or
ameliorate the effect'’®82, Here, cardiac fibroblasts mediate the progression to
inflammatory DCM?*4, IL-17-deficient animals are protected from the progression of
EAM to DCM?*®2, Missing both, IFNy and IL-17, leads to an even more severe and fatal

autoimmune inflammation with poor survival in EAM*7, When IFNy, released by Thl
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subtype, is overexpressed in mice it induces chronic myocarditis®. In a transgenic
mouse model of spontaneous EAM, knocking out the IFNy receptor reduced cardiac
inflammation, indicating that IFNy promotes cardiac inflammation!®®, However, other
studies show that IFNy deficiency is associated with cardiac dysfunction and severe
myocarditis in a mouse model'81%9-192  Here, IFNy protects mice to develop
myocarditis. One mechanism for this double-edged sword mechanism of IFNy is
based on findings that IFNy signaling promotes macrophages to generate nitric-oxide
and in consequence limiting autoreactive T cell-proliferation leading to a protection of
myocarditis'®3. IL-6 has been shown to be critical for the induction of EAM!4, Blocking
IL-6 with an Ab protected mice from heart failure hence IL-6 is necessary during EAM
to develop DCM®®, Here, IL-6 mediated the induction of EAM by the initiation of Th17
cells'®®. Furthermore, the level of IL-1B and IL-17a have also been shown to induce
cardiac remodeling in the mouse model and are essential for the development of
DCM46’182'184.

1.4 Break of tolerance - autoimmune myocarditis

As described above the role of the immune system is to destroy, isolate and remove
pathogens or toxic agents which may harm the homeostasis of the host. However, it
occurs that the immune system fails and reacts against the host itself. Failure in the
immune system can lead to autoimmune mediated myocarditis. The adaptive
immunity underlies a strict regulation to maintain homeostasis. As described above,
CDA4+ T cells are the main drivers of heart-specific autoimmunity in myocarditis. The
alpha isoform of myosin heavy chain (aMyhC), encoded by the Myh6 gene, is the
known autoantigen for CD4+ T cells in the EAM model. Normally Mhy6 genes and
therefore aMyhC are absent in the medullary thymic epithelial cells, which mediate
central tolerance, in mice and human and therefore T cell education fails*®’. In mice
and human, a high number of naive amyhC CD4+ T cells circulate the body and
therefore facilitate the expansion of heart-specific effector CD4+ T cells. However,
this high frequency of the cells is due to a defect in the negative selection in the
thymes'®. Here, the cardiac tissue is damaged by any cause and releases cardiac
self-antigens. Additionally the activation of self-antigen presenting dendritic cells in
the draining lymph nodes may lead to a breakdown in heart specific tolerance!®®. As
a consequence, this triggers the cell expansion of heart-reactive CD4+ T cells and
therefore autoimmunity. Furthermore, auto-reactive T cells can be activated due to
the structural similarity between microbial and self-antigens, known as molecular

mimicry. Lately it could be shown, that cardiac myosin reactive T cells enter the
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myocardium, which were primed by myosin-peptide mimics derived from commensal

Bacteroides species in the gut?®,

1.5 Midkine

The growth factor midkine (MK) is a heparin-binding growth factor predominantly
important during embryonic development and was first described in the 1980ies?°.
Together with Pleiotropin they form a family which are structurally unique®2. Under
physiological conditions MK expression is highly restricted, however during
pathological conditions MK is highly expressed. Here, it is mainly expressed in the
mid-gestation stage, which gave it the name MIDkine?®, It is overexpressed in cancer
cells, but not in blood-derived normal cells including lymphocytes or activated T
lymphocytes and is associated with a poor prognosis of these patients?4. Furthermore
MK is expressed in the cerebral cortex?®® and under hypoxic conditions it is expressed
in neutrophils, monocytes and endothelial cells?®. However only ECs secrete MK
under hypoxic conditions?®. In addition, there is growing evidence that MK may also
be important during inflammatory processes giving hint as a potential therapeutic
target?®’. Another role was shown during pathological kidney conditions?%, RA209,
autoimmune disease such as multiple sclerosis?’%?!! and inflammatory bowel
disease??. Since it is secreted during various diseases, MK can act as a
biomarker?t3214 However, the source of MK remains elusive.

The human MK gene is located on chromosome 11 and encodes a 13 kDA protein
rich in basic and cysteine amino acids?®. The protein consists of a signal peptide for
secretion. Followed by an N-Domain and C-Domain held together by disulfide
linkages. Whereas the C-Terminal domain is responsible for MK activation, the N-
terminal Domain is required for dimerization®°2,

So far, MK is one of many ligands known to bind to the low density lipoprotein
receptor-related proteinl (LRP1)?*°. Here, MK binds LRP1 and mediates neural cell
survival?*®. Previously, LRP1 has been described to associate with the alpha chain of
the B2 Integrin macrophage antigen-1 (MAC-1)?*" and regulates B2 integrin-mediated
leukocyte adhesion?!®. Lately it was shown that MK supports neutrophil trafficking
during the acute inflammation process by promoting adhesion via B2 integrins?°.
Here, MK may mediate PMN adhesion by binding to LRP1 interacting with (32-
integrins (Fig 1-9)2°.
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Rolling Adhesion Transmigration

Figure 1-9 Schematic figure of the possible role of Midkine in leukocyte
recruitment. After rolling, neutrophils arrest on the inflamed endothelium mediated by
MK binding to LRP1 following a change in the confirmation of LFA-1 to the high affinity
state. This step requires the firm binding to ICAM-1 on the activated endothelium.
Afterwards neutrophils transmigrate through the endothelium. Modified from Herter &
Manyadas??°.

A study had been shown that MK derived from CD4+ T cells can activate T cells
themselves and induce Thl differentiation in vitro??!. Furthermore, blocking MK
reduced the severity of experimental autoimmune encephalomyelitis through the
expansion of regulatory T cells (T-reg) in peripheral lymph nodes and reduced
infiltration of Thl and Th17 cells into the central nervous system indicating a critical

role of MK as a suppressor of Tregs?®. So far, the role of MK during cardiac

inflammation remains elusive.
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2. Aim

Myocarditis is a disease, which is the third common cause of death in Germany. Until
now, the pathogenesis of myocarditis remains largely unknown. Although there are
many studies about the adaptive immune system during myocarditis, the role of the
innate immunity remains largely unknown, especially the link between the innate and
the adaptive immune system. Therefore, we wanted to identify and understand how
the immune system influences the manifestation of myocarditis. To investigate
myocarditis in vivo, an often described mouse model, the EAM model, was applied.
Despite intensive research lately, the exact role for the innate immune system remains
largely elusive. It has been previously shown that neutrophils and their formation of
NETs are present in the cardiac tissue of patients with acute myocarditis.
Furthermore, the cytokine MK was shown to mediate neutrophil trafficking by
promoting adhesion via B2 integrins during acute inflammation. Therefore, the first
aim of this study was to characterize the role of the MK-LRP1-NET axis in vivo using
a mouse model of myocarditis and in vitro using neutrophil-derived Hoxb8 cells.

In a second part the link between the innate and adaptive immune system for cardiac
inflammation in myocarditis was investigated in particular. The IFN-I pathway plays a
crucial role for diseases and links the innate and adaptive immune system. As pDCs
are the main IFN-I producing cells during viral infection, we secondly aimed to
elucidate whether the IFN pathway and pDCs play a role during myocarditis. To be
able to address this point, we used an IFNAR blocking Ab blocking the IFN-I pathway

during cardiac inflammation in vivo until day 14 and 21.

In summary, this study will not only improve the understanding of the molecular
insights into myocarditis mbut may provide new concepts of therapeutic strategies in

the treatment of cardiac inflammation.
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3. Material and Methods

3.1 Cells

Hoxb8 cells were generated from LRP1"vave® WT and KO mice by Annette Zehrer
AG Walzog. Cells lacking LRP1 are referred to as Hoxb8LRP1*° and LRP1 WT cells
as Hoxb8LRP1".5!

3.2 Animals

All experiments were conducted from 2018 until 2021 at the Walter Brend| Centre of
Experimental Medicine of the LMU at the Biomedical Center Minchen (Munich,
Germany). All animal experiments were approved by the Regierung von Oberbayern,
Germany (TV: 55.2-1-54-2532-200-2016). For the experimental autoimmune
myocarditis mouse model, 6 - 8-week-old male WT mice on a Balb/c background were
obtained from Charles River Laboratories (Sulzfeld, Germany). Animals were housed
at the biomedical medicine centre (Munich, Germany) under standard conditions (22
*+ 2 °C, 30— 60 % humidity, 12 h light/dark cycle, lights on at 7 am) and fed a standard
chow diet and water ad libitum.>?

3.3 Experimental autoimmune myocarditis (EAM) mouse

model

To investigate myocarditis in vivo a myocarditis mouse model called experimental
autoimmune myocarditis mouse model (EAM) was applied in all experiments.
Therefore mice get immunized and after immunization mice develop acute
myocarditis with a massive infiltration of leukocytes until day 21 which marks the peak
of inflammation. The acute phase is followed by a chronic stage of the disease. Until
day 63 mice develop fibrosis and systolic dysfunction which resembles the latter

phase of the disease.

3.3.1 Immunization of mice

Induction of Myocarditis was induced in Balb/c WT mice with the purified synthetic
peptide of a cardiac a myosin heavy chain (aMyHC, Ac-RSLKLMATLFSTYASADR-
OH, Caslo, Lyngby, Demark) together with complete Freund’s adjuvant (CFA, Sigma
Aldrich, St.Louis, Missouri, USA) on day 0 and day 7 via a subcutaneous injection.

Therefore, the peptide was dissolved in phosphate buffered saline (PBS, Biochrom,
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Berlin, Germany) sonificated with a sonicator and mixed with an equal volume of CFA
until it was completely emulsified. Each mouse was injected with a final concentration
of 200pug/mouse of the emulsion. Sham control mice were treated with equal volumes
of CFA and PBS without cardiac peptide.>!

3.3.2 Histology and heart body weight ratio

To study leukocyte infiltration into the cardiac tissue, mice were sacrificed at day 21
after the induction of EAM and hearts were rinsed using PBS. Afterwards tissue was
placed in a tube and fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) for at least
24 h. To determine the heart weight/body weight ratio (HW/BW ratio), connective
tissue was removed and hearts were weighed and the following calculation for
HW/BW ratio was used: HW/BW*100. For histology, hearts were deparaffinized and
dehydrated in a series of ethanol (EtOH, Th. Geyer, Germany) starting from 2x 70%,
3x 96%, 3x 100%, 2x xylol (Sigma Aldrich), 2x paraffin (Sigma Aldrich). Afterwards
each heart was cut into three to four cross sections and embedded into paraffin
blocks. After cooling at RT until the next day, paraffin blocks were cut at 4uM thickness
and paraffin ribbons were placed in a water bath at 40°C. Sections were mounted
onto glass slides and placed at RT overnight before staining. For hematoxylin & eosin
(H&E) staining heart sections were dewaxed in xylol for 15 min. For rehydration
sections were placed in 100% EtOH, 96% EtOH and 70% EtOH each 2x for 5 min
and rinsed with Aqua dest. for 10 min followed by 5 min with PBS. Hematoxylin (Sigma
Aldrich) staining was performed for 7 min with water rinse for 5 min before staining for
3 min with Eosin (Sigma Aldrich). Afterwards dehydration was performed using 100%
EtOH twice for 1 min before placing into xylol for 3 min. Coverslips were mounted with
Roti-mounting medium (Carl Roth, Karlsruhe, Germany). EAM Score was applied to
evaluate the infiltration of leukocytes into the cardiac tissue. Therefore leukocytes
were counted of each heart section in a fully blinded manner using a Leica M205 FA
stereo microscope.: 0, no inflammatory infiltrates; 1, small foci of <100 inflammatory
cells between myocytes; 2, larger foci of >100 inflammatory cells; 3, >10% of a cross
section shows infiltration of inflammatory cells; 4, >30% of a cross section shows

infiltration of inflammatory cells.

3.3.3 Whole blood count

Mice were euthanized under anesthesia with 1% isoflurane CP (CP-Pharma,
Burgdorf, Germany) and blood was harvested directly from the heart into tubes filled

with Ethylenediamine-tetraacetic acid (EDTA, microvetten) on day 21. Whole blood
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was counted using a ProCyte DX™ blood counter (IDEXX, Laboratories, Hoofddorp,
Netherlands).

3.3.4 Serum analysis

Mice were euthanatized under anesthesia with 1% isoflurane and blood was
harvested directly from the heart into tubes (Eppendorf, Hamburg, Germany) at day
14 or 21. To collect serum, blood was left for 30 minutes to clot at RT and centrifuged
for 10 min at 2000xg at 4°C. Supernatant was collected and used for further analysis.

3.3.5 Flow cytometry

For analysis of myocardial leukocyte infiltration, flow cytometry was performed from
hearts of mice.

3.3.5.1 Tissue sample preparation

Mice were euthanized under anesthesia with 1% Isoflurane and hearts were perfused
with PBS to get rid of the blood at day 14 or 21. Hearts were placed into a 24 well
plate filled with 1 mg/ml collagenase type Il (PAN Biotech, Aidenbach Germany)
diluted in RPMI medium (PAN Biotech, Aidenbach, Germany). Hearts were then cut
into small pieces with dissecting utensils and incubated for 30 min at 37°C in a shaker
with 180 RPM. Afterwards hearts were crushed through a 70uM cell strainer (Corning,
USA) over a 50 mL Falcon tube (Corning, USA), rinsed with 50mL of PBS and
centrifuged at 800xg for 5 min at 4°C. After centrifugation cell pellets were
resuspended in 1mL FACS Buffer, PBS containing 0.4% EDTA (AppliChem,
Darmstadt, Germany) and 1% Fetal calf serum (FCS, Biochrom, Berlin, Germany)
(Table 1), and then 300 pL were transferred either into a new tube for RNA isolation
or FACS tubes for flow cytometry staining. For RNA extraction, tubes were centrifuged
at 300xg for 5min at 4°C and the cell pellet was resuspended with 1 mL of TRIzol
reagent (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Samples were
immediately immersed in liquid nitrogen and stored at -20°C until further usage. For
cell surface marker staining, cells were transferred into facs tubes and centrifuged at
300xg for 5 min at 4°C before Ab staining. For intracellular cytokine staining, tubes

were centrifuged at 800xg for 5 min at 4°C.
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Name Ingredients Company

FACS Buffer PBS+ Biochrome, Germany
0.04% EDTA AppliChem, Germany
1% FCS Biochrome, Germany

Table 2 FACS Buffer

3.3.5.2 Cell surface marker staining

After centrifugation cells were resuspended in 100 uL PBS containing the Ab cocktail
described in Table 3 and were incubated for 30 min at 4°C in the dark. Cells were
centrifuged at 300xg for 5 min and resuspendend in 300uL PBS. For cell counting,
cells were supplemented with 100 pL of 1:10 diluted 123 count eBeads™counting
beads (Thermo Fisher Scientific) right before recording at the Beckman Coulter
Cytoflex (Krefeld, Germany). Data were analyzed using FlowJo 9 software (Becton

Dickinson GmbH, Heidelberg, Germany).

Antigen Fluorochrome | Dilution Company

CD45 APC- Cy7 1:300 Biolegend (London, UK)

B220 FITC 1:300 Biolegend (London, UK)

TCRB PE 1:400 Biolegend (London, UK)

SiglecH PerCp Cy5.5 1:300 Biolegend (London, UK)

Ly6G Bv421 1:600 Biolegend (London, UK)

CD69 PE-Cy7 1:300 Biolegend (London, UK)
Live/Dead | Zombie 1:2000 Thermo Fisher Scientific, Germany

Table 3 Antibody cocktail for cell surface staining.

3.3.5.3 Intracellular cytokine staining

After centrifugation cells were resuspended in 100uL Roswell Park Memorial Institute
1640 (RPMI) medium (Biochrom, Berlin, Germany) + 10% FCS. For stimulation,
cardiac peptide was diluted to a concentration of 2 ug/mL cardiac peptide a-MyhC
and 100 pL were added to 100 pL cell suspension. Cells were placed at 37°C and 5%
CO2. After 1 hour 1 pL/mL Brefeldin A (GolgiPlug, BD Bioscience, Franklin Lakes,
New Jersey, USA) inhibiting the intracellular protein transport from the endoplasmic
reticulum to the Golgi complex and therefore resulting in the accumulation of the
cytokines in the Golgi complex, was included for the last 3 hours. After 4 hours of
stimulation cells were centrifuged at 1500rpm for 6 min at 4°C and placed into a 96
well u- bottom well plate. Before staining, cells were centrifuged at 1500 rpm for 3 min
at 4°C and supernatant was removed. Cells were resuspended in 50uL PBS

containing cell surface marker and live dead staining (Table 4) was applied. Staining
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was performed for 30 min at 4°C and washed three times with FACS buffer (Table 1).
Each centrifugation step in between was performed at 1500rpm for 3 min at 4°C.
Afterwards cells were fixed in 100uL BD cytokine fixation/permeabilization solution
(BD Bioscience) for 20 min at 4°C. After washing the cells two times with BD
Perm/wash buffer (BD Bioscience) at 1500rpm for 3 min at 4°C, cytokine staining was
performed in 100uL BD Perm/wash buffer for 30 min at 4°C in the dark (Table 5).
Cells were washed three times with BD Perm/wash buffer and resuspended in 300uL
PBS. For cell counting, cells were supplemented with 100 uL of 1:10 diluted 123 count
eBeads™counting beads right before recording at the Beckman Coulter Cytoflex.
Data was analyzed using FlowJo software.

Antigen Fluorochrome Dilution
CD45 Bv421 1:300 Biolegend (London, UK)
CD4 Alexa Fluor eF710 1:300 Biolegend (London, UK)
TCRB PE 1:400 Biolegend (London, UK)
Live/dead 1:2000 Thermo Fisher Scientific,
Germany

Table 4 Antibody cocktail for cell surface marker.
Antigen Fluorochrome Dilution
IL17A AF647 1:300 Biolegend (London, UK)
IFNy FITC 1:300 Biolegend (London, UK)
IL4 PECy7 1:300 Biolegend (London, UK)

Table 5 Antibody cocktail for cytokine staining.

3.3.6 Multiplex Elisa

To study cytokine concentration in the serum of mice, serum was collected as
described before (3.3.4). The frozen serum was thawed and LEGENDplex™ mouse
Anti-virus response panel (BioLegend, San Diego, California, USA) was performed
according to the manufacture’s protocol. In short, serum was diluted 1:2 with assay
buffer and Standard was diluted in 125uL Assay Buffer, representing top standard C7.
For a standard dilution series seven tubes were named CO-C7 and each tube (CO-
C6) was filled with 37.5uL of Assay buffer. Afterwards 12.5uL of top standard C7 was
transferred to C6 and mixed well. In the same manner, C6 to C1 were processed.
This dilution standard ranged from 10000 pg/mL (C7) to 0 pg/mL (CO0). 12.5uL of the
standard dilution was added to the first row of a v-bottom plate and mixed with 12.5uL
of MatrixA. Samples were also added to the v bottom plate and diluted with 12.5uL of

Assay buffer. Afterwards 12.5pL of the premixed beads were added to each well to
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reach a total of 37uL in each well. The plate was sealed and covered with aluminum
foil to protect from light and placed on a shaker at 800rpm for 2 hours at RT. After
centrifugation at 1050rpm for 5 min, the supernatant was removed using a
multichannel pipette. Washing was performed with 1x wash buffer by dispensing
200pL into each well and 12.5uL of detection antibodies were added to the plate. After
shaking for 1 hour at RT on a shaker with 800rpm, 12.5uL of Streptavidin-
phycoerythrin was added and placed on a shaker for 30 min. Before reading the plate
on a flow cytometer, washing was performed and samples were resuspended in 75uL
PBS. Cytokine concentration was analyzed using Bio-Legend's LEGENDplex™
Analysis software and was calculated from the standard curves using linear

regression.

3.3.7 Quantitative polymerase chain reaction

3.3.7.1 RNA Isolation

For RNA extraction, whole hearts from mice were harvested after flushing hearts with
PBS to remove whole blood on day 7, 14 and 21. Hearts were immediately snap
frozen in liquid nitrogen or, alternatively 300uL of whole heart suspension after
collagenase type Il treatment (3.2.5.1) was immediately added to 1mL TRIzol
(Thermo Fisher Scientific, Germany) and stored at -20°C until further usage. Whole
hearts were stored at -80°C until further usage. At the day of isolation, 1mL TRIzol
was added to whole hearts and transferred into round bottom tubes and immediately
homogenized mechanically using an Ultra-Turrax T8 homogenizer (IKA Labortechnik,
Germany). RNA isolation was performed according to the manufacturer’s protocol.
Therefore, hearts were left at RT for 5 min for complete dissociation before adding
200pL of chloroform (Sigma Aldrich, Germany). Samples were vortexed for at least
15 sec and incubated for 2 min at RT. Solution was centrifuged for 18 min at 13000
rpm at 4°C and the aqueous solution was carefully transferred into a new tube. 500uL
of isopropanol (Propan-2-ol, AppliChem, Germany) was added, vortexed for 15 sec
and left at RT for 10 min for RNA precipitation. Samples were centrifuged for 10 min
at 13000rpm at 4°C until RNA pellet was visible. The RNA pellet was washed with
75% EtOH and centrifuged at 10000rpm for 8 min at 4°C. Supernatant was removed
and RNA pellet was air dried at RT for 5-10 min. Finally, RNA was diluted with 20uL
RNAse-free H20 (Thermo Fisher Scientific, Germany) and the concentration as well
as the A260/280 ratio was analyzed using Nanodrop™ 2000 spectrometer (Life
Technologies, Germany). Only RNA with an A260/280 ratio of at least of 1.8 was used

for further analysis.
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3.3.7.2 gDNA digestion and reverse transcription

For gDNA digestion 1ug RNA was digested according to the manufacturer’s protocol
using the DNAse | Amplification Grade Kit (Thermo Fisher Scientific, Germany).
Afterwards 1ug total RNA was transcribed into cDNA using the iScript cDNA synthesis
Kit (Bio-Rad Laboratories, California, USA). The master mix contained 1ug total RNA,
4uL of 5x iScript Reaction mix, 1L of reverse transcription in a total volume of 20pL,
filled up with nuclease-free water. The PCR was performed at 5 min at 25°C (for
annealing), followed by 30 min at 42°C (reverse transcription step) and a denaturation
step for 5 min at 85°C. cDNA was diluted to a final concentration of 10ng/uL and
stored at -20°C.

3.3.7.3 Quantitative real-time PCR (qRT-PCR)

To quantify expression levels of mMRNA, cDNA was used for quantitative real time
PCR (qRT-PCR) analysis. The increase of fluorescence signal can be monitored in
real time with SYBR green (Bio-Rad). Therefore 20 ng of cDNA (2uL) was mixed with
1pL 10uM reverse Primer, 1uL 10 uM forward Primer (Metabion, Planegg, Germany)
(table 5), 10uL SYBR green and filled up to a total of 20uL with Nuclease free water.
The PCR plate was centrifuged for 2 min at 300xg at RT. Samples were applied to a
96 well plate and the run was performed using StepOnePlus System (Thermo Fisher
Scientific, Germany) according to the protocol in Table 6. As reference gene, the
housekeeping gene Hypoxanthin-Guanin-Phosphoribosyl-Transferase (HPRT), was
used. Results were analyzed using StepOne Software v2.3 (Thermo Fisher Scientific,
Germany) and data were analyzed by the 2-AACt method of comparing threshold

cycles first to Hprt expression, and then ACt of target genes in sham controls??2,

Primer Sequence (5°- 3)

mMDK FV GTC AAT CAC GCC TGT CCT CT
mMDK RV CAA GTATCA GGG TGG GGA GA
MHPRT FV ACA GGC CAG ACT TTG TTG GAT
MHPRT RV ACT TGC GCT CAT CTT AGG CT
mIRF3 FV GGC TTG TGATGG TCAAGG TT
mIRF3 RV CAT GTC CTC CAC CAAGTCCT
mIRF7 FV CTG GAG CCATGG GTATGC A
mIRF7 RV AAG CAC AAG CCGAGACTGCT

mIRF8 FV GAC CGA AGT TCC TGA GAT GG
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mIRF8 RV TGG GCT CCT CTT GGT CAT AC
mIFIT1 FV TAC AGG CTG GAG TGT GCT GAG A
mIFIT1 RV CTC CACTTT CAG AGCCTTCGCA
mIFIT3 FV CTG AAG GGG AGC GATTGATT
mIFIT3 RV AAC GGC ACA TGA CCA AAG AGT AGA
mISG15 FV GGT GTC CGT GAC TAACTC CAT
mISG15 RV TGG AAA GGG TAA GAC CGT CCT
mIFNa FV TAATTCCTACGTCTTTTCTTT

mIFNa RV TATGCCTGATCCCTGAACAGT
mIFNB FV AAGAGTTACACTGCCTTTGCCATC
mIFNB RV CACTGTCTGCTGGTGGAGTTCATC

Table 6 Primer sequences for gPCR. FV indicates forward, RV reverse.

Step Temperature Time Cycle
Initial :
_ 95°C 10 min 1x
denaturation
Denaturation 95°C 15 sec
40x
Annealing 60°C 1 min
95°C 15 sec
Melt curve
60°C 1 min Ix
95°C + 0.7°C/min

Table 7 Protocol for gRT-PCR.

3.3.8 Echocardiography

To study systolic function of hearts using Echocardiography on day 63, mice were
anesthetized with 2% Isoflurane and placed on a heated platform to ensure stable
body temperature of 35.5 — 36.5°C. To maintain anesthesia mice were treated with
3% isoflurane. Transthoracic echocardiographic short-axis M-mode images were
obtained with a Vevo2100 imaging system (VisualSonics, Toronto, Canada) using a
40MHz transducer. Parasternal long-axis M-mode was used to standardize

transducer positioning for short-axis M-mode imaging. For evaluation of cardiac
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function, 3 consecutive cycles were measured and averaged. Left ventricular end
diastolic (EDV) and systolic (ESV) volumes were calculated using the formulae
7*LVID;d3%/(2.4+LVID;d) and 7*LVID;s%/(2.4+LVID;s). Calculation of left ventricular
ejection fraction (in %) was conducted via the formula ((EDV-ESV)/EDV)*100.
Cardiac index was defined as cardiac output divided by body weight (BW).%!

3.3.9 Masson trichrome staining

To analyse fibrosis in the cardiac tissue, Masson Trichrome staining was applied on
day 63 after the induction of EAM. This is a histological method to stain for muscle
tissue and collagen in the tissue. Mice were sacrificed on day 63 after induction of
EAM and hearts were deparaffinized, dehydrated and cut in sections as described
under 3.2.2. For Masson Trichrome staining, heart sections were dewaxed in xylol for
15 min. For rehydration, sections were placed in 100% EtOH, 96% EtOH and 70%
EtOH each for 5 min and rinsed with Aqua dest. together with a final concentration of
0.03% H>0> (Sigma Aldrich), for 5 min followed by 5 min with PBS. Then Masson
Trichrome staining was performed as written in the manufacturer’s protocol (Bio-
Optica, Milano, Italy). Shortly sections were rinsed with distilled water and Weigert's
iron hematoxylin were put on the section for 10 min. Without washing, picric acid
alcoholic solution was applied for 4 min. After washing for 3-4 sec in distilled water,
Ponceau staining was applied for 4 min. After washing, Phosphomolybdic acid
solution was applied for 10 min. Then, without washing, Masson aniline blue was put
on the sections for 5 min. Afterwards slides were washed in distilled water and rapidly
dehydrated in 100% EtOH and 96% EtOH and 1 min in 70% EtOH. Samples were
cleared in xylene and mounted using mounting medium. Heart sections were
analyzed in a fully blinded manner using a Leica M205 FA stereo microscope with 12x
magnification. To evaluate the percentage of fibrotic tissue in the whole heart Image
J software was used. Therefore, the area (mm?) of the fibrotic tissue (2) and the area
(mm?2) of the myocardium (3) of one heart section (1) was calculated (Fig-3-1). This
was done for all sections for one heart and the following calculation was used: area

(mm?) of fibrotic tissue/area (mm2) of myocard*100.%!
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1 heart section 2 fibrotic tissue 3 myocardium

Figure 3-1 Evaluation of the fibrotic tissue in the myocardium. Masson Trichrome
staining for one heart section. To calculate the percentage of fibrotic tissue in the whole
heart (1) fibrotic area (mm?2) (2) is divided through (3) the whole area of the myocardium
(mm2),

3.4 Mouse treatment experiments

3.4.1 Treatment with receptor associated protein (RAP)

To study the role of Low Density Lipoprotein Receptor-related Protein 1 (LRP1) during
myocarditis, mini osmotic pumps (Alzet model 2004, Charles River, USA) filled with
the receptor associated protein RAP (provided by D.K. Strickland, Center for Vascular
and Inflammatory Disease, Departments of Surgery and Physiology, University of
Maryland School of Medicine, Baltimore, MD) or PBS as a control were implanted into
the back of mice. Therefore, lyophilized RAP was dissolved in PBS at a concentration
of 112uM one day prior to the experiment and filled into mini-osmotic pumps. Mice
were anesthetized with 200uL MMF (Fentanyl 0,05mg/kg, Midazolam (5mg/kg) and
Medetomidin (0,5mg/kQ)) i.p., the back was shaved and a small cut was made. The
pump was implanted into the back and the back was sutured. Mini osmotic pumps
constantly released RAP in PBS or PBS as a control at a constant rate of 0.25uL/h,
achieving RAP plasma levels of 5-10nM. Afterwards, mice were immunized as
described under 3.3.1 and placed on a heating mat until they were awake. On day 21,
mice were euthanized under anesthesia by cervical dislocation, hearts were flushed
with PBS and placed in 4% PFA. H&E staining was performed as described under
3.3.2.%
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|
RAP (112 uM, 0.25 pl/h s.c.)

d21

do d7
EAM Score

immunization

Figure 3-2 Experimental protocol for blocking LRP1 during EAM in vivo. Mini
osmotic pumps constantly releasing RAP were implanted over 21 days. On day 21, mice
were sacrificed and EAM Score was calculated.

3.4.2 Treatment with a monoclonal Anti-IFNAR blocking Ab

After Induction of EAM, mice were treated with a monoclonal blocking IFNAR Ab of
mouse origin (IFNAR1, MAR1-5A3, BioLegend) or isotype control (mouse IgG1 K,
BioLegend). Mice were injected i.p. with 500ug for 3 consecutive days from day 8
followed by 500ug three times a week until the end of the experiment on day 14 or
21. BW was measured on each injection day and expressed in % of the initial BW. On
day 21, mice were sacrificed and blood was taken as described under 3.3.4, spleen
weight was measured, flow cytometry analysis were done as described under 3.3.5,
cytokine concentration in the serum as described in 3.3.6. and HW/BW ratio was

calculated as described under 3.3.2.

A IFNAR Ab/Isotype
PN (500ug i.p.)
| I 111 | | |
> do d7 d8 d9 d10 d12 d14
58 Flow cytometry
é\ o Serum analysis
immunization HW/ BW ratio
spleen weight
B IFNAR Ab/Isotype
(500pg i.p.)
a Yo i A A A 4
| | L 1 1 | | L | I
ReiS  dO d7 d8 d9 d10 d12 d14 d16 d18 d20 d21
r X X Flow cytometry
é\ 4 Serum analysis

HW/ BW ratio

immunization :
spleen weight

Figure 3-3 Experimental protocol for blocking the interferon receptor (IFNAR)
using a blocking antibody (Ab) during EAM in vivo. A+B) Mice were immunized and
treated with 500ug/mouse IFNAR Ab or Isotype control until day 14 and 21 respectively.
A) On day 14 and B) day 21, mice were sacrificed and cytokine concentration in the
serum was measured, spleen weight was calculated as well as HW/BW ratio and
leukocyte infiltration was analyzed using Flow cytometry.
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3.4.3 Treatment with DNase and Chloridamidine

After induction of EAM, mice were injected i.p. with either 50ug/mouse DNAse
(Pulmozyme, Roche, Basel, Switzerland) twice a day or 250ug/mouse Chloridamidine
(CI-Amid, Merck, Darmstadt, Germany) once a day from day 21 until day 63. As
control, 50uL PBS was applied to EAM and sham mice daily. On day 63
echocardiography was conducted as described in 3.3.8 and mice were sacrificed to
stain hearts for Masson-Trichrome staining as described in 3.3.9.

DNase 2x day 50ug i.p. >
Cl-Amid 1x day 250ug  #

PBS 1x day
4
do d7 d8 de3
X X Histology
Echocardiography

immunization

Figure 3-4 Experimental protocol for inhibiting NETs during EAM in vivo. Mice
were immunized and treated with DNase twice a day and CI-Amid once a day or PBS
as a control. On day 63 echocardiography was conducted and mice were sacrificed for
histology of the heart.

3.5 Immunofluoresence

Immunofluorescence staining was performed using Hoxb8 cells from LRP1
(Hoxb8LRP1°™") and LRP1X° (Hoxb8LRP1X°) mice. Hoxb8 cells were cultured using
Hoxb8-SCF cells culture medium (Table 8). For immunofluorescent staining, Hoxb8
cells were differentiated into neutrophils four days prior the experiment. Therefore
Hoxb8 cells were incubated in 10 mL differentiation medium (Table 8) in a 10 cm?
culture dish until day of experiment. Immunofluorescent staining was performed in
IBIDI chambers coated with 20ug/mL rMK (PeproTech, New Jersey, USA) or 100
ug/mL mFibrinogen (PeproTech) at 4°C overnight. On the next day the chamber was
washed thoroughly with PBS after coating. dHoxb8 cells were seeded in adhesion
medium (ADM, Table 8) at a concentration of 2x10° in a 12 well chamber and were
incubated with either 100 nm phorbol myristate acetate (PMA, Merck) as a positive
control or left untreated as a control for 12 to 16 h at RT. Before fixation non adherent
cells were gently discarded. Fixation was done using freshly diluted 4 % PFA in PBS
for 4 minutes. Cells were washed 3x with PBS + 0.1% Tween20 (Sigma Aldrich) for 5
min each and were blocked with blocking solution (Table 8) on a shaker for 1 hour at
RT. Cells were incubated with primary antibodies and isotype control (Table 9) were

diluted in blocking solution on a shaker for 1 h at RT. After three times of washing with
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PBS+0.1%Tween20 for 5 minutes each, cells were incubated with appropriate
secondary antibodies (Table 10) diluted in 1% bovine serum albumin (BSA) in PBS
for 1 hour at RT in the dark. Staining of the nucleus was performed using Hoechst
1:1000 (Table 10).

0.1%Tween20 in PBS for 5 minutes. Chambers were covered with ProLongTM Gold

Before mounting, cells were washed three times with
antifade reagent (Thermo Fisher Scientific) and coverslips. Images were taken at the
Bioimaging core facility of the Biomedical Center Munich (Dr. Steffen Dietzel) using a

Leica SP8X WLL upright confocal microscope and lasers with an excitation

wavelength of 405 nm, 488 nm and 546 nm.*!

Name

Ingredients

Company

Hoxb8-SCF cells

culture medium

Differentiation

medium

Adhesion
Medium

Blocking

solution

RPMI 1640
+10% FCS

+ 1% Penicillin/Streptomycin (P/S)

+ 4% stem cell factor (SCF)
containing CHO supernatant

+ 30 uM beta 2-mercaptoethanol
+ 10 uM B-Estradiol

RPMI 1640

+10% FCS

+ 1% P/S

+ 4% SCF containing CHO
supernatant

+ 20 ng/ml G-CSF

pH 7.4 HBSS

+ 1.2 mM Ca2

+1 mM Mg2

+ 0.25 % Bovine serum albumin
(BSA)

+ 0.1 % glucose

+ 20 mM Hepes

PBS

+1 % BSA

+ 10% goat serum

Table 8 Buffer used for Immunofluorescence staining.

Biochrome, Germany
Biochrome, Germany

Biochrome, Germany

Sigma Aldrich, Germany
Sigma Aldrich, Germany

Sigma Aldrich, Germany
Sigma Aldrich, Germany

Biochrom

AppliChem, Germany
AppliChem, Germany
Sigma Aldrich, Germany

AppliChem, Germany
Sigma Aldrich, Germany
Biochrome, Germany
Sigma Aldrich, Germany
Carl Roth, Germany
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Antigen Reactivity Dilution | Clone

Company

Neutrophil rat a-mouse IgG2a | 2,5ug/ml | Klon

Elastase NE (1:200) 887105
Histone H3 | rabbit a-mouse | 5 pg/ml -

lgG (1:200)
Isotype rat IgG2a, kK 2,5ug/ml | eBR2a
control (1:200)
Isotype Rabbit 1gG 5ug/ml -
control (1:600)

R&D Systems, USA

Abcam, UK

Thermo Fisher
Scientific, Germany
Thermo Fisher

Scientific, Germany

Table 9 Primary antibodies used for Immunofluorescence staining.

Antigen Dye Reactivity Dilution Company
Hoechst - - 1:1000 Thermo Fisher Scientific,
33342 Germany
Secondary | AF 546 goat a-rabbit 1:200 Life technologies,
Ab Germany

Secondary | AF 488 goat a-rat 1:200
Ab

Cell signaling, UK

Table 10 Secondary antibodies used for Immunofluorescence staining.

3.6 Statistics

All data were analyzed using GraphPad Prism 9 software (GraphPad Software, San

Diego, California, USA) and represented as mean + SEM. For pairwise comparison

an unpaired t test with Welch correction was used. For multiple comparison with one

variable, ANOVA on ranks followed by Dunn’s post hoc test was performed. For

multiple comparison with more than one variable, a 2-

way ANOVA with Tukey's

comparison test was used. Significant outlier are excluded using GraphPad Prism

outlier calculator. Statistical significance was assessed as *p<0.05, **p<0.01

#%p<0.001 and ****p<0.0001.
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4. Results

Parts of the following data are published in “Midkine drives cardiac inflammation by
promoting neutrophil trafficking and NETosis in myocarditis” by Weckbach LT.,..,

Boehm F., et al. (2019) in the journal of experimental medicine (JEM)®L,

4.1 Mice develop EAM

To study myocarditis in vivo, the EAM model was used for experiments which
resembles human myocarditis. Due to genetic differences only a few mouse strains
are susceptible to the EAM model. In the present study Balb/c WT mice which are
known to develop EAM were choosen??3, To check whether Balb/c WT are the right
experimental setup, mice were immunized s.c. with the cardiac peptide aMyHc (Ac-
RSLKLMATLFSTYASADR-OH) together with Complete Freund’s Adjuvant (CFA) on
day 0 and 7. As a control, sham-treated animals received PBS and CFA on day 0 and
7. On day 21, mice were sacrificed and hearts were removed for histological

examination (Fig 4-1A).

When analyzing the BW of both groups, it was observed that the EAM as well as the
sham-treated control group gained weight (105%) until the second immunization on
day 7. Until day 21 sham-treated control mice constantly gained weight with about
15% (115%) increase in BW compared to initial BW (100%). However, mice treated
with aMyHc showed a significant weight loss until day 14 (95%) after the induction of
EAM compared to sham-treated control mice which did not receive the cardiac

peptide. Nevertheless, EAM mice gained weight until day 21 (Fig 4-1B).

Myocarditis is characterized by the presence of foci of myocardial infiltration and
cardiomyocyte death in histological sections. To investigate leukocyte infiltration into
the cardiac tissue mice were sacrificed at day 21 which marks the peak of
inflammation and hearts were stained with hematoxylin for the cell nuclei (blue) and
Eosin for the extracellular matrix and cytoplasm (pink)8°. Histological sections of the
myocardium showed more leukocyte infiltration into the tissue in EAM mice (right)

compared to sham-treated control mice (left) as indicated by the arrows (Fig 4-1C).

Next spleen weight and HW/BW ratio, which is known to be an indicator of cardiac
hypertrophy and an important parameter for cardiac function??*, was analyzed on day
21. Spleen weight of mice treated with the peptide was significantly elevated
compared to that of sham-treated control mice. HW/BW ratio was significant higher
between HW/BW of EAM treated mice compared to sham-treated control mice (Fig
4-1D).
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To analyze whether the spleen weight and the HW/BW ratio are depending on the
degree of leukocyte infiltration, referred to as EAM Score, in the cardiac tissue,
Hematoxylin and Eosin (H&E) staining was applied. Here, mice with an EAM Score
of 4, meaning over 30% of the heart is infiltrated by leukocytes, showed a higher
spleen weight as well as a higher HW/BW ratio compared to sham-treated control
animals. Whereas mice without any leukocyte infiltration in the heart, indicated by an
EAM score of 0, showed similar results as sham-treated control mice (Fig 4-1E).
These data indicate a direct link between the degree of inflammation and spleen
weight or HW/BW ratio.

Furthermore, blood was harvested on day 21 after the induction of EAM and analyzed
using flow cytometry. A significant increase in the number of leukocytes, neutrophils,
lymphocytes and monocytes in EAM-treated mice compared to sham-treated control
mice was observed indicating an ongoing inflammation process (Fig 4-1F).

All results collected suggest that the EAM model is a perfect experimental setup to
further investigate the molecular insights into myocarditis in vivo. The data reveal
specificity of organ hypertrophy in EAM treated mice.
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Figure 4-1 Balb/c WT mice develop experimental autoimmune myocarditis. A)
Mice were immunized with the alpha myosin heavy chain peptide on day 0 and 7 and
sacrificed on day 21 after the induction of EAM. B) Body weight from the initial weight
was measured on day 0, 7, 14 and 21 starting from the first day of immunization of EAM
mice compared to sham-treated mice. C) Representative cross sections of heart tissue
of EAM or sham immunization on day 21 using Hematoxylin/Eosin staining. Scale bar:
1 mm. D+E) Spleen weight and HW/BW (heart weight/body weight) ratio were analyzed
on day 21 after the induction of EAM. n=6 for sham; n=26 for EAM. F) Blood was
harvested on day 21 and overall cell numbers and leukocyte subset counts were
measured. n=10 for sham; n=20 for EAM. To determine P values, a 2-way ANOVA was
performed for A, a student’s t test was used to compare sham and EAM for D+F and
ANOVA on ranks with Dunn’s multiple comparison test for E. For all panels, *p<0.05,
**p<0.01, **p<0.001, ***p<0.0001; n.s. not significant. Data are presented as mean
+ SEM or mean % individual data points. LV=left ventricle, RV=right ventricle. Arrows
indicate foci of leukocyte infiltration.
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4.2 The Role of the MK-LRP1-NET-axis

4.2.1 MK gene expression is upregulated during EAM

The cytokine MK could be shown to be critical for PMN adhesion and recruitment
during the inflammatory process??® and blocking MK during the acute phase of cardiac
inflammation reduced leukocyte infiltration into the cardiac tissue on day 21°%. To
investigate, whether MK gene expression is also altered during cardiac inflammation
in the EAM model real-time PCR of the cardiac tissue of EAM mice compared to
sham-treated mice on day 21 was performed. MK gene expression was significantly
upregulated in the heart during cardiac inflammation compared to mice which do not
develop myocarditis (Fig 4-2B).

Since MK is known to be expressed in the kidney of mice fetuses, it was analyzed
whether MK expression is altered in the kidney during inflammation in adult mice. MK
was significantly increased in the kidney of mice with EAM in comparison to sham-
treated mice (Fig 4-2A).
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Figure 4-2 MK gene expression is altered during EAM in the cardiac tissue and
spleen on day 21. A+B) Relative gene expression of MK in sham and EAM mice was
determined by gPCR and normalized to housekeeping gene HPRT. A) Gene expression
of MK in A) kidney and B) cardiac tissue. n=5 hearts for sham, n=10 hearts for EAM
group. To determine P values, a student’s t test was used to compare sham and EAM.
*p<0.05, ***p<0.0001; n.s. not significant. Modified from Weckbach LT.,...,Boehm F.
etal., 2019)%!

4.2.2 LRP1is critical for the pathogenesis of EAM

LRP1 is known to be the functional receptor for MK on PMN during the recruitment of
Neutrophils?'®. To elucidate the role of LRP1 for the pathogenesis of EAM, LRP1 was
targeted using the effective inhibitor receptor associated protein (RAP), which is
known to block all members of the LDL receptor family??®. Due to fast clearance of

RAP mini osmotic pumps were implanted s.c. in the back of mice constantly releasing
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112 uM of the inhibitor into the circulation over 21 days after the induction of EAM (Fig
4-3A).

EAM Score, where a score of 0 means no infiltration of leukocytes and a score of 4
30% of the heart is infiltrated, was used to evaluate leukocyte infiltration into the
cardiac tissue. RAP administration from day 0 to 21 significantly reduced leukocyte
infiltration into the cardiac tissue in the EAM model suggesting that LRP1 may play a

role for leukocyte recruitment during cardiac inflammation in this model (Fig 4-3B).
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Figure 4-3 LRP1 is critical for the pathogenesis of EAM. A) Mini osmotic pumps
were implanted in the back of mice constantly releasing RAP at a concentration of 112
MM into the circulation from day O until day 21 upon induction of EAM. B) Leukocyte
infiltration using EAM Score was measured at day 21 after the induction of EAM in EAM
mice compared to sham-treated mice. n=10 hearts for sham, n=20 hearts for
EAM+vehicle group and n=20 for EAM+RAP group. To determine P values, ANOVA on
ranks with Dunn’s multiple comparison test was performed. Data are expressed as
mean + SEM. *p<0.05, ***p<0.0001. (modified from Weckbach LT.,..., Boehm F. et
al., 2019)>

4.2.3 MK-mediated NET formation is LRP1 dependent in vitro

Previous data could show that blocking MK with a blocking Ab over 21 days during
EAM reduced the number of infiltrated neutrophils in the cardiac tissue in vivo®..
Furthermore the reduced infiltrated neutrophils showed a reduced formation of
NETs®L

To further study whether MK is able to induce NET formation via LRP1 in vitro, NET
formation using Hoxb8 cell-derived PMN generated from LRP1"/vav-cre* (dHoxb8-
LRP1*) or LRP1""/vav-cre (dHoxb8-LRP1") was investigated. These cells were
kindly generated by Annette Zehrer (AG Walzog) and are an easy tool to study
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neutrophil function in vitro. Whereas PMN are short-lived cells which can not be
manipulated genetically, a new murine cell system had been developed to study
neutrophils in vitro. Here, a retrovirus encoding for the fusion protein of an estrogen-
depending Hoxb8 (ER-Hoxb8) was transferred into isolated mouse bone marrow
cells. These cells retain the potential to differentiate into myeloid and lymphoid cells
but have lost the capacity to do it themselves. Binding to estrogen induces the
transcription of proteins preventing differentiation into murine hematopoietic
progenitor cells. Upon removal of estrogen the ER-Hoxb8 fusion protein becomes
inactive and the progenitor cells can differentiate into mature neutrophils. The

expansion in vitro with SCF influences the differentiation into neutrophils.?27:228

Differentiated Hoxb8 cells (dHoxb8) were generated from the bone marrow of LRP1°"
(dHoxb8LRP1") and LRP1" (dHoxb8LRP1X°) mice. Using immunofluorescence,
these cells were stimulated in the presence of immobilized MK (iMK) or fibrinogen as
a negative control. As a positive control, cells were treated with PMA. When staining
for DNA and citrullinated H3 (H3Cit) no NET formation was observed when left
untreated. PMA induced NET formation regardless of the presence of LRP1. In the
presence of iIMK, LRP1ctrl cells formed NETs as indicated by the colocolization of
DNA and H3Cit. By using Hoxb8 cells lacking the LRP1 receptor (dHoxb8LRP1°")
hardly any NET formation was observed (Fig 4-4A). The quantitative analysis
revealed that MK-mediated NET formation was significantly reduced in the absence
of LRP1 suggesting that MK mediates NET formation via LRP1 (Fig 4-4B).
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Figure 4-4 MK induced NET formation via LRP1 in vitro. A) Immunofluorescence
images of dHoxb8-LRP1K° and dHoxb8-LRP1¢" cells. Cells were treated with iMK, PMA
or were left unstimulated (w/o) for control. Images show staining for citrullinated histone
3 (H3Cit) in magenta and DNA in grey. Scale bar: 20 um. Arrows indicate the presence
of NET formation. B) Quantitative analysis of NET formation in the presence of iIMK,
PMA or without stimulation. Data show the percentage of NET* cells of all dHoxb8 cells.
n=3. To determine P values, a student’s t test was used to compare sham and EAM.
Data are presented as mean + SEM. ***p<0.001. (modified from Weckbach LT.,...,
Boehm F. et al., 2019)5!

4.3 Targeting NETs as a therapeutic intervention of
myocarditis on day 63

For the first time, it was recently demonstrated by Weckbach et al., that neutrophils
play a crucial role during cardiac inflammation by inducing NETs®.. NETs are present
in the cardiac tissue of patients with acute myocarditis as well as in the cardiac tissue
of mice on day 21 after the induction of EAM®L. Using the EAM model Weckbach et
al., showed that blocking NETs reduced inflammation during the acute phase of the

disease®!.
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Since NETs consist of DNA which can be teared down by desoxyribonucleases,
recombinant DNase can be applied to degrade NETs and therefore have a regulatory
effect on NET formation in neutrophils’’?2°, On the other hand, the inhibitor CI-Amid
inhibits NET formation by irreversibly inactivating peptidyl arginine deiminase 4
(PAD4) by modificating an active site of cysteine which is important for its catalytic

activity°,

Given that NETs play a crucial role during the acute phase of cardiac inflammation
the question came up whether blocking NETs has an impact during the chronic phase
and whether blocking may have a therapeutic impact on the outcome of myocarditis.
To address these questions, mice were immunized on day 0 and 7 and two different
substances were applied to block NETs. DNAse was administered twice a day and
Cl-Amid once a day from day 21 until day 63 (Fig 4-5A).

First, the amount of fibrotic tissue using Masson-Trichrome staining as the amount of
collagen in the cardiac tissue and stained for collagen (blue) and for cell nuclei (pink)
was evaluated. Microscopic inspection of the heart sections demonstrated that
immunized mice receiving PBS showed more fibrotic tissue in the myocardium than
sham controls at day 63. Mice receiving DNAse or Cl-Amid showed no difference
compared to EAM mice receiving only PBS from day 21 to 63 (Fig 4-5D). For
gquantitative analysis of the amount of fibrosis in the myocardium, a semiquantitative
fibrosis score was used. Here, a score of one defines no fibrosis in the myocardium
whereas a score of 5 means 5 % of the heart is fibrotic tissue. When analyzing the
area of fibrosis compared to the whole myocardium using the fibrosis score no effect
was observed for DNase or Cl-Amid-treated mice compared to PBS treated mice (Fig
4-5B).

To study cardiac function ejection fraction (EF) was measured using mouse
echocardiography at day 63. This parameter describes the percentage of blood in the
heart that is pumped out of the left ventricle into the body’s vascular system. Thus,
EF is an important parameter for cardiac function. Significantly reduced systolic
function of EAM mice compared to sham-treated control mice was observed at day
63, as expected. However, the data obtained revealed no improvement of the heart
function after targeting NETs in EAM mice compared to EAM mice treated with PBS
(Fig 4-5C).

Taken together, targeting NETs with the application of DNase or CI-Amid as a

therapeutic intervention has no impact on myocarditis at day 63.
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Figure 4-5 Targeting NETs after onset of EAM did not impact fibrosis or systolic
function. A) Mice were sham-immunized (sham) or immunized (EAM) and were treated
with either DNase or Cl-Amid from day 21 to 63. B) Degree of fibrosis in the cardiac
tissue was measured using a semiquantitative fibrosis score. C) Echocardiographic
evaluation of systolic function at day 63 after the induction of EAM. D) Representative
images of a Masson’s Trichrome staining on heart sections of sham-treated, PBS
treated EAM mice and EAM mice after DNAse or Cl-Amid treatment at day 63 after
induction of EAM. Fibrotic tissue appears blue. Scale bar: 1 mm. LV=left ventricle, RvV=
right ventricle. n=8 for sham group and n=24-26 for EAM groups. To determine P values,
ANOVA on ranks with Dunn’s multiple comparison test was performed. Data are
presented as mean + SEM. **p<0.01; n.s. not significant.

4.4 The role of IFN-I during EAM

As described above, myocarditis is a T cell mediated process and the link between
the innate and the adaptive immune system during myocarditis remains largely
elusive. To this end, it needs to be investigated whether the IFN-I pathway plays a
role during myocarditis. Recently, plasmacytoid dendritic cells (pDCs) were described

as a new key player between the innate and adaptive immune system?3L.
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4.4.1 Therole of pDCs during EAM

To test whether pDC’s play a role during cardiac inflammation, digested hearts of
EAM mice were stained for immune cell marker for pDCS, SiglecH, B220 and CD69
after the onset of EAM at day 14. A significant higher infiltration of activated pDCs
(SiglecH+B220+CD69+) was observed compared to sham-treated mice into the
cardiac tissue indicating that pDC’s may play a crucial role during cardiac

inflammation (Fig 4-6).
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Figure 4-6 Quantitative analysis of the infiltration of activated pDCs into the
cardiac tissue at day 14. Flow cytometry analysis of SiglecH*B220*CD69* on pDCs
after the induction of EAM. n=5 for sham and n=7 for EAM. To determine P values,
student’s t-test was performed. Data are presented as mean = SEM. **p<0.01.

4.4.2 IFN-I pathway genes are upregulated during EAM

pDCs represent the main source of IFN-I. Therefore IFN-I accounts for a lot of genes
expressed in activated pDCs (IRF3, IRF7, IRF8, interferon stimulated genes (IFIT)1,
IFIT3 and ISG15). pDCs are also known to secret a variety of pro-inflammatory
cytokines (CXCL10, CXCL8, CCL3 and CCL4). Thus, it was investigated whether
IFN-I or genes involved in the IFN-I pathway may play a role during cardiac

inflammation.

To address this question, mice were immunized, sacrificed at day 7, 14 or 21 and
hearts were collected. Hence, mRNA levels for IFN-I (Ifna, B), Irf3, Irf7, Irf8, Ifitl, Ifit3

or Isgl5 were analyzed using quantitative real time PCR.

No altered relative gene expression was found in the cardiac tissue of EAM mice for
all tested genes on day 7 (Fig 4-7A-D). However, increased levels of Ifna and IfnS
were observed, specifically on day 14 and 21 after the induction of EAM compared to
day 7 in EAM treated mice. Additionally, gene expression was significantly
upregulated on day 14 and 21 in EAM treated mice compared to sham-treated control
mice (Fig 4-7A).
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Irf3, Irf7 and Irf8 were significantly upregulated on day 21 in EAM mice compared to
day 7 and 14. Furthermore a significantly upregulation of these genes could be
observed between EAM treated mice and Sham control mice on day 14 and 21 (Fig
4-7B). The same effect of an upregulation of these genes on day 14 and 21 was
observed for Ifitl, lift3 and 1sg15 (Fig 4-7C).

Next, altered gene expression of different chemokines (CXCL10, IL-6) was
investigated, which can be induced after IFN-I stimulation. Cxcl10 and 1l-6 were
significantly upregulated on day 14 and 21 in EAM mice compared to day 7.
Furthermore, a significantly upregulation of these genes could be observed between
EAM treated mice and Sham control mice on day 14 and 21.

To conclude, IFN-I, IRFs, ISGs and chemokines are all upregulated in EAM mice on
day 14 and 12 compared to sham-treated control mice. As expected, no difference
was observed between EAM treated and sham-treated control mice on day 7. This
significant upregulation on day 14 and 21 of genes involved in the IFN-I pathway
highlights the importance of IFN during cardiac inflammation. These data suggest that
IFN-1 is activated during cardiac inflammation and may play a role during EAM.
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Figure 4-7 Gene expression of genes involved in the IFN-I pathway. A-D) Relative
expression levels of MRNA in the cardiac tissue of EAM mice (EAM) compared to sham-
treated mice (sham) at time point 7, 14 and 21 after the induction of EAM using
guantitative real time PCR. Gene expression was normalized to housekeeping gene
HPRT. n=6 hearts for sham, n=26 hearts for EAM group. To determine P values, a
student’s t test was used to compare sham and EAM (#), and a 2-way ANOVA with
Tukey’s Post-hoc was used to compare time points (*). Data are presented as mean *
SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, # equivalent to *.
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4.4.3 Blocking IFNAR until day 14 does not alter leukocyte composition
in the heart during EAM

Since a shift in the upregulation of genes involved in the interferon pathway could be
detected during cardiac inflammation, it was analyzed if IFN-I and genes involved in
the IFN-I pathway might play a role during cardiac inflammation.

Therefore, IFNAR, which is ubiquitously expressed in all cells, was blocked by using
an IFNAR Ab after the induction of EAM. Balb/c mice were treated with the IFNAR
blocking Ab or isotype control from day 8 until day 14 after the induction of EAM. The
treatment consisted of three consecutive injections daily with 500ug per mouse
followed by 500ug three times a week until day 14 (Fig 4-8A).

By analyzing the BW in relation to the initial BW it was observed that each group
gained weight from day 0 until day 7. After the second immunization on day 7 mice
receiving the isotype control showed a significant reduced BW compared to sham-
treated control mice. Mice treated with the IFNAR Ab showed a reduced BW
compared to sham-treated control mice. However, there was no difference observed

between isotype-treated EAM mice compared to IFNAR Ab-treated mice (Fig 4-8B).

Next, HW/BW of mice was analyzed on day 14. The HW/BW ratio was significantly
higher in isotype-treated EAM mice compared with that of sham-treated control mice.
However, the ratio of the mice treated with the IFNAR Ab did not differ from those of

the isotype-treated mice (Fig 4-8C).

Additional data were obtained from the analysis of spleen and heart weight (HW) on
day 14. As for the HW/BW ratio, a significant change was observed in spleen and HW
for the isotype-treated group compared to sham-treated mice. However, a difference
for heart and spleen weight was not detected in the IFNAR AB-treated group
compared to those of the isotype-treated ones. No significant changes in the organ
weight were observed between both groups (Fig 4-8D, E).

To sum up, isotype-treated mice showed changes in the HW, spleen weight and the
HW/BW ratio compared to sham-treated mice indicating that mice treated with the
cardiac peptide have been developing cardiac inflammation. However, no significant

change for this parameter was observed in IFNAR Ab-treated mice.
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Figure 4-8 Blocking IFNAR from day 7 until 14 has no impact on the outcome of
myocarditis. A) 500 pg of either control or IFNAR blocking Ab were injected three days
in a row followed by 3 times per week until day 14. B) Body weight of mice was
measured over 14 days. C) Evaluation of the heart weight/body weight (HW/BW) ratio,
D) spleen weight and E) heart weight at day 14 after induction of EAM or Sham-treated
mice. n=10 for Sham, n= 20 for EAM+ isotype and n=20 for EAM+IFNAR Ab. To
determine P values, a 2-way ANOVA was performed for B and ANOVA on ranks with
Dunn’s multiple comparison test for C-E. For all panels, *p<0.05, **p<0.01; n.s. not
significant. Data are presented as mean + SEM.

Next, altered leukocyte infiltration of specific leukocytes was investigated in the heart
by IFNAR blockade on day 14. Therefore, digested whole hearts of EAM mice were
analyzed upon administration of the IFNAR blocking Ab or isotype control treatment
at day 14 after the induction of EAM using flow cytometry. Samples were stained for
different markers such as the pan-leukocyte marker CD45, Ly6G, B220, SiglecH,
live/dead, TCR[ and CD69. The gating strategy included initial gating on leukocyte
population from the FSC versus SSC plot followed by gating on viable cells. Within
the viable population, CD45 was plotted and within the CD45+ cells for Neutrophils
(Ly6G), pDCs (B220 and SiglecH) and T cells (TCRB). Each population was plotted

against CD69 as an activation marker for cells (Fig 4-9).
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Figure 4-9 Gating strategy for heart infiltrating cells after blocking IFNAR until day
14. Mice were sacrificed at day 14 after immunization. Representative gating of heart-
infiltrating inflammatory cells. An example of cell populations determined in the
phenotyping analysis is shown.
Flow cytometry analysis revealed that EAM mice showed significant higher numbers
of infiltrated cells stained with the pan leukocyte marker CD45+ in the heart compared
to sham-treated control mice at day 14 after the induction of EAM. Moreover, a
profound change was detected in the composition of infiltrating cells of Ly6G+,
SiglecH+B220+ and activated SiglecH+B220+ and TCRB CD69+ cells (Fig 4-10A-F).
However, blocking IFNAR had a similar degree of inflammation and quantitatively
comparable numbers of heart infiltrating CD45+cells as isotype controls (Fig 4-10A).
There was a significant difference in the composition of infiltrating myeloid cells and-
, specifically Ly6G+ neutrophils-, were diminished in IFNAR blocked mice in the
cardiac tissue (Fig 4-10B). However, reduced infiltration of TCRB and SiglecH was
not affected by blocking IFNAR (Fig 4-10C, D). Moreover, no difference in the number
of intracardiac cells was observed for activated TCRB+CD69+ and
SiglecH+B220+CD69+ cells (Fig. 4-10E, F).

Hence, IFNAR Ab treatment did not alter CD45 differences in the heart on day 14 and
also showed no effect on the number of leukocytes in the heart. This indicates that

blocking IFNAR until day 14 might not have a critical impact on cardiac inflammation.
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Figure 4-10 Blocking IFNAR does not alter leukocyte composition of heart
infiltrating cells on day 14. EAM was induced and IFNAR blocking Ab or isotype were
applied from day 8 until day 14. Mice were sacrificed 14 days after Immunization. (A-F)
Flow cytometry analysis of the composition of heart infiltrating inflammatory cells. A)
Total cell number of intracardiac CD45+ leukocytes, B) Intracardiac CD45+Ly6G+
neutrophils, C) intracardiac TCRB+ T cells, D) SiglecH+ B220+ pDCs and E+F)
activated T cells and pDCs. n=10 for Sham, n= 20 for EAM+ isotype and n=20 for
EAM+IFNAR Ab. To determine P values, an ANOVA on ranks with Dunn’s multiple
comparison test was performed. For all panels, *p<0.05, **p<0.01; n.s. not significant.
Data are presented as mean + SEM.
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Since CD4+ T cells are the main drivers of cardiac inflammation, it was analyzed

whether blocking IFNAR has an impact on the infiltration of inflammatory cells into the

cardiac tissue on day 14. Therefore, cells were restimulated with the aMyHC peptide

to see whether T cells are capable of producing cytokines in vitro. Afterwards cells
were stained for cytokines IFNy for Th1l subtype, IL4 for Th2 subtype and IL17A for

Th17 subtype and analyzed using flow cytometry. The gating strategy included initial

gating on leukocyte population from the FSC versus SSC plot followed by gating on

viable cells. Within the viable population, CD45 was plotted and within the CD45+
cells for CD4+ T cells (TCRp). Within CD4+ T cells were gated for cytokines (Fig 4-

11).



Results 74

SSC
SSC
IL17A l

FSC

IFNy

SSC
CD4
IL4

live/dead IFNy

l: IL17A+
Il IFNy+
I1I: IL17ATFNy

Figure 4-11 Gating strategy for heart infiltrating cells after blocking IFNAR until
day 14. Mice were sacrificed at day 14 after immunization. Representative gating of
heart-infiltrating inflammatory cells. Sn example of cell populations determined in the
phenotyping analysis is shown.
Next, it was investigated whether there is a shift in the infiltration of CD4+ T cells as
well as Thl (IFNy), Th2 (IL4) or Th17 (IL17A) subtype in the cardiac tissue of mice

treated with the blocking Ab or the isotype control.

When analyzing flow cytometry data, no difference was observed in the composition
of CD4+ T cells as well as Thl, Th2 and Th17 subtype in the cardiac tissue of mice
treated with the IFNAR blocking Ab or the isotype control. However, a significant
higher infiltration of CD4+ T cells into the cardiac tissue of IFNAR blocking treated
mice compared to isotype-treated mice was observed (Fig 4-12A).

The number of IL4+ Th2 cells and IL17+ Th17 cells was increased in IFNAR blocking
mice, whereas mice treated with the isotype showed reduced numbers of IL17+ cells
and IL4+ cells. Sham-treated mice showed hardly any infiltration of T cell subtypes
(Fig 4-12B).

Data from the flow cytometry illustrated that mice treated with the blocking IFNAR Ab
showed a higher number of Th2 and Th17 CD4+ subtypes on day 14.
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Figure 4-12 Quantitative analysis of infiltrating T cells into the cardiac tissue on
day 14. Mice were immunized and treated with an IFNAR blocking Ab from day 8 until
day 14. A) Flow cytometry analysis of the composition of T cell infiltrating cells in the
cardiac tissue. B) Graphical presentation of the number of infiltrating T cells into the
cardiac tissue, depicted by the size of the quadrant. n=10 for Sham, n= 20 for EAM+
isotype and n=20 for EAM+ IFNAR Ab. To determine P values, an ANOVA on ranks
with Dunn’s multiple comparison test was performed. For all panels, *p<0.05; n.s. not
significant. Data are presented as mean + SEM.
To explore the expression profile of cytokines in the serum of mice treated with the
IFNAR blocking Ab or the isotype control, a multiplex immunoassay was performed.
To assess the effect of IFN, mice were treated with the blocking Ab. The results from
the serum of mice on day 14 revealed that blocking IFNAR from day 8 until day 14
significantly reduced the amount of IFNa and IFN concentration in the serum of mice
compared to sham-treated control mice and immunized mice treated with the isotype
control (Fig 4-13 A, B). IFN was able to induce the production of IL-6 and CXCL10,
but not IL-1 (Fig 4-13C-E) during EAM compared IFNAR Ab-treated mice. However,
no difference was observed in the concentration of IL-1B in mice treated with the

blocking Ab compared to isotype treated control mice (Fig 4-13 E).

Observations so far suggested, that blocking IFNAR increases CD4+ T cell infiltration
into the cardiac tissue on day 14. However, none of the other leukocyte subsets were
altered on day 14 after blocking IFNAR. Furthermore, blocking IFNAR reduced IFN-I,

CXCL10 and IL-6 serum concentration.
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Figure 4-13 Quantification of cytokines in the serum after blocking IFNAR on day
14 after the induction of EAM. A-E) Analysis of cytokines in the serum of mice after
IFNAR blocking on day 14 after the induction of EAM F) Heat map analysis of serum of
mice after blocking IFNAR. n=10 for sham, n= 20 for EAM+ isotype and n=20 for
EAM+IFNAR Ab. To determine P values, an ANOVA on ranks with Dunn’s multiple
comparison test was performed. For all panels, *p<0.05; n.s. not significant. Data are
presented as mean + SEM.

4.4.4 Blocking IFNAR reduced infiltration of leukocytes into the cardiac
tissue on day 21 after the onset of EAM

Since day 21 showed an upregulation of genes involved in the interferon pathway (Fig

4-7), the impact of IFN-I was elucidated on the acute phase of myocarditis on day 21.

Therefore, Balb/c mice were treated with the IFNAR Ab or the isotype control from
day 8 until day 21 after the induction of EAM. The treatment consisted of three
consecutive injections daily with 500ug per mouse followed by 500ug three times a
week with either IFNAR Ab or isotype control until day 21 (Fig 4-14A).

Each group gained weight from day 0 until day 7 when analyzing the BW in relation
to the initial BW. After the second immunization on day 7, mice receiving the isotype
control showed a significant reduced BW compared to sham-treated control mice.

This significant discrepancy of the BW between both groups remained until the end
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of the experiment. Mice treated with the IFNAR blocking Ab showed a reduced BW
compared to sham control mice. Additionally, mice treated with the IFNAR blocking
Ab showed improved BW compared to isotype-treated mice indicating that IFN-I may
play a role in EAM induced loss of BW (Fig 4-14B).

Next, HW/BW ratio of mice was analyzed on day 21. As for day 14, a significant
increased HW/BW ratio was observed for the hearts of isotype-treated control mice
compared to sham-treated mice. However, no difference was detected for the IFNAR

Ab-treated group in comparison to the isotype-treated group (Fig 4-14C).

Additionally, data from the analysis of spleen and HW were obtained on day 21. As
for the HW/BW ratio, a significant change in spleen and HW was observed for the
isotype-treated group compared to sham-treated control mice. However, the data
showed no changes in the organ weight for heart and spleen in the IFNAR Ab- or
isotype-treated group (Fig 4-14D, E).

To sum up, isotype-treated mice showed changes in the HW, spleen weight and the
HW/BW ratio compared to sham-treated mice on day 21. However, no change for this
parameter was observed in the IFNAR Ab-treated mice on day 21.
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Figure 4-14 Blocking IFNAR from day 7 until 21 has no impact on the outcome of
myocarditis. A) 500 ug of either control or IFNAR blocking antibody (Ab) were injected
three days in a row followed by three times per week until day 21. B) Body weight of
mice was measured over 14 days. C) Evaluation of the Heart/ body weight ratio, D)
spleen weight and E) heart weight at day 14 after induction of EAM or sham-treated
mice. n=10 for Sham, n= 20 for EAM+ isotype and n=20 for EAM+IFNAR Ab. To
determine P values, a 2-way ANOVA was performed for B and ANOVA on ranks with
Dunn’s multiple comparison test for C-E. For all panels, *p<0.05, **p<0.01; n.s. not
significant. Data are presented as mean + SEM.
To study whether the infiltration of specific leukocytes into the cardiac tissue was
affected by IFNAR Ab or isotype application in EAM mice, the surface expression of
CD45, Ly6G, TCRp, SiglecH, B220 and CD69 was analyzed using flow cytometry on
day 21 after induction of EAM. Analysis of the count of cells expressing the surface
markers revealed a significant reduced infiltration of all leukocytes (CD45+) into the
cardiac tissue of mice treated with the IFNAR Ab compared to isotype-treated mice
(Fig 4-15A). Compared to isotype-treated control animals, the blockade of IFNAR
resulted in a significant reduction in the number of CD45+Ly6G+ cells into the heart
(Fig 4-15B). By staining TCRp, it could be confirmed that the infiltration of
CD45+TCRB was significantly diminished after IFNAR application compared to
isotype-treated control mice (Fig 4-15C). Administration of IFNAR Ab significantly

reduced the number of CD45+SiglecH+B220+ cells compared to the isotype control
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(Fig 4-15D). Staining the activation marker CD69 showed a significantly reduced
infiltration of TCRB CD69+ and SiglecH+B220+CD69+ after IFNAR blockade

compared to isotype-treated control mice (Fig 4-15E, F).

Data from the multi-channel flow cytometry illustrated that blocking IFNAR led to a
significant reduction of all leukocytes in the cardiac tissue, thus interfering with the
infiltration of immune cells. This significantly diminished infiltration of immune cells
highlights the importance of IFN-I during the pathogenesis of cardiac inflammation

during the acute phase.
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Figure 4-15 Targeting the interferon receptor (IFNAR) reduces leukocyte
infiltration into the cardiac tissue on day 21. EAM was induced and mice were
treated with an IFNAR blocking Ab or isotype from day 8 until day 21. Mice were
sacrificed 21 days after Immunization. (A-F) Flow cytometry analysis of the composition
of heart infiltrating inflammatory cells. A) Total cell number of intracardiac CD45+
leukocytes, B) Intracardiac CD45+Ly6G+ neutrophils, C) intracardiac TCRB+ T cells, D)
SiglecH+B220+ pDCs and E+F) activated T cells and pDCs. n=10 for Sham, n=20 for
EAM+ isotype and n=20 for EAM+IFNAR Ab. To determine P values, an ANOVA on
ranks with Dunn’s multiple comparison test was performed. For all panels, *p<0.05,
**p<0.01, ***p<0.001; n.s. not significant. Data are presented as mean + SEM.

To determine the frequency of lymphocyte subsets in the cardiac tissue intracellular
staining of heart infiltrating leukocytes was performed. Therefore, hearts of mice

treated with the IFNAR Ab or the isotype control were analyzed during EAM on day
21.



Results 80

Flow cytometry data revealed an altered number of CD4+ T cells and subtypes
between sham-treated and isotype-treated EAM mice. The number of infiltrated CD4+
T cells was upregulated and a significantly increased infiltration of CD4+ IFNy (Th1l),
CDA4+ IL4 (Th2) and CD4+ IL-17+ (Th17) cells was observed in isotype-treated EAM
mice compared to sham-treated control mice (Fig 4-16A). Interestingly, the number of
CD4+ T cells as well as CD4+ IFNy+, CD4+IL4 and CD4+IL17+ cells were
significantly diminished in the cardiac tissue of mice treated with the IFNAR blocking

Ab in comparison to the isotype-treated control mice on day 21 (Fig 4-16A).

A different immune cell composition could be observed in the cardiac tissue of sham-
treated mice compared to isotype or IFNAR Ab-treated animals. Here, the absolute
number of CD4+ IL4 cells and CD4+ IL17+ cells was higher in IFNAR Ab-treated mice,
whereas mice treated with the isotype control showed reduced numbers of IL17+ cells
and IL4 cells on day 21. Sham-treated mice showed hardly any infiltration of CD4+ T
cell subtypes (Fig 4-16B).

In summary, a significantly increased infiltration of leukocytes was observed in the
EAM mice group treated with the isotype on day 21. Blocking IFNAR showed a
significantly reduced infiltration of immune cells into the cardiac tissue compared to
isotype-treated control mice on day 21 indicating that IFN-I may have an impact on
the infiltration and recruitment of leukocytes into the heart after the onset of EAM on
day 21. All of these findings further confirmed that IFN-I may be a potential therapeutic

target with its involvement in cardiac inflammation.
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Figure 4-16 Quantitative analysis of infiltrating T cells into the cardiac tissue on
day 21. Mice were immunized and treated with an IFNAR blocking antibody from day 8
until day 21. A) Flow cytometry analysis of the composition of T cell infiltrating cells in
the cardiac tissue. B) Graphical presentation of the number of infiltrating T cells into the
cardiac tissue, depicted by the size of the quadrant. n=10 for Sham, n= 20 for EAM+
isotype and n=20 for EAM+ IFNAR Ab. To determine P values, an ANOVA on ranks
with Dunn’s multiple comparison test was performed. For all panels, *p<0.05, **p<0.01;
n.s. = not significant. Data are presented as mean + SEM.
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5. Discussion

Over the past years the pathogenesis of myocarditis has been widely researched
mainly focusing on the adaptive immune system rather than on the innate immunity.
For this reason, the role of neutrophils and pDCs remains largely elusive. In the
present study, the importance of neutrophils, pDCs and IFN-I for the pathogenesis
during cardiac inflammation was analyzed in vitro and in vivo. It could be shown that
the cytokine MK is upregulated on day 21 after the induction of EAM and that its
receptor LRP1 is critical for the pathogenesis of EAM. In neutrophil-derived Hoxb8
cells in vitro, we showed that MK-mediated NET formation is LRP1 dependent.
Furthermore, our in vivo experiments unravel a crucial role of pDCs and the IFN-I

pathway for the development of EAM.

5.1 EAM model

To investigate the pathology of myocarditis in humans, mouse models represent an
excellent translational animal model in many biomedical fields6. In previous studies,
a murine model of EAM was successfully established to investigate the pathogenesis
of cardiac inflammation in vivo'®®232, To induce EAM successfully, the adjuvant CFA
is required. If CFA is applied together with an appropriate antigen, such as cardiac
myaosin, it provides the required immune activation to initiate EAM development and
disease progression!’0233-235  According to the protocol the Balb/c mice had to
undergo two doses of CFA emulsified with cardiac myosin seven days apart for the
development of EAM whereas other combinations of adjuvants were not
sufficient'®®23% |In our study, we could confirm the validity of this mouse model for
further experiments by injecting two doses of CFA emulsified with cardiac myosin
seven days apart causing severe development of cardiac inflammation until day 21
(Fig 4-1).

First, we gained results to evaluate the degree of inflammation using H&E stained
cross sections of mouse hearts by a semiquantitative score (EAM Score) on day 21.
This time point is characterized by a massive infiltration of leukocytes and different
subsets of leukocytes in the EAM model*’#8, Here, we could show that mice
immunized with myosin showed significantly increased leukocyte infiltration compared
to sham-treated control animals. It was observed that EAM mice had inflammatory
lesions and excessive infiltration of leukocytes into the myocardium on day 21. This
is in line with studies that myeloid cells in CFA immunized mice infiltrate the heart at
day 2123, Furthermore, the HW/BW ratio of EAM mice was significantly increased

indicating a strongly pronounced inflammatory reaction in the myocardium in EAM
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mice compared to sham-treated control mice. The effect of an increased HW/BW ratio
in immunized mice compared to sham-treated mice has been described previously

and is due to compensatory hypertrophy of the inflamed heart??,

CFA has the ability to enhance the immune response to a presented antigen by
stimulating and activating the immune system. It starts an immune response with an
intense inflammatory reaction at the site of injection. This results in the damage of the
tissue leading to an inflammation?®. Our data show that total leukocyte numbers as
well as the number of neutrophils, monocytes and lymphocytes were altered in the
circulation in mice treated with the peptide on day 21. A study showed that neutrophils
infiltrate the inflamed skin of mice 3h after CFA injection in an inflammation model and
are also found 14 days later in the skin whereas T cells are found on day 7 in the
skin?%¥. This indicates that in our model an inflammation process took place, too. The
fact that myosin induced mice lost weight from day 7 until day 21 indicates that these
mice show a strong inflammatory process taking place within the whole body. Weight
loss is an indicator for the progression of illness and is accompanied by decrease in
BW due to decreased appetite as a consequence of distress, fear or pain?382%,

We showed that spleen weight was significantly increased in EAM mice compared to
control ones. This corresponds well with results from enlarged spleens during
inflammation models?2240241 CFA stimulates an inflammatory environment in the

spleen at day 21%*° which could lead to the enlarged spleen in our model.

Here, we demonstrate that WT Balb/c mice are susceptible to the EAM model and the

EAM model is a perfect model to study the pathogenesis of myocarditis in vivo.

5.2 MK-LRP1 axis plays a role during EAM

MK is a growth factor that mediates mid-gestational development and increased MK
expression is associated with different diseases such as cancer, pathological kidney
conditions, autoimmune diseases such as RA or cardiac pathologies such as
myocardial infarction and heart failure?°?42, Therefore, we analyzed whether MK,
which is restrictively expressed under physiological conditions?*, is also expressed
in the heart and kidney during cardiac inflammation. MK gene expression was
analyzed on day 21 marking the peak of inflammation in EAM mice compared to
sham-treated control mice. Our results augment these findings by showing that MK
gene expression was significantly upregulated in the heart and kidney during cardiac
inflammation indicating that MK plays a crucial role during cardiac inflammation (Fig.
4-2). We recently found that blocking MK using a neutralizing Ab from day one to 21

reduced leukocyte infiltration in EAM mice compared to sham-treated control mice®..
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MK might attract neutrophils to the site of inflammation during cardiac inflammation in
vivo. The assumption that MK has a direct influence on the recruitment of PMN is
supported by the observations of Weckbach et al. Here, MK could be shown to be
critical for PMN adhesion and recruitment during the inflammatory process??. MK
mice showed reduced numbers of adherent neutrophils and extravasation®?.
Interestingly, only MK bound to the endothelium is able to initialize the recruitment of
PMN?2®® and studies showed that MK binds to the endothelium via its heparin-binding
sites?*. Immobilized MK leads to the adhesion and transmigration of PMN to the
endothelium during inflammatory processes by leading to the high affinity

conformation of 32 integrins (Fig 5-1).

LRP1 has been shown to be one of the receptors binding its ligand MK?!5. Other
studies could show a role of the MK-LRP1 axis, where MK binds LRP1 and mediates
neural cell survival?*®. Previously, LRP1 has been described to associate with the
alpha chain of the B2 Integrin macrophage antigen-1 (MAC-1)?'" and regulating B2
integrin-mediated leukocyte adhesion?*®. Furthermore, blocking LRP1 impaired MK
binding to PMN in vitro??®>. Therefore, MK may promote leukocyte infiltration in the
EAM model acting via LRP1 (Fig 5-1). To investigate the functional role of LRP1
during myocarditis we inhibited LRP1 with RAP, which blocks all members of the LDL
receptor family. Blocking LRP1 reduced leukocyte infiltration during EAM (Fig 4-3).
Leukocyte adhesion and extravasation were substantially diminished in the absence
of LRP1%!, indicating that LRP1 is critically involved in mediating adhesion. These
results were similar to the data in MK~ mice?%>. However, it cannot be excluded that
the blockade of LDL receptor family members other than LRP1 contributed to our
findings. However, different experimental procedures, including using LRP1"vavee
and MK mice, would be required to reveal the underlying mechanism of the MK-

LRP1 axis attracting neutrophils to the site of inflammation during myocarditis.

5.3 MK mediates NET formation via LRP1 in vitro

In 2004, the group of A. Zychlinsky, discovered a new antimicrobial mechanism of
activated neutrophils, called extracellular traps (NETs)%. Neutrophils maintain
inflammation by releasing NETs where they play a role in autoimmune diseases such
as RA or SLE?%24¢_ As we showed that the MK-LRP1 axis plays a role during EAM,
we wanted to elucidate whether the MK-LRP1 axis leads to the formation of NETs in
PMN during myocarditis. In recent experiments, it could be shown that blocking MK
reduced NET formation in vivo and MK mediated NET formation in vitro®'. Therefore,
we wanted to investigate whether binding of MK to its receptor LRP1 mediates NET

formation in vitro. NET formation was studied in vitro using Hoxb8 cells lacking the
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LRP1 receptor (Hoxb8LRP1*°) and LRP1 WT cells (Hoxb8LRP1") as control. Here,
LRP1 WT and KO cells were incubated either with PMA, MK or left untreated. Since
the untreated control showed no decondensation of the cell nucleus, WT cells
stimulated with MK showed NET formation with expelled traps (Fig 4-4). The
stimulation with PMA as positive control showed NET formation regardless of LRP1.
Here, we could show a proposed mechanism by which binding of MK to its receptor
LRP1 promotes the induction of NETs. NET formation is one of the main functions of
PMN to fight pathogens®. However, NETs are known to play a crucial role in many
autoimmune diseases without any detectable pathogens and blocking the formation
of NETs might be the solution?*’. Here, NETs not only eliminate the pathogen but also
provide a novel source of autoantigens initiating or enhancing autoimmune diseases.
The role of NETs during myocarditis is less known. Recently it could be shown that
blocking NETs during the acute phase of EAM reduced cardiac inflammation®:. | could
show that LRP1 and MK play a crucial role during EAM indicating that MK binds LRP1
to produce NETSs during cardiac inflammation.

A double-edged sword mechanism for the MK-LRP1-NET axis is proposed.
Weckbach et al. showed that immobilized MK interacts with LRP1 leading to the
adhesion of PMN?!, Whereas we showed that binding of MK to LRP1 additionally
induced NET formation in vitro. Binding of MK to LRP1 may lead to the adhesion and
extravasation of PMN to the endothelium and might lead to NET formation in the
cardiac tissue during myocarditis in vivo. This proposed mechanism is supported by
the fact that blocking MK led to a reduced infiltration of PMN and the infiltrated PMN
showed reduced NET formation®'. Recruiting neutrophils and NET formation are
beneficial to get rid of pathogens, however the fact that NETs also produce
autoantigens leading to an immune response against itself, marks the MK-LRP1 axis
as a double-edged sword. Further experiments are needed to prove the MK-LRP1-

NET axis during myocarditis using different deficient mouse models.

5.4 Blocking NETs has no therapeutic intervention

PMN maintain inflammation by expelling NETs coated with their own DNA and
antimicrobial proteins®4. Furthermore, several reports by independent groups showed
a role of NETs in autoimmune diseases. Excessive NET formation can have a worse
impact on the heart. In recent experiments our group showed for the first time NETs
in the cardiac tissue of patients with acute myocarditis and we demonstrated reduced
leukocyte infiltration into the heart and reduced cardiac inflammation by blocking
NETs with DNase and CI-Amid during the acute phase®l. CI-Amid has been

demonstrated to improve inflammatory disease phenotypes in autoimmune diseases
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and it reduces the level of proinflammatory cytokines as well as the proliferation of
CD4+ and CD8+ T cells®8. All in all Cl-Amid treatment may lead to reduced

inflammation caused by NETSs.

Thus, we were interested whether blocking NETs has an impact on the outcome of
myocarditis. To approach this, NETs were blocked with DNase and CI-Amid from day
21 until day 63 during the chronic phase of myocarditis. How blocking NETs effects
the further process of cardiac function and pathological reconstruction was assessed
on day 63. Analysis of the cardiac function using ejection fraction and degree of
fibrosis showed a marked limitation in EAM mice compared to sham-treated mice at
this time point. Surprisingly, the outcome of myocarditis on day 63 in DNAse or CI-
Amid treated mice did not show any improvement of cardiac function nor cardiac
tissue compared to EAM mice treated with PBS as control (Fig 4-5). Since the animals
are housed in common rooms with many people entering, we cannot exclude that
animals were under stress, providing potential explanation for this observation.
Nonetheless we did not observe a difference in the outcome of CI-Amid or DNAse
and PBS-treated EAM mice, abrogating a potential effect of this treatment. It is still
possible that the application time point on day 21 was too late. As we started the
treatment at day 21, which is the time point patients usually go to see the doctor,
chronic elevation of NET components in the tissue may have already led to repeated
injury and the formation of excess matrix, affecting heart function over time. Here,
NETs could be involved in the fibrosis process as it was shown for patients with fibrotic
lung disease?*°. Other groups could show that mice receiving DNAse had improved
cardiac function at the time sufficient for development of cardiac fibrosis to a similar
extent as not expressing PAD4 in an experimental cardiac fibrosis mouse modelP°,
However, the different outcome may be due to the different mouse models used or
the inhibition in our model was not complete, hence NET formation was able to induce
further fibrosis. Until now, genetic or pharmacological abrogation of PAD4 activity is
the only way to clear NETs completely resulting in beneficial effects in various disease
models, including thrombosis®®, fibrosis®? or SLE. However, genetic ablation is not
the suitable mouse model to answer the question whether blocking NETs has a

therapeutic intervention because NETSs contribute to the outcome of myocarditis.

In summary, blocking NETs after the manifestation of myocarditis has no therapeutic

intervention.
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5.5 The IFN-I pathway plays a role during EAM

As described above, myocarditis is a T cell mediated process and emphasis was now
put on the link between the innate and the adaptive immune system during
myocarditis.

5.5.1 IFN-I pathway genes during EAM

Here, to the best of our knowledge, this was the first study to reveal that IFN-I and
genes related to the IFN-I pathway play a role during autoimmune myocarditis which
was unreported so far. Until now IFN-I is associated with a number of autoimmune
diseases such as SLE. We hence sought to evaluate whether IFN or genes involved

in the IFN pathway may play a role during myocarditis.

Therefore, we investigated gene expression in the cardiac tissue on day 7, 14 and 21
after the induction of EAM compared to sham-treated control mice. In the present
study, we identified that IFN-I, IRF3, 7 and ISG15, IFIT1, IFIT3 are highly expressed
in the heart of EAM mice compared to sham-treated mice (Fig 4-7). IRF7 is cell type
specific with constitutive expression in pDCs!® and therefore can mediate
immediately large amounts of IFNa''’. Once pDCs could get activated by NETs
expelled from Neutrophils®+147, IRF7 gets phosphorylated by the CTTP complex!31134,
Phosphorylated IRF7 translocates to the nucleus to act as a transcription factor where
it promotes IFN-I production and the expression of various inflammatory cytokines
such as IL-6 and CXCL10. Based on this knowledge, it is likely that the upregulation
of the IFNa/B, IRF7 and cytokines CXCL10 and IL-6 gene expression in the cardiac
tissue at day 14 and day 21 after the induction of cardiac inflammation indicates a
crucial role for the IFN-1 pathway. Additionally, IFN-I acts via an autocrine and
paracrine signaling by binding to the IFNAR receptor on most every cell. This induces
the phosphorylation of IRF3 inducing the expression of IFIT1, IFIT3 and ISG15'%, It
is important to note, that recent studies identified important functions of the IRFs in
cardiovascular diseases. In patients with dilated cardiomyopathy IRF4 was
downregulated in heart samples?2, King et al discovered recently an importance for
the IRF3-IFN axis in the infarcted heart in mice®. In our study IRF3 and IFIT1, IFIT3
and 1SG15 are significantly upregulated on day 14 and 21 compared to sham-treated
control mice. We suggest that IFN-I generates a stable pattern of IFN | transcripts
(IFN signature) over time. This IFN-I signature found in the cardiac tissue at day 21
could be maintained by NETs found in the cardiac tissue lately®!. Moreover, in vitro,
NETSs activate pDCs to produce IFN, which might explain the IFN signature in EAM
mice. Despite these observations, the role of IFN-producing cells during myocarditis

needs to be clarified because a number of studies suggest that several cell types are
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involved in IFN production. However, as pDCs are the main producers of IFN-I and
are detectable in the cardiac tissue, we assume that pDCs may drive the IFN-I

immune response in the cardiac tissue during EAM.

5.5.2 Therole of pDCs for EAM

Dendritic cells play a major part in autoimmune myocarditis?®4, however, the role for
pDCs remains elusive. Under homeostatic conditions pDCs circulate the blood,
whereas upon inflammation pDCs accumulate in the inflamed tissue®®. They are
known to play a role in numerous diseases such as SLE or psoriasis by inducing
massive amounts of IFN-15¢, However, the contribution of pDCs to the progression of
myocarditis remains largely unknown. Since pDCs are immune cells that had been
proposed to control innate and adaptive immunity through the massive secretion of
IFN-I, we aimed to analyze whether pDCs accumulate in the heart in our mouse

model.

Therefore, pDC infiltration was measured using flow cytometry analysis on day 21
after the induction of EAM. Using the specific marker for murine pDC’s, SiglecH, it
could be demonstrated that activated pDCs (SiglecH+CD69+) infiltrated the cardiac
tissue on day 21 in EAM mice compared to sham-treated control mice (Fig 4-6). This
is in line with another study which described the presence of accumulated pDCs in
the heart tissue in EAM mice on day 21%°’. The immunohistochemical staining of
endomyocardial biopsies showed increased pDCs in human myocarditis as well as in
murine heart sections?®®. In addition, the same group showed decreased numbers of
circulating pDCs?®, hence leading to an increase of activated pDCs in the target
organ, the heart. Furthermore pDCs are known to infiltrate inflamed tissue leading to
disease progression by producing IFNa#®. Migration into the inflamed tissue is
reliable on CXCL10%?, which is upregulated in the cardiac tissue in EAM mice on day
21 in our study. Furthermore, upregulated gene expression of CXCL10 might derive
from pDCs after IFNa activation!®? leading to further recruitment of immune cells.
Another hint for the importance of pDCs is the upregulated IRF8 gene expression in
the cardiac tissue on day 14 and 21 (Fig 4-7), which is an important transcription
factor regulating the survival and function of pDCs3%1%°, This leads to the assumption
that after the activation of pDCs, IFN-I leads to a positive forward loop inducing the

production of ISGs and inflammatory cytokines in cells during cardiac inflammation.

Considering that two groups have shown the presence of pDCs in the cardiac tissue
independently from each other and the role pDCs play in other diseases, the
assumption was made that pDCs might also have a key role during EAM. Since IFN-

| signature genes are upregulated and activated pDCs accumulate in the cardiac
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tissue, it was suggested that pDCs may produce IFN-I locally in the cardiac tissue as
it is already shown for SLE lesions®’. Furthermore, the exact mechanism of pDC

migration into the cardiac tissue remains to be investigated.

5.5.3 Role of IFN-I on leukocytes during EAM

The contribution of IFN-I signaling to myocarditis remains completely unknown. IFNs
control a variety of cell functions by binding to its receptor IFNAR 1 and 2, which is
ubiquitously expressed on almost every cell in the body!!®. An increasing number of
studies have demonstrated that the IFN-I pathway is profoundly involved in the
development of autoimmune diseases such as SLE?%%2%°, With our study proof was
provide of the role of IFN-I during cardiac inflammation. Accordingly, understanding
of the pathway mechanism will provide a new strategy for the prevention and
treatment of myocarditis in humans. In this thesis, the importance of IFN-I production
for the development of cardiac inflammation was confirmed by showing that systemic
administration of a blocking AB against IFNAR led to a reduced leukocyte infiltration
into the cardiac tissue on day 21 after the induction of EAM (Fig. 4-15, 4-16).

An increased immune cell count, such as neutrophils, T cells and pDCs was observed
in the cardiac tissue in EAM mice compared to Sham treated control mice on day 21,
as shown in the literature'’#?%’, However, after blocking IFNAR until day 14 mice
treated with the isotype as well as mice treated with the IFNAR blocking Ab showed
similar leukocyte counts except for neutrophils (Fig 4-10, 4-11). Interestingly, blocking
IFNAR until day 21 showed reduced leukocyte numbers of all immune cells. The data
obtained, indicate that the inflammation process is still in the beginning at day 14 as
altered leukocyte counts were not observed. It is slowly reaching its peak on day 21
with massive infiltration of leukocytes in the cardiac tissue indicating that IFN-1 might
be necessary for the massive infiltration of immune cells into the cardiac tissue and
might be the key player for developing and inducing myocarditis. Blocking IFNAR
attenuates the immune response on day 21, which is in line with findings of a
myocardial infarction model, where IFNAR Ab treatment ablated the IFN-I
response®®. The assumption that the IFN-I pathway has multiple functions on

different immune cells is supported by several observations.

We could proof that blocking IFNAR was successful, since the concentration of IFN-I
was significantly reduced in the serum of mice treated with the IFNAR blocking Ab on
day 14. Blocking the IFN-I pathway led to a reduced infiltration of only neutrophils into
the cardiac tissue of EAM mice on day 14 showing that neutrophils are the first cells
at the site of inflammation®. Hence, showing that neutrophils are more susceptible to

IFN-I signals during the acute state, thereby explaining the specific effect on
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neutrophils and not on adaptive immune cells on day 14. Furthermore, reduced IFN-
| levels and reduced neutrophil infiltration after blocking IFNAR at day 14, supports
the fact that neutrophils get induced by IFN-I leading to vascular damage!!?. Lately,
neutrophils were identified as an inducer and producer of IFN-I1*'2113 and likely
contribute to the IFN-I levels detected in the cardiac tissue on day 21. As we detected
reduced counts of immune cells at day 21 after blocking IFNAR in the heart, this would
support the hypothesis, that the ongoing IFN-I signature might lead to damage in the
cardiac tissue attracting further immune cells to the site of inflammation resulting in a
massive infiltration of pDCs, neutrophils and T cells in the heart on day 21.
Additionally, neutrophils are known to play a central role during cardiac inflammation
by producing NETs as shown in heart sections of mice after the induction of EAM on
day 21°. Furthermore, the existence of NETs in patients with acute myocarditis
disclosed that the inflamed cardiac tissue harbors NETs in humans®. These
structures have been shown to be involved in the activation of pDCs®25!, leading to
the production of IFN-I during cardiac inflammation. However, by blocking IFNAR it
could be demonstrated that less activated pDCs infiltrated the heart on day 21
suggesting that activated pDCs may produce IFN-I during the latter phase of the
disease at day 21. Furthermore, as NETs are known to regulate IFN-I® and blocking
NETSs reduces cardiac inflammation®!, NETs may be indicated to stimulate the IFN-I
pathway. Regarding this, autoantigens released from neutrophils and subsequent
formation of immune complexes might contribute to a positive-feedback loop that
favors NET induction. This ultimately leads to the release of NETs with the capacity

to stimulate pDCs to produce IFNa.

Furthermore, we examined the effect of IFN-I on the presence of T cells in the cardiac
tissues, as previous studies have shown that T cells play a crucial role for the
development of cardiac inflammation®. Here, a massive infiltration of T cells into the
cardiac tissue was observed, which might be induced by IFN-I acting as an immune
adjuvant®®?, Apart from being activated via NETs and producing higher amounts of
IFN-I, pDCs are also a major source of pro-inflammatory and antiviral cytokines and

chemokines and thus can directly recruit immune cells, in particular T cells®%:263,

T cells could interact with pDCs and enhance the IFN response during cardiac
inflammation. After activation pDCs could be able to attract T cells by producing
chemokines such as CXCL10' leading to the differentiation of CD4+ T cells into
effector T cells by IFN-1?*°, We observed that mainly IL-17+ T cell infiltration was
reduced when blocking IFNAR until day 21. This reduced number of Th17 cells could
result in the direct effect of IFN on T cell differentiation into Th17 cells?®*. In vivo

studies have already demonstrated that IL-17 is essential for the development of
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EAM?® showing that IFN can interrupt T cell recruitment. Additionally, NETs can
prime T cells by reducing the activation threshold®, therefore tempting to obtain that
IFN-I leads to the release of NETs which might contribute to the activation of T cells
in the cardiac tissue. So far, studies have shown that patients with SLE have
increased NET formation and NETs activate pDCs to produce high levels of IFNa in

a TLR9 dependent manner84147,

S S 16 'on
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Figure 5-1 Mode of action of IFNAR blocking antibody on day 21. IFNAR reduced
infiltration of immune cells and production of cytokines on day 21.
Here, it is demonstrated that several cell types are dependent on the IFN-I pathway
with the important fact, that so far several cell types, once activated, can stimulate
pDCs to produce IFN production. This identifies a new way in which pDCs and the
IFN-I pathway connects the innate and adaptive immune response during

myocarditis.

Altogether data from the multi-channel flow cytometry illustrated that inhibiting IFNAR
until day 21 led to a significant reduction of neutrophils, pDCs and T cells in the cardiac
tissue, thus interfering with the recruitment of immune cells. These findings further

confirmed that IFN-I is a potential therapeutic target with its involvement in immune
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cell trafficking. However, different experimental procedures, including using IFNAR”
mice and depleting different immune cells, would be required to reveal the underlying

mechanism of the IFN-I pathway during myocarditis.

5.5.4 Role of IFN-I for inflammatory cytokines

Another important factor which bridges the innate and the adaptive immune system
is the pleiotropic IL-6. Studies showed that IL-6 is required for the pathogenesis of
EAM and IL-67 mice showed reduced severity of myocarditis in the EAM model|*9%1,
We observed significantly increased serum concentration of IL-6 in EAM mice on day
14 and upregulated gene expression on day 21 (Fig 4-7, 4-13). This is in line with
published data, that IL-6 is necessary for the induction of EAM!®. Interestingly
blocking IFNAR reduced IL-6 serum concentrations on day 14 and CD4+ IL-17
infiltrating cells on day 21. Lately it could be shown that IFNa enhances production of
IL-6 by human neutrophils?®®. Furthermore, the upregulated IL-6 expression during
cardiac inflammation on day 14 could be induced by NETSs, as it was shown for RA
neutrophils?#. Therefore IFNa or NET could induce the production of IL-6 in the EAM

model. IL-6 then mediates the induction of Th17 cells leading to EAM*,

All in all, IFNAR blocking Ab application could reduce IL-6 levels and therefore the

IFN-I pathway might have an impact on immune cells leading to ameliorated hearts.

5.5.5 Clinical relevance of the results

Until now there are no established treatment options so far for myocarditis. Although
in up to 30% of the patients DCM occurs leading to heart failure and death. Our study
gave first insights into the role of IFN-1 and pDCs for myocarditis. To treat myocarditis

specifically, the molecular mechanism behind it needs to be elucidated.

To our knowledge this is the first study showing a role of the IFN-I pathway during
cardiac inflammation. Our observations could therefore be relevant for the
understanding of the pathogenesis of autoimmune diseases such as myocarditis.
Before selecting a therapeutic target for patients with myocarditis, different factors
have to be kept in mind. First, the time when IFN-I is activated has to be considered.
IFN-I mostly is activated during the early disease process, which we could also show
in our mouse model. IFN-I genes and IFN-I protein expression is highly upregulated
on day 14, whereas lower amounts are detected on day 21. Next, which IFNs are
relevant in a specific patient? Here, due to the amount of subtypes of IFN, we only
focused on a4 and B1 subunit. We could show that pDCs may be IFN-I producing

cells during myocarditis, but to prove this, murine KO models should be used as well
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as inhibiting other cells types. Last, the focus needs to be on the IFN target whether

blocking IFNAR or signaling pathways is necessary.

With regard to clinical relevance, treatment with the IFNAR blocking Ab was
considerably more effective at day 21 when initiated on day 8 after the induction of
EAM. However, more studies are needed to fully elucidate the pathomechanism

behind myocarditis.
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6. Conclusion

In this work, first steps have been undertaken to disentangle the impacts of the
immune system during myocarditis. Using experimental procedures such as a mouse
model of EAM, we demonstrated that genes involved in the IFN-I pathway were
upregulated during EAM, whereas leukocyte numbers (neutrophils, T cells, pDCs) in
the heart were decreased after blocking IFNAR at day 21 after the induction of EAM.
Here, an interplay between IFN-I and impaired recruitment could be observed. In
summary the presented experimental data demonstrate for the first time that the IFN-

| pathway plays a fundamental role during cardiac inflammation.

Despite these novel findings, which are summarized in Figure 6-1, this thesis
identifies the knowledge gap in current research on myocarditis, especially regarding
the link between the innate and adaptive immune system in vivo. However, this study
demonstrates once more the complexity of this research field. Further efforts will be
necessary to gain fundamental insights into how the immune system is regulated and

works during cardiac inflammation.

The following action mode of IFN-I and immune cells during cardiac inflammation in
the heart after exposure of hidden cardiac peptide and tissue damage of any cause
to the immune system is proposed:

1. MKiis highly expressed on the endothelium during cardiac inflammation
2. Neutrophils adhere to the inflamed tissue via the MK-LRP1 axis
3. MK induces NET formation via LRP1 in the cardiac tissue

4. NETSs activate infiltrated pDCs to produce large amounts of IFN-I and pro-
inflammatory cytokines (CXCL10, IL-6)

5. These attract further immune cells such as T cells (autoreactive against the
cardiac peptide), more neutrophils and pDCs to migrate to the inflamed
tissue

6. In a positive forward loop IFN-I activates more immune cells to produce
more IFNa and stimulating neutrophils to produce further NETs

7. NETs further activate T cells and their differentiation into Th17 subtype

8. This leads to cardiac damage and a massive infiltration on day 21
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external triggers
(e.g. cardiotropic
viruses)

@) Neutrophil @ pDC @ Th1 cells @Th17 cells &3 Netting neutrophil

Figure 6-1 Proposed mechanism of IFN-l and immune cells during myocarditis. 1)
MK is highly expressed on the endothelium during cardiac inflammation. 2) Neutrophils
adhere on the inflamed tissue via the MK-LRP1 axis. 3) MK induces NET formation via
LRP1 in the cardiac tissue. 4) NETs activate infiltrated pDCs to produce large amount
of IFN-l1 and pro-inflammatory cytokines (CXCL10, IL-6). 5) These attract further
immune cells such as T cells, more neutrophils and pDCs to migrate to the inflamed
tissue. 6) In a positive forward loop IFN activates more immune cells to produce more
IFNa and stimulating neutrophils to produce further NETs. 7) NETs further activate T
cells and their differentiation into Th17 subtype. 8) This leads to cardiac damage and a
massive infiltration on day 21.
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