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Zusammenfassung

Zusammenfassung

Die Niere stellt ein Organ mit vielen wichtigen Funktionen im menschlichen Korper dar.
Eine dieser Aufgaben, neben der Synthese wichtiger Hormone und der Regulation des
Wasser- und Elektrolythaushalts, ist die Entgiftung Uber den Urin. Sind diese
Funktionen, etwa in Folge von Nierenerkrankungen, wie Glomerulonephritiden (GN),
nachhaltig gestort, so kann dies lebensbedrohliche Auswirkungen haben. Neben
verschiedenen Formen der GN, welche mit einer beidseitigen Entzindung der Nieren
einhergehen und bei denen zunachst die Nierenkdrperchen (Glomeruli) geschadigt
werden, bilden die GN mit autoimmun-bedingter Genese, und hier speziell der
T-Helferzellen (Ty-Zellen), einen wichtigen Anteil aller Nierenerkrankungen. Ty-Zellen
sind, wie auch B-Zellen, ein elementarer Bestandteil des adaptiven Immunsystems
des Menschen. lhren Namen erhielten sie nach dem Ort, in dem sie
reifen - dem Thymus. Ty-Zellen stellen eine spezielle Klasse von Lymphozyten dar,
die B-Zellen die notwenige Unterstitzung zur Aktivierung geben kdnnen, aber Uber
Zytokine auch selbst direkt Entzindungsreaktionen steuern kénnen.

Die klassische Unterteilung in Ty1- sowie Tu2- Zellen, die bis vor dem Jahr 2005
existierte, wurde durch die Entdeckung von IL-17-produzierenden Tu17-Zellen
erweitert.  Ty17-Zellen  sind  substanziell an der Regulierung von
Entzindungsprozessen, bei der Abwehr von Bakterien und in autoimmun-vermittelten
Erkrankungen beteiligt. Eine besondere Eigenschaft stellt die Fahigkeit dieser Zellen
dar, in andere Zellen (Ty-Zellen, T-regulatorische (Treg)-Zellen) zu transdifferenzieren.
Diese als Ty17-Plastizitét bezeichnete Eigenschaft scheint eine wichtige Rolle in der
Pathogenese von autoimmune-vermittelten Erkrankungen wie Multiple Sklerose (MS)
zu spielen. Bei einem Mausmodell der MS wurde eine erhdhte Ty17-Plastizitat
gefunden. Im Gegensatz dazu sind Ty17-Zellen in der GN relativ stabil. Es wurde
zudem gefunden, dass Ty17-Zellen den Krankheitsverlauf der GN durch die Migration
von Neutrophilen in das Nierengewebe vermitteln und so einen entscheidenden Faktor
in der Pathogenese dieser Erkrankung darstellen.

Das Ziel dieser Arbeit war es, Mechanismen, die diese hohe Ty17-Stabilitat in der GN
begrinden, aufzuklaren und molekulare Ziele zu identifizieren, die die Ty17-Plastizitat
in der GN modifizieren und so ggf. als therapeutisches Agens dazu genutzt werden

konnen, die Pathogenese der Erkrankung zu hemmen bzw. zu attenuieren.



Zusammenfassung

Um dies zu realisieren, wurde ein unvoreingenommener Ansatz (unbiased approach)
verfolgt. Dazu wurden in separaten Experimenten verschiedene Krankheitsmodelle
(GN, EAE, a-CD3 Duodenitis, Infektion mit Staphylokokkus Aureus) induziert.
Anschlieend wurden mittels RNA-Sequenzierung differenzielle
Genexpressionsmuster analysiert und zwischen den verschiedenen Modellen
verglichen. Modelle mit hoher Ty17-Plastizitat (z.B. EAE) wurden dem GN-Modell mit
limitierter Ty17-Plastizitat gegenubergestellt. Durch weitere Analysen und Vergleiche
konnten so potentielle Ziel-Gene identifiziert werden, die mdglicherweise Einfluss auf
die Ty17-Plastizitdt haben. Als einen sehr interessanten Kandidaten selektierten wir
den IL-27-Rezeptor a (IL-27ra). Ein weiteres Ziel dieser Arbeit war es, die Rolle der
IL-27/IL-27r-Achse in der GN naher zu untersuchen.

Aus vorangegangen Studien ist bekannt, dass die IL-27/IL-27r-Achse, je nach Modell
und Situation, sowohl pro- als auch anti-inflammatorische Immunmechanismen
aktivieren kann. Um die Rolle dieses biochemischen Signalwegs in der GN zu
entschlusseln, wurden, nach Validierung der Sequenzierungsergebnisse mittels
FACS-Analysen, NTN-induzierte IL-17A Reporter-Mause mit IL-27 behandelt. Hierbei
konnte eine stark verminderte Pathogenitat dieser mit IL-27-behandelten Mause im
Vergleich zu PBS-behandelten Kontrollmausen nachgewiesen werden. Allerdings
konnte in den bisherigen Experimenten kein direkter Einfluss von IL-27 auf den
Phanotyp von Ty17-Zellen nachgewiesen werden. AnschlieRend war es das Ziel, die
hinter der verminderten GN-Pathogenese durch IL-27 liegenden biochemischen
Signalwege zu verstehen. Dazu wurde der Anteil von phospho-STAT3 (pSTAT3) nach
in vitro-Stimulation von Nierenzellen mit IL-27 bzw. IL-6 als Positivkontrolle gegen
PBS-stimulierte Kontrollzellen ermittelt und miteinander verglichen. Dabei konnte eine
leichte Erhéhung des pSTAT3-Anteils bei IL-6-Stimulation gegentber PBS-Kontrollen,
jedoch keine signifikante Erhdhung bei IL-27-Stimulation ermittelt werden, was mit
dem allgemein hohen Anteil von pSTAT3 durch andere biochemische Signalwege zu
erklaren sein konnte.

Zudem konnte in weiteren in vivo Experimenten mit konditionalen tbx21-(Tbet)
knockout-Mausen gezeigt werden, dass dieser wichtige Transkriptionsfaktor in
Tu1-Zellen keinen Einfluss auf die Pathogenitat oder die Stabilitat von Ty17-Zellen im
NTN-Modell hat.
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Abstract

Abstract

The kidney is an organ with various important functions in the human body. One of
those functions among the synthesis of important hormones and the regulation of the
water and electrolyte balance is the detoxification via the urine. When these functions
are disturbed over a longer period like in the case of glomerulonephritis (GN) diseases,
life-threatening effects can occur. Among different forms of GN which go along with
inflammation of both kidneys and where the renal corpuscles (glomeruli) are damaged,
the GNs with autoimmune-related genesis and especially T helper cells (Ty cells) are
an important proportion of all kidney diseases.
Ty cells are, like B cells, an elementary part of the human adaptive immune system.
Their names originate from the location in the body where they mature — the thymus.
Ty cells represent a special class of lymphocytes which can promote B cells in their
activation but are also able to mediate inflammatory reactions themselves.
The classic subdivision into Ty1 and Tu2 cells which existed before 2005 was
expanded by the discovery of IL-17-producing Ty17 cells. These cells are substantially
involved in the regulation of inflammatory processes against bacteria and in
autoimmune-mediated diseases. One feature of these cells is the ability to
transdifferentiate into other cells like Ty1 and T-regulatory (Treg) cells. This property
known as Ty17 plasticity seems to play a major role in the pathogenesis of
autoimmune-mediated diseases like Multiple Sclerosis (MS). In a MS mouse model a
higher Ty17 cell plasticity was found. In contrast, T417 cells in GN show more stable
behavior. In addition, it was found that Ty17 cells mediate the course of the GN by
recruitment of neutrophils into the renal tissue and therefore are an essential factor in
the pathogenesis of this disease.
The aim of this work was the elucidation of mechanisms which could explain the high
Tu17 cell stability in the GN and to find gene targets which are capable to modify the
Tu17 cell plasticity as a potential therapeutic agent and thereby inhibiting or attenuating
the pathogenesis of the GN.
In an unbiased experimental approach, different disease models like GN, EAE, a-CD3
duodenitis and infection with Staphylococcus aureus were induced in separated
experiments.
By RNA bulk sequencing, differential gene expression profiles were analyzed between
the different disease models. Models with higher Ty17 cell plasticity (like EAE) were
compared to the GN model with limited Ty17 plasticity.
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Abstract

After further data analysis and comparisons, potential target genes which could have
an influence on Ty17 cell plasticity were identified. As a very interesting molecular
candidate the IL-27 receptor o (IL-27ra) was selected. Another aim of this work was
the investigation of the IL-27/IL-27ra-axis in the GN.

From former studies, it is known that the IL-27/IL-27r-axis can activate both pro- and
anti-inflammatory immune-mediated mechanisms depending on the model and
experimental circumstances. In order to elucidate the role of this biochemical pathway
in the GN, NTN-induced IL-17A reporter mice were treated with IL-27, after validation
of our sequencing data by FACS analysis. Here, a strongly reduced pathogenesis in
IL-27-treated mice compared to PBS-treated control mice could be verified. Although,
in recent experiments a direct influence of IL-27 on the phenotype of Ty17 cells could
not be found. Afterwards, it was aimed to understand the underlying biochemical
pathways behind the reduced GN pathogenesis by IL-27 treatment. Here, the
proportion of phospho-STAT3 (pSTAT3) of kidney cells after in vitro stimulation with
IL-27 and IL-6 as a positive control was determined and compared to PBS-stimulated
control cells. As a result, a moderate increase in the pSTAT3 proportion in
IL-6-stimulated cells compared to PBS-treated control cells was found. Although, after
IL-27 stimulation, a significant increase in pSTAT3 compared to control cells could not
be verified. One reason for this finding might be the general high proportion of pSTAT3,
caused by other biochemical pathways.

Furthermore, it could be shown in conditional tbx21- (Tbet) knockout mice that this
essential transcription factor in Ty1 cell has no impact on the NTN-pathogenesis or

Tn17 cell stability in this model.
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Introduction

1 Introduction

1.1 The human immune system - Innate and adaptive immunity

The immune system is a complex combination of different effector cells and
molecules in order to protect an organism from disease-causing microorganisms
like bacteria, fungi, parasites and viruses and to remove those pathogens from the
organism. Classically, this system is separated into the innate and adaptive
immunity. Their members originate from myeloid and lymphoid cells. Components
of the innate immunity are rather non-specific; however, they are able to very
rapidly (minutes, hours) execute a strong immune response in order to eradicate
potentially harmful pathogenic intruders by a variety of defense mechanisms.
Members of the innate immunity are macrophages, granulocytes and the recently
identified group of innate lymphoid cells (ILCs) that include natural killer (NK) cells.
Macrophages, dendritic cells and neutrophils are an important group of sensor
cells, that can recognize infections by which the innate immune system can be
activated (Weaver, 2018). In addition, the latter are able to form so called neutrophil
extracellular traps (NETs) which consist of extracellular fiber networks, primarily
chromosomal neutrophil structures which are generated by a pathogen-induced
cell death process, known as NETosis. As a result, these NETs can trap and
eliminate pathogens like bacteria and fungi (Brinkmann et al., 2004; Gupta and
Kaplan, 2016; Hoppenbrouwers et al., 2017; Remijsen et al., 2011).

Those previous described cells are able to detect so called damage-associated
molecular patterns (DAMPs) like DNA, released by necrotic cells, as well as
pathogen associated molecular patterns (PAMPs) as mannose-rich
oligosaccharides, (lipopolysaccharides, LPS) via pattern recognition receptors
(PRRs) like Toll-like receptors (TLRs) or NOD-like receptors (NLRs). Other
receptors are also able to detect different mMRNA or DNA structures and locations
which is the case in viral infections. Detection of pathogens will eventually result in
the activation of effector functions. Macrophages for example are known to protect
the organism from bacteria by phagocytosis. They are also able to secret proteins
which can affect other cells (like cytokines) or can activate the migration of other
immune cells into the center of an inflammation (chemokines) in case of an immune

response due to pathogens.
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In contrast, the adaptive immunity reacts less rapid (days to weeks). The adaptive
memory can last for years. The adaptive immune system displays a
pathogen-(/antigen-) specific immunity response mechanism via lymphocytes. The
latter are able to recognize and defend against a great variety of pathogen
antigens. The recognition and binding of this huge variety of antigens is
accomplished by highly variable antigen receptors on the surface of these cells.
After maturation, each lymphocyte exhibits one special variant of antigen receptor.
This leads to the expression of a great receptor variety among the lymphocyte
population (Weaver, 2018). Here, Sir Frank Mcfarlane Burnet made important
contributions to the field. With his clonal selection theory it was possible to explain
this antigen receptor variety. He described that all antibody producing B- cells as
well as T- cells are clones of one mother cell (Ada, 2008; Burnet, 1957).

B- and T cells can be distinguished by their immunological function as well as by
the structure of their antigen receptors. B- cell antigen receptors are produced by
the same genes which encode the antibodies, a group of proteins also called
immune globulins (lg’'s). The latter are proteins which can very specifically
(non-covalently) bind to distinct substances — their antigen. Although, they have a
high specificity they all originate from a small group of different Ig sub structures
like IgG, IgA, IgM and others. Antibodies do not recognize the whole antigen but
rather small and very specific regions called epitopes. The sequestration of
antibodies can have different immunological consequences like activation of
another innate immune mechanism called the complement system, opsonization
(enveloping) of pathogens which leads to antigen neutralization or phagocytosis
(digestion) of pathogens. The antigen blocking causes masking of this antigen
which eventually leads to inhibition of further cell interaction as well as other
effects.

However, B cells mature in the bone marrow or bursa fabricii in chicken which lead
to their name B cells. The latter are part of the adaptive humoral immunity which
is mediated by macromolecules like anti-microbial peptides, proteins of the
complement system and antibodies found in extracellular fluids. Among their
function as antibody producers, like dendritic cells, B cells are able to represent
antigens to other immune cells. Hence, they belong to a group of so called
professional antigen presenting cells which also include dendritic cells and
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macrophages. For presentation, antigen peptides are loaded onto major
histocompatibility complex (MHC) molecules which are presented to T cell
receptors. Furthermore, B cells can secrete cytokines which are essential cell
signaling proteins in immunity.

The latter is also accomplished by T cells which originate from bone marrow
progenitors as well. In contrast to B cells, T cells migrate to the thymus in order to
undergo maturation, further selection and subsequent export to peripheral tissues.
They belong to the cell-mediated immunity.

T cell activation is mediated via the T cell receptor (TCR) and requires two signals.
First, the binding to an antigen (epitope), presented on MHC molecules, as well as
a number of co-inhibitory signals, provided for example by CD28, a surface
molecule on T helper cells which initiates T cell proliferation.

In addition, the T cell activation leads to further immunological effector functions
described in more detail below (1.2).

Another important hallmark of the immune system is the ability to establish an
immunological memory which helps to generate a rapid and effective
immunological response against a second encounter with the same antigen. There
are B- as well as T- memory cells. Representatives are for example tissue-resident

memory cells, central memory cells and effector memory cells.

1.2 T helper cells and selected CD4" subsets

In the course of T cell development, bone marrow progenitors migrate to the
thymus for further selection. Here, they undergo selection to exclude self-reactive
T cells as well as distinct surface molecule selection, mainly in cluster of
differentiation (CD) 4" and CD8" T cells (Koch and Radtke, 2011; Zuniga-Pflucker,
2004).
During this process, T cells mature from CD4 CD8" double negative to CD4"CD8"
double positive cells which will become single positive CD4" and CD8" T cells
eventually. The commitment to the CD4 or CD8 T cell linage depends on the
binding of the alpha beta (af) TCR to MHC class | or Il molecules. The binding of
af TCR MHC | interaction will lead to CD4 CD8" T cells which are essential for the
3
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immunological defense against intracellular pathogens including bacteria and
viruses. CD8" T cells are also called cytotoxic T cells (Weaver, 2018).
However, interaction with MHC Il molecules will lead to CD4" single positive T cells.

Among the great variety of T cells, the following short overview will give an insight
with regard to important Ty17 cell plasticity-related T cells.

1.2.1 Twu1 and Th2 cells

In the 1980's, Coffman and Mosmann published two papers in which they
proposed the Ty1/Ty2-hypothesis which divided the known CD4" T helper
subpopulations according to their expressed cytokine profiles, which define their
cellular and immunological function (Mosmann et al., 1986; Mosmann and
Coffman, 1989).

They proposed the separation into interferon-gamma (IFN-y)-producing Tu1 cells
which induce cell-mediated inflammatory responses and are deepened on STAT1
expression and |L-4-producing Tu2 cells which are depended on STAT6 and
provide B cell helper functions.

This important paradigm served immunology for almost 20 years and led to a better
immunological understanding. However, new T helper subsets were identified who
could fill immmunological questions with answers which could not be accomplished
by the Ty1/Tw2 model.

Tu1 cells

Type helper cells are important against infection via bacteria and some viruses as
well as well as protozoa and fungi. Furthermore, they are able to secrete IFN-y,
IL-2, TNF-o and B. The latter is very important in the activation of macrophages as
well as phagocyte-dependent immunity. As the master regulator, Ty1 cells use
tbx21 which encodes a protein called Tbet. The latter is essential for IFN-y
production in T cells (Singh et al., 2017).

In addition, Ty1 cells require IL-12 and IFN-y for their differentiation which activate
the STAT4 signaling pathway (Trinchieri, 2003). Here, STAT4 seems to be
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essential for Tbet-mediated Ty1 cell differentiation. Furthermore, Tu1-related
immune responses are found to be important in the pathogenesis of organ-specific
autoimmune disorders like Crohn’s disease and others (Brand, 2009).

Tu2 cells

Tu2 effector functions are crucial for immune responses against extracellular
parasites like gastrointestinal nematodes (e.g. helminths). They are also
responsible for eosinophil activation, strong antibody production like IgG2a which
is important for bacteria opsonization in mice as well as inhibition of several
macrophage functions. These cells secrete IL-4, IL-5, IL-13, IL-21 as well as IL-10.
Some important transcription factors are GATA3, STATS and STATG.

1.2.2 T regulatory cells

In general, CD4" T cells can be divided into two functional subsets. Effector T cells
which are responsible for protection against pathogens. These cells show high
ability to induce a strong and efficient immune response. On the other site of this
spectrum there are CD4" T cells which regulate and if necessary suppress the
immune response by inhibition of cell proliferation and cytokine production. These
cells are called T regulatory (Treg) cells. Thus, they also play an essential role in
prevention of self-tolerance breakdown, also called auto-immunity (Hori et al.,
2003).

Among regulatory T cells, there are several subpopulations, like CD4'CD25"
T regulatory cells, Tr1cells, CD8" regulatory T cells and Ty3 lymphocytes (Weaver,
2018). In addition, recently so called Tr17 cells were identified (Kim et al., 2017).

CD4" CD25" Treg cells

These Treg cells show expression of their key transcription factor forkhead box
protein 3 (FoxP3). In flow cytometry, they can further be identified by their high
surface expression of IL-2 receptor, also called CD25 (CD25"") as well as low
CD127 expression (CD127"%).

After activation, these cells are capable to produce IL-4, IL-10 and TGF-3 which

seem to be involved in regulatory effector functions.
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It was shown that replacement of Treg cells led to autoimmunity in multiple organs
which could be reversed by adoptive transfer of CD4" CD25" cells (Sakaguchi et
al., 1995).

Tr1 cells

Cells of this subpopulation are characterized by production of L-10, IFN-y, IL-5 and
transforming growth factor (TGF)-p but no production of IL-4 or IL-2. Importantly,
they do not express FoxP3. Furthermore, they also show suppression via a
IL-10-dependend autocrine pathway. In addition, it was found that IFN-y, also
produced in Ty1 cells, can suppress the production of IL-17 which is thought to be
another immune-regulatory effector function of Treg cells (Langrish et al., 2005;
Murphy et al.,, 2003). Moreover, TGF-B/IL-10 was shown to suppress pro-
inflammatory immune responses via both Ty1 and Ty2 cells. Tr1 cells also show
the ability to suppress B cell-mediated antibody production (Weaver, 2018).

Tr17 cells

Recently Kim et al. identified another regulatory T cell population called Tr17 cells.
These RORyt'FoxP3" cells were induced in lymph nodes and seem to be
generated from thymic Treg cells via STAT3 upon antigen-specific activation.
Furthermore, they suggest that these Tr17 cells could play a pivotal role in the

regulation of T417 cell-dependent autoimmunity (Kim et al., 2017).

In addition, Huber et al. could show, that IL-17A-producing CD4" T cells are able
to express the IL-10 receptor o (IL-10Ra). Further, they could show that the
T cell-specific inhibition of IL-10 signaling increased IL-17A-producing and
IL-17A/IFN-y double producing cell populations in a mouse model of small intestinal
inflammation. The group could also show that FoxP3™ Tr1 cells as well as FoxP3"
Treg cells were able to suppress both Ty17 IL-17A-single producing cells and
Tu17/Tu1 IL-17A/IFN-y double producers via IL-10. These findings directly showed
that IL-10 is an essential suppressor for Ty17 and Tu17/Tu1 cells (Huber et al.,

2011).
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1.2.3 y3-TCR cells

In contrast to other T cells which contain T cell receptors composed of
ap-glycoproteins, gamma delta (y3) T cells (or yo-T cell receptor, y5-TCR) cells
provide receptors composed of one y and one & chain.

Additionally, most of the y3-T cells are activated in an MHC-independent manner.
Their different effector functions show abilities to directly affect pathogenic targets
by their cytotoxic activity (e.g. by cytolysis or production of granulysin, an effective
anti-microbial protein) or indirectly by activation of other immune cells (Lawand et

al., 2017). Thus, y5-T cells contribute to both innate and adaptive immunity.

Among Tu17 cells, y5-TCR cells are also able to produce IL-17 as well as IFN-y
and TNF-a. Furthermore, IL-17 produced from both Ty17 cells and from v T cells
seem to be important in kidney injury in crescentic glomerulonephritis - cGN
(Turner et al., 2012).

1.2.4 Ty17 cells

In 2005 CD4" Ty17 cells were identified as a T helper linage distinct from Ty 1- and
Tu2 cells (Harrington et al., 2005).

Since the discovery of IL-17-producing Tu17 cells, these cells were closely related
to (1) their induction via interleukin 23 (IL-23) and (2) their role in infection and
inflammation (Harrington et al., 2005; Langrish et al., 2005; Park et al., 2005).

In addition, many studies proved the pivotal role of Tuy17 cells in
autoimmune-mediated diseases such as psoriasis, rheumatoid arthritis, multiple
sclerosis and chronic kidney disease — CKD (Krebs et al., 2016b; Langrish et al.,
2005; Nakae et al., 2003; van der Fits et al., 2009).
Tu17 cells were originally described as a IL-23-induced cell population with a
unique inflammatory gene signature which encompass different IL-17 genes (IL-17
isoforms see 1.2.4.1), IL6, Csf2 (encoding colony-stimulating factor 2 which is also
known as GM-CSF), Cc/l20 (encoding CCL20), Tnf (encoding tumor necrosis
factor, TNF), [1l23r (encoding IL-23 receptor, IL-23r) and [/I1r1
7
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(encoding IL-1 receptor type 1, IL-1r1). Furthermore, Ty17 cells were characterized
by their expression of CCR6 and signal transducer and activator of transcription
(STAT) 3 and their main transcription factor RAR-related orphan receptor gamma t
(RORyt) encoded by Rorc (Acosta-Rodriguez et al., 2007; Langrish et al., 2005).

Among RORyt which was identified as a Ty17-defining transcription factor, there is
another isotype called RORa (lvanov et al., 2006; Matysiak-Scholze and Nehls,
1997). It was further shown that these isoforms are generated by alternative exon
splicing as well as usage of different promoter (Matysiak-Scholze and Nehls, 1997;
Villey et al., 1999).

Here, RORyt plays an essential role for IL-17 production, not only in Ty17 cells. It
is also expressed in other IL-17-producing cells (see below).

With regard to the immune system, RORa is expressed in lymphoid and myeloid
cells and is furthermore also induced in Ty17 cell differentiation (Dzhagalov et al.,
2004a; Dzhagalov et al., 2004b). In addition, it was shown that RORa has some
abilities as a negative regulator of NF-kB-related inflammatory responses (Delerive
et al., 2001).

In addition, more transcription factors were found in Ty17 cells: Runt-related
transcription factor 1 (RUNX1), important in generation of hematopoietic stem cells
and further (T) cell differentiation, basic leucine zipper transcriptional
factor ATF-like (BATF), aryl hydrocarbon receptor (Ahr), interferon regulatory
factor 4 (IRF4), and c-maf, an important anti-inflammatory IL-10-inducer. Key
transcription factors are also involved in Ty17 cell differentiation as described in
detail in 1.2.4.1.

For further experiments it is of note that Ty17 cells are CD4" CD3"y5-TCR' cells.

1.2.4.1 IL-17 isoforms and Tn17 cell differentiation

The cytokine IL-17A was long known before the designation “Ty17 cells” (from its
signature cytokine IL-17) and was scientifically established by Harrington et al. in
2005. In 1993, IL-17A (formerly known as CTLA-8) was cloned and in 1993 the first

8
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IL-17-binding receptor was discovered (Gaffen et al., 2014; Rouvier et al., 1993;
Yao et al., 1995a; Yao et al., 1995b).

Although Tx17 cells are known for effector functions, related to defense against
clearance of extracellular pathogens and fungi, the different IL-17 isoforms can

perform a variety of different immune functions.

By screening of homologous genes, further IL-17 isoforms were identified, namely:
IL-17B, IL-17C, IL-17D, IL-17E (also known as IL-25) and IL-17-F. It was also found
that IL-17A and IL-17F which are the best understood IL-17 isoforms, share the
highest homology in terms of sequence among the whole IL-17 family. The genes
encoding both cytokines are located in close proximity to each other on the same
chromosome, in human and mice (Wang et al., 2012b). Further, they both signal
via the IL-17RA/RC receptor heterodimer.

Although, both isoforms are known for their pro-inflammatory responses their
functionality is depended on the site and type of inflammation (Ishigame et al.,
2009).

With the least sequence similarity compared to IL-17A, IL-25 (IL-17E) is more
known for its Tu2-regulatory responses against allergic inflammation and
helminthic parasites (Fort et al., 2001; Owyang et al., 2006).

IL-17B has been shown to have an anti-inflammatory function during mucosal
inflammation (Reynolds et al., 2015). However, in murine models it was shown that
IL-17B mediated via IL-17 receptor B (IL-17RB) promoted survival, migration and
proliferation of cancer cells (Bie et al., 2017; Wu et al., 2015). In line with these
findings in mice, humans with high IL-17B has shown poor prognosis in breast or
lung cancer (Laprevotte et al., 2017; Yang et al., 2018). However, IL-17C and
IL-17D are rather elusive with regard to their biological functions. But recently
studies in patients with severe autoimmune-mediated chronic kidney disease
(ANCA-GN) showed elevated IL-17C levels in blood serum (Krohn et al., 2018).
In an according animal model it was found that IL-17C deficiency had positive

clinical outcomes in mice which implies a significance in this condition.

IL-17 signaling is accomplished by a number of different IL-17 receptors (IL-17R),
as depicted in Figure 1. All so far identified IL-17 receptors share a common
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cytoplasmic motif, called similar expression of fibroblast growth factor (SEFIR)
domain. Further, they consist of an inhibitory C/EBP-f activation domain (CBAD).

IL-17A-IL-17F

IL-17F

--------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------

IL-17R8 IL17RB [ IL-17RD IL-17RE
IL-17RA D IL-17RA IL-17RA

Figure 1: IL-17 signaling via IL-17 receptor family

In order to perform IL-17 signaling by the different isoforms (IL-A to -F), a group of different IL-17
receptors were identified as illustrated here. These receptors share a common cytoplasmic motif,
called similar expression of fibroblast growth factor (SEFIR) domain. It was found that there is a
common subunit (IL-17 receptor a, IL-17RA) for all known IL-17 receptors. The latter consist of an
inhibitory C/EBP-p activation domain - CBAD. (lllustration adopted from Amataya et al., 2017)

In addition to Ty17 cells, also other immune cells show ability to produce IL-17. For
example, innate immune cell subsets like some natural killer T (NKT) cells, y3-TCR
cells, TCRR" cells as well as type 3 innate lymphoid cells (ILC3s) and CD8" “Tc17”
cells (Amatya et al., 2017; Cua and Tato, 2010).

IL-23, IL-6, TGF-B and transcription factors in Ty17 cell differentiation

Since the beginning of research on what was later called T477 cells, it was known
that IL-23 is able to promote the secretion of IL-17 in activated T cells (Aggarwal
et al., 2003). Furthermore, it was shown that /L23a’/" mice have only few cells which
are able to produce IL-17 (Langrish et al., 2005; Murphy et al., 2003). Later it was
found that IL-23 is indispensable for promoting autoimmunity in other models (Cua
et al., 2003; Kastelein et al., 2007; Parham et al., 2002).

10
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Although, IL-23 was able to induce IL-17 production, IL-23 alone was not sufficient
to drive Ty17 cell differentiation from naive CD4" T cell precursors (Bettelli et al.,
2006). This led to the assumption that other factors were necessary for Ty17 linage
fate decision.

In 2006, different groups were able to show that addition of IL-6 as well as TGF-
during T cell recognition via antigen contact promoted Tny17 cell differentiation
(Bettelli et al., 2006; Mangan et al., 2006; Veldhoen et al., 2006). Further studies
revealed the importance of STAT3 activation via IL-6 during this differentiation
(Yang et al., 2007). As a result, STAT3 directly mediates the transcription of Ty17
linage-specific genes including Rorc, 1123 and //17. In addition, STAT3 activation
leads to inhibition of expression of the important T regulatory transcription factor
FoxP3 and thus suppresses the generation of T regulatory (Treg) cells, illustrated
in Figure 2.

11
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Figure 2: Transcription factor regulation during Ty17 cell differentiation

After initial TCR activation, the transcription factors interferon regulatory factor 4 (IRF4) and basic
leucine zipper transcriptional factor ATF-like (BATF) mediate the accessibility of the chromatin
structure. Next, STAT3 and the co-activator histone acetyltransferase p300 both promote the gene
expression of Rorc and hypoxia-inducible factor 1a (Hif1a), followed by expression of //17a. Further
IL-23 exposure leads to activation and recruitment of B lymphocyte-induced maturation protein 1
(BLIMP1). BLIMP1 then binds to the STAT3-RORyt complex, resulting in expression of further
Tu17-related signature genes. (lllustration adopted from Gaffen et al., 2014).

Control of gene expression does not only depend on binding of specific
transcription factors but also and initially on the accessibility of chromatin
structures. The latter is controlled by packaging of DNA and nucleosomes (forming

the chromatin) within the cell nucleus.
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It was shown that the initial step after TCR signaling during Tu17 cell linage
specification is performed by IRF4 and BATF (Ciofani et al., 2012; Li et al., 2012).
These proteins cooperatively bind to open the closed chromatin (heterochomatin)
and make it accessible for further gene expression-related processes. The open
chromatin structure is called euchromatin. In recent studies it was also shown that
this initial step is important also for early T cell fate decisions, mediated by two
proteins called T cell-specific transcription factor 1 - TCF-1, encoded by Tcf7, and
B cell lymphoma/leukemia 11b - BCL11B, encoded by BCL11b (Hu et al., 2018;
Johnson et al., 2018). However, in T417 cells it was found that the latter restrain
Tu17 cell immunity by inhibition of IL-17 gene expression (Zhang et al., 2018).
These findings imply a chromosomal-modifying, epigenetic role in Ty17 cell linage
commitment.

After chromatin remodeling by BATF and IRF4, STAT3 mediates transcription of
Tu17 genes via the co-activator histone acetyltransferase p300 which further
promotes the transcription of Rorc. Here, also hypoxia-inducible factor 1a (Hif1a)
is expressed upon TCR activation which is important for further gene expression.
Continuous IL-23 exposure recruits and activates B Ilymphocyte-induced
maturation protein 1 (BLIMP1) which then binds to the STAT3-RORyt complex and
initiates further expression of Ty17-related signature genes as well as repression
of other T cell genes.

As a poof of principle for the importance of IL-6 in the course of Ty17 cell
differentiation, it was also shown that IL67/ mice were unable to generate Ty17
cells. In a mouse model for multiple sclerosis (MS) which is called experimental
autoimmune encephalomyelitis (EAE) these mice were protected from

development of this neurodegenerative disease (Samoilova et al., 1998).

Since Tu17 cells are involved in many autoimmune-mediated disorders, these
findings gave rise for the development of a variety of drugs to treat
Tu17/IL-17-mediated disease like rheumatoid arthritis, psoriasis and others. Some
of these drugs which showed different clinical outcomes, included antibodies
against IL-6 or IL-17A as well as RORyt inhibitors (Amatya et al., 2017; Gaffen et
al., 2014; Gooderham et al., 2015).

13
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1.2.4.2 Tyu17 cell plasticity in autoimmune disease

Beside activated IL-17-producing pro-inflammatory Tu17 cells which produce
IFN-y, IL-22 and IL-22 there are also RORyt"/FoxP3" co-expressing T cells which
are able to express both cytokines IL-17 as well as the important immune
regulatory cytokine IL-10. Accordingly, these cell populations were found to have
a rather host-protective phenotype (Hirota et al., 2013; McGeachy et al., 2007).

In addition, as mentioned earlier (1.2.2, Tr17 cells), RORyt™ T cells show the ability
to express the IL-10 receptor o which can be suppressed in an IL-10-dependent

manner (Huber et al., 2011).

These findings provided evidence for the existence of both pro- and inflammatory
Tu17 cell signaling. Thus, it was suggested that Ty17 cells are able to stay
pro-inflammatory with distinct Ty17 signature cytokine profile, to become
pro-inflammatory IFN-y-producing effector Ty1 cells (Bending et al., 2009) or to
transdifferentiate into other more regulatory, IL-10-produnging T cell subsets like
regulatory T cells which show a rather protective phenotype (Diller et al., 2016;
Gagliani et al., 2015; Krebs et al., 2016b). This model is illustrated in Figure 3, A
(left: plastic Ty17 phenotype with ability to transdifferentiate into other T cell
subtypes and right: more stable phenotype with limited ability for

transdifferentiation).

This phenomenon is called Ty17 cell plasticity. Importantly, the balance of these
different T417-mediated effector functions is of high clinical interest.

However, in renal samples from mice with experimental crescentic
glomerulonephritis, also called nephrotoxic nephritis (NTN), it was shown that Ty17
cells show only a limited ability to transdifferentiate into Ty1 cells (also called
Twu1 ex-Ty17 or non-classical Ty1 cells) or IL-17/IFN-y double producers (Krebs et
al., 2016b). In contrast, in other autoimmune mediated disease like EAE, anti-CD3
duodenitis (sepsis model) or in S.aureus infection, the degree of Ty17 plasticity is

significantly higher (Krebs and Panzer, 2018), also illustrated in Figure 3.
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Figure 3: Ty17 cell plasticity in NTN, EAE & others in IL-17A Fate Reporter

In general, IL-17-producing Ty17 cells show the ability to transdifferentiate into other T cell subtypes
like IFN-y producing Ty1 cells (Ty1 ex-Ty17 cells), IL-10-producing T regulatory (Treg) cells or so
called double producers which are able to produce both IL-17 and IL-10, depicted in (A, left). This
tendency to transdifferentiate into other T cell subtypes is called Ty17 cell plasticity. However, in
disease models like EAE, S.aureus infection or anti-CD3 duodenitis T417 cells show a high degree
of cell plasticity (A, left and C). In contrast, in the nephrotoxic nephritis (NTN) mouse model Ty17
cells show a limited cell plasticity (A, right and B).

B and C: After FACS gating for CD4" CD3" renal T cells from NTN-induced IL-17A Fate Reporter
mice (IL-17A%® x Rosa26"™"), cells were further gated for populations in which the IL-17A promotor
was activated and thus caused the permanent mark of these cells with a eYFP" tag (IL-17A fm"),
shown the FACS plots (B, left and C, left). 10 days after NTN induction, these mice show a high
proportion of IL-17-producing cells (IL-17A mab, antibody-stained, 69,6%) and less
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transdifferentiation into IFN-y-producing Tu1 cells (2,17%) or Ty1 ex-Ty17 cells (called double
producers, 16,3%) as shown in B, right. These Ty17 cells are more “stable” compared to CD4"
CD3" T cells from brain samples of EAE mice (MS mouse model) 14 days after disease induction,
depicted in the FACS plot in C, right. These cells show a higher tendency to transdifferentiate into
Tu1 cells (61%) or Ty1 ex-Ty17 cells (21,3%) and a lower proportion IL-17A-only producing cells
(7,24%). (FACS plot depicted in B adopted from Krebs et al., 2016.)

Since, Tu17 cells as well as Ty1 cells are crucially involved in the pathogenesis of
not only chronic kidney diseases but in a variety of organ-specific autoimmune
disorders (Dolff et al., 2019; Krebs et al., 2017; Yasuda et al., 2019) and other
chronic inflammatory diseases as mentioned (1.2.4, Ty17 cells), it is of high clinical
importance to elucidate the mechanisms behind Ty17 cell stability.

However, the underlying principles and mechanisms that are responsible for Ty17

cell stability and plasticity are still elusive and incompletely understood.

1.3 The kidney and chronic kidney disease

The kidney is a paired organ with multiple functions but their most common known
function is the excretion of toxic waste products from the blood via the urine.

In addition, the kidney also generates important hormones like renin and
erythropoietin (EPO) which are essential for blood pressure (via the
renin-angiotensin-aldosterone-system, RAAS) and blood formation respectively.
The kidneys also regulate the body's water and base/acid- balance. Furthermore,
they regulate the electrolyte balance via angiotensin and aldosterone (Kurts et al.,
2013).

The nephrons are the functional units responsible for removal of toxic waste
products from the blood via the urine. There are approximately 1 million nephrons
in a human kidney.

In addition, each nephron contains one glomerulus which acts as a size-selective
filter and a double-shaped tubule through which the filtrate is drained into the renal
pelvis. The nephron is surrounded by parietal cells (forming the Bowman capsule)
and tubular epithelial cells. The essential glomerular filtration barrier contains
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endothelial cells, the glomerular basement membrane (GBM) and visceral
epithelial cells which are also known as podocytes. During filtration, molecules
smaller than albumin (< 68kDa) can pass the filter via the tubules, the loop of Henle
and the distal convoluted tubule. This filtrate, called primary urine is further
concentrated via a high osmotic pressure gradient in the kidney medulla.
Furthermore, epithelial cells are capable to re-absorb water, amino acids and small
proteins. Thus, they are also essential for the body’s water-, acid/base- and
electrolyte homeostasis. Intra-renal immune cells (macrophages, fibroblasts and

dendritic cells mainly) are located in the inter-tubular space, illustrated in Figure 4.
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Figure 4: Physiology of kidney, nephron and glomerulus

This illustration shows a simple slice through a human kidney. Here, approximately 1 million
nephrons are responsible for the removal of toxic products from the blood via urine secretion. Each
nephron contains 1 glomerulus and 1 double hairpin-shaped tubules through which the filtrate is
drained into the renal pelvis (left side of the illustration). A glomerulus (right) has a size of about
0,2mm and is a round-shaped structure which is surrounded by parietal cells (called Bowman's
capsule) and tubular epithelial cells. Here, the glomerular filtration barrier encompasses endothelial
cells, the glomerular basement membrane (GBM) and podocytes (visceral epithelial cells).

In the course of glomerular filtration, small molecules (< 68kDa, albumin) pass the filter via the
tubules, the loop of Henle and the distal convoluted tubule. The concentration of the primary urine
is performed via high osmotic pressure gradient in the kidney medulla (not shown). Epithelial cells
are able to re-absorb water, amino acids and small proteins etc. and are responsible for the blood
pressure, body's water-, base/acid- and electrolyte balance. The intrarenal immune system which
consists mainly of dendritic cells, fibroblasts and macrophages is located in the inter-tubular space.
(Nllustration adopted from Kurts et al., 2013.)
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In general, the inflammation of the kidney is called nephritis which comprise a
number of inflammatory kidney diseases. Depending on the type of inflamed issue
there are many forms like inflammation of the urethral channel and surrounding
tissue (interstitial nephritis), renal pelvis inflammation (pyelonephritis) and
glomerular inflammations (glomerulonephritis, GN). The different forms are
classified by their pathogenesis and differentiation between acute and chronic

disease progression.

Here, glomerular inflammation is a very severe form of chronic kidney disease
(CKD) which is a condition characterized by damage of the glomerular filtration
barrier, gradual and irreversible loss of nephrons causing progressive loss of
kidney function over time. The end state of CKD is characterized by kidney fibrosis
in which functional nephrons are restored by fibrotic tissue, depicted in Figure 6.
However, CKD can progress to end-stage renal failure (ESRF) by a variety of ways,
for example by high blood pressure or hypertension. Angiotensin receptor blockers
(ARBs) and angiotensin-converting enzyme (ACE) inhibitors and can have a
positive effect on kidney function by reduction of proteinuria and blood pressure as
well as dietary changes like reduced sodium intake, reduced protein intake and
increase of physical exercise (James et al., 2010; Jones-Burton et al., 2006;
McMahon et al., 2013; Saran et al., 2017).

The glomerular filtration rate

The glomerular filtration rate (GFR) is a widely accepted scale unit to assess the
filtering capacity of the kidneys. Here, the GFR is the volume of primary urine which
is filtered by all podocytes in both kidneys in a time unit. The GFR of a healthy

individual is > 90mL/min/1,73m?. (The latter considers the kidney area.)
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According to the US-National Kidney Foundation (Daugirdas, 2011), the definition
of CKD is:

e GFR <60 mL/min/1.73m? over a period of 3 months with or without
evidence of kidney damage - OR
e Evidence of kidney damage for 3 months with or without decreased GFR,

as evidenced by any of the following:

= Albuminuria

= Proteinuria

= Persistent hematuria (where other causes such as urologic
conditions have been excluded)

= Pathologic abnormalities (e.g. abnormal renal biopsy)

= Radiologic abnormalities (e.g. scarring or polycystic kidneys seen

on renal imaging)

(Adopted from Daugirdas, 2011.)

According to the US-National Kidney Foundation (Daugirdas, 2011), kidney
function state is divided into 6 groups, depicted in Table 1 (Modified after
Daugirdas, 2011.).

Table 1: Kidney function states according to the National Kidney Foundation

GFR

Kidney function state [mL/min/1,73m’] Description

1 Normal or increased GFR

2 Normal or slightly increased GFR
3a 45-59 Mild-moderate decrease in GFR
3b 30-44 Moderate-severe decrease in GFR
4 Severe decrease in GFR

5 < 15 or on dialysis End-stage renal failure (ESRF)
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Chronic kidney diseases are major causes of death worldwide with an increasing
tendency. It was ranked 27" (1990) and 18" (2010) in the list of causes of total
number of global deaths. Demographically, there is a wide variation between mean
age for stage 3 CKD in India (51 years), China (63,6 years), African Americans
(57 years), Hispanic Americans (58 years) and white Americans with 63 years of
age. Furthermore, approximately 10% of the western population suffers from CKD
of which between 15-20% suffer from GN (Jha et al., 2013; Kurts et al., 2013).

1.3.1 Nephrotic Syndrome

As a result of damaged glomeruli, the latter become more permeable leading to
dysfunctional glomerular filtration barrier. That is the reason why leaking plasma
proteins can be found in glomerular filtrate which leads to abnormal high protein
concentrations (> 3,5g/d) in the urine. This symptom known as proteinuria is a
principal marker for kidney damage and is therefore suitable as an indicator of renal
damage severity. Proteinuria itself can cause severe injury, e.g. as a risk factor in
cardio vascular disease (Culleton et al., 2000; Grimm RH Jr, 1997; Wang et al.,
2017). People with CKD are three times more likely to have myocardial infarction.
In addition, they suffer from elevated morbidity and higher mortality (Wang et al.,
2017). CKD is also related to increased insulin resistance (Kobayashi et al., 2005;
Vladu et al., 2017; Wesolowski et al., 2010).

In terms of concentration, albumin is the most common type of protein in the blood.
However, in individuals with fully functional kidneys there is virtually no albumin
present in the urine. In contrast, due to renal damage, this protein is detectable
even in early stages of kidney diseases. Hence, proteinuria is also known as
albuminuria. Since albumin is removed from the blood, CKD patients gets
hypoalbuminemia.

Creatinine as a muscle metabolite is normally released at a constant rate into the
urine and acts as an indicator of the urine concentration.
To assess the albumin-to-creatinine ratio (ACR) it is therefore used to correct for

the urine concentration. ACR is a very important clinical marker for different CKDs.
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As a result of hypoalbuminemia, the low osmotic pressure drives water out of the
blood vessels into the tissue which is called edema.

In addition, loss of protein can have effects on blood- and urine levels of lipids.
There are two effects: Reduction of proteins which inhibit or regulate lipid synthesis
and reduction of blood albumin. Since the latter is a mediator of water-insoluble
molecules (like lipids) and water itself, this leads to a fourth and fifth symptom of
nephrotic syndrome, called hyperlipidemia (high lipid levels in the blood) and
lipiduria (high levels of lipid in the urine).

In addition, red blood cells erythrocytes can be detected in CKD patients which is
called hematuria. Usually, some of these cells show irregular “mickey mouse’-
shapes (called acanthocytes) caused by high pressure transfer through damaged
GBM, see Figure 5 (Catala Lopez and Fabregas Brouard, 2002; Kohler and
Wandel, 1993).

Figure 5: Acanthocytes in urine from CKD patient

Malformed (non-round-shaped) erythrocytes, so called acanthocytes, can often be found in urine
from CKD patients. This malformation is caused by high pressure transfer from the blood through
damaged GBM. (Light microscope image, Credit: eClinPath.com, Cornell University)
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Dialysis

For treatment of people who suffer from CKD, dialysis is a common way to reduce
uremic toxins and proteinuria This method is performed to prevent patients from
described cardiovascular as well as blood pressure-related and other kidney

disease-related side effects.

Urinary bioactive toxic solutes (uremic toxins) enclose a great variety of substances
resulting in a great variety of chemical and biochemical properties. This fact makes
it very difficult to identify and thus remove those toxins from the body during blood
purification also known as dialysis (Glassock, 2008; Vanholder et al., 2008a).
One classification for uremic compounds was proposed by the European Uremic
Toxin (EUTox) work group (Duranton et al., 2012; Liabeuf et al., 2011; Meijers and
Evenepoel, 2011; Vanholder et al., 2008b; Yavuz et al., 2005) which is based on
85 studies published from 1968 to 2002 with an overall evaluation of 50.000
patients containing compounds which were accumulated in end-stage renal failure
(ESRF) GFRs of less than 15mL/ min.

The EUTox classification separates uremic compounds in the following three
groups, independent of their actual toxicity (Table 2).
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Table 2: Classification of uremic compounds (EUTox working group)

Low-molecular-weight
and water-soluble Protein-bound solutes
uremic toxins

Middle-molecular-
weight molecules

= Molecular weight of
= Molecular weight

<500 Da

= Easily removed by

most of most
members <500 Da

= Difficult to remove

dialysis by dialvsi
_n y dialysis = Molecular weight
Description = 68 out of 90
P » 25 out of 96 >500 Da
compounds identified
compounds

can be found in this
identified can be

S found in this
category

Carboxy methyl propyl
furanpropionic acid, Adiponectin, cystatin
Example Creatine, creatinine, tumor necrosis factor-a C, a1-microglobulin,
compounds hyaluronic acid, oxalate, (TNF-a), cytokines, endothelin, ghrelin,
(excerpt) urea, uric acid interleukins, leptin, prolactin, vasoactive

p-cresyl glucuronide, intestinal peptide

phenol sulfate, retinol-

binding protein

In practice, there are two distinct forms of dialysis, peritoneal dialysis (PD) and
hemodialysis (HD).

Besides advantages and disadvantages of one method over the other, they are
distinguished by the location of the actual dialysis. During PD, the peritoneum is
intracorporally used as natural filter to reduce uremic toxins. During PD, a dialysis
fluid flows through a catheter into part of the abdomen where the peritoneum
(natural dialysator) is located.

Finally, after a set time period the fluid containing the filtered waste products flows
out of the abdomen and is discarded afterwards.

In contrast, HD is an extra-corporal process which takes advantage of artificially
manufactured columns filled with semipermeable fiber-membranes (dialysator).
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During this process blood is pumped through a cartridge in order to remove toxic

waste products.

The regular number of dialysis treatments needed is about three times a week for
about four hours each. Thus, the treatment remarkably reduces the general live
quality of the patients. In addition, patients who undergo dialyses treatment are
also more susceptible for methicillin resistant Staphylococcus aureus
(MRSA)-related glomerulonephritis and infectious endocarditis which can itself
cause acute renal failure. In general, these patients suffer from a weak immune

system which makes the problem even more considerable (Karkar, 2018).

Therefore, dialysis does not represent a permanent solution but must be seen as
a temporary and provisional arrangement.

Another alternative for CKD-affected patients is organ transplantation. Potential
donors are healthy family members or other people with matching human leucocyte
antigen (HLA)-types and other markers. However, organ transplantation leads to
life-long immunosuppressive medication to prevent organ rejection, causing higher
risk of infections. In 2006, there were 63.307 registered patients in Germany who
undergo dialysis. Furthermore, in the same year 12.130 transplanted and dialysis
patients died (QuaSI-Niere report, 2006).

These numbers stress that this problem is of tremendous significance with regard
to public health and economy, not just in Germany but worldwide.

In summary, the best solution for the increasing kidney diseases is the prevention
of terminal renal failure by applied research efforts.

1.3.2 Rapidly progressive GN & renal autoimmune disease

The rapid progressive glomerulonephritis (RPGN) is a very severe kidney disease.
Without treatment, patients can suffer from ESRF within weeks to months due to
necrotizing extracapillary proliferative crescentic glomerulonephritis (Haubitz,
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2019). RPGNs are immune complex-related or anti-basal membrane
glomerulonephritides. Thus, this group of kidney diseases is hallmarked by T cell

infiltration into the renal tissue and renal inflammation.

Within the membranous nephropathies, there are primary (idiopathic) forms with
unknown origin of the immune complexes which accounts for the vast majority of
cases, and there are secondary forms, during which antibodies are formed in
response to another process like medications, infections or autoimmune conditions
at which auto-antibodies are formed against self-antigens. For further pathogenic
mechanisms please also see 1.3.3.

Since each cell type in the glomerulus serves distinct functions, injury to each cell
type results in different clinical renal outcome and histological pattern.

However, among the RPGNs there are a number of distinctively classified diseases
with different pathomechanisms involved. Except GNs with unknown underlying
causes (idiopathic), RPGNs are classified into 3 main types, depicted in Table 3
(Couser, 2012).

Table 3: Rapid progressive glomerulonephritides - Classification

Type | Type ll Type lll

Immune complex Pauci-immune

Characteristics Antibodies against GBM formation P —— -

Granulomatois with
Lupus erythematosus

Disease Anti-GBM disease, (Lupus nephritis) polyangiitis
example Goodpasture syndrome | P P ’ (formerly Morbus
gA nephropathy
Wegener)

Associated with
Known causes Anti-GBM antibodies Immune complexes ANCAs, no glomerular
immune depositions

1 ANCA stands for Antineutrophil Cytoplasmic Antibody.
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1.3.3 Crescentic GN, the intestinal microbiome & the role of Ty17 cells

Anti-GBM crescentic GN (cGN) is a rare (< 1/100.000/year) but the most severe
and aggressive form of autoimmune kidney diseases as mentioned earlier. This
renal condition belongs to the type |, anti-GBM nephritis group within the RPGNs
and is characterized by the formation of so called glomerular crescents (Figure 6
and Figure 15). Their name originates from the characteristic shape which is
visible in histological kidney sections. The number of glomerular crescents is an

essential parameter to assess CKD severity.

Pathogenesis

In the course of cGN, auto- (self-directed) antibodies are created which specifically
target epitopes of class IV collagen in the GBM. Those class IV collagen networks
are the structural foundation for all basement membranes. They are also found in
pulmonary alveoli in the lungs. In contrast to the renal situation, the pulmonary
GBM-antigens are usually not accessible by these IgG’s. However, it is thought
that toxins, infections and others can damage this barrier which leads to pulmonary
manifestation (Pedchenko et al., 2010; Sanders et al., 2011).

This explains a syndrome in which anti-GMB antibodies are directed against the
glomerular and alveolar basement membrane. This syndrome was found in 1919
by Ernest Wiliam Goodpasture and was named after him — Goodpasture
syndrome. This lung-related effect is also known in an experimental
pristane-induced lupus model (Salama et al.,, 2001; Self, 2009). In 1967,
Lerner et al. were able to confirm the pathogenicity of human anti-GBM antibody
(Lerner et al., 1967). However, the origin of the antibodies in this renal autoimmune

disease is still unknown.

To investigate the plasticity of Ty17 cells in the cGN, the nephrotoxic nephritis
(or experimental glomerulonephritis, NTN) model was used as explained in detail
in 2.2.2.

Although, the immune response in the NTN model is directed against different
antigens in the GBM than in the human cGN the clinical outcome (e.g. proteinuria)
as well as histological features are very similar. In addition, this model is well
established since the 1960s and led to crucial contributions in the research of renal
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inflammation (Chen et al., 2002; Hammer and Dixon, 1963; Unanue and Dixon,
1967).

Already in the 1960s it was defined in the NTN model that the creation of these
anti-GMB antibodies leads to intraglomerular complement activation (now known
via the classical pathway). In addition, chemotactic factors are released,
neutrophil-mediated injury occurs and linear deposition of these IgG antibodies
along the GBM takes place (Cochrane et al., 1965; Hudson et al., 1993; Hudson
et al., 2003).

Furthermore, it is known that activation of pro-inflammatory signal cascade and
infiltration of inflammatory cells like macrophages, IL-17-producing y5-T cells,
IFN-y-producing Tu1 and Tu17 cells into the nephron during immune response
results in gaps within the GBM. The latter causes glomerular inflammation and
subsequent glomerular damage (Kurts et al., 2013; Summers et al., 2009). Since
the GBM acts as a barrier, the created gaps enable blood plasma proteins and
fibrin to cross this barrier.

As a consequence, this infiltration also leads to proliferation of glomerular parietal
epithelial cells and formation of fibrocellular crescents (Figure 6). Histologically,
crescents as well as glomerular hypertrophy and cell infiltrates can be observed in
renal tissue sections (Krebs et al., 2016a; Riedel et al., 2016). Subsequently,
glomeruli lose their function causing reduced GFR, proteinuria, hypertension,
anemia etc.

With further progression, the end stage of this disease (end-stage renal disease,
ESRD) is reached when kidney fibrosis and necrosis takes place resulting in loss
of cellular membrane integrity.

Finally, these necrotic cells release damage-associated patterns (DAMPSs) like
DNA which is sensed by the macrophage absent in melanoma 2 (AIM2)
inflammasome. As a consequence, this leads to further release of

pro-inflammatory cytokines like IL-18 and IL-1p (Komada et al., 2018).

27



Introduction

Paure
2 Protern .-__.‘ D Intarwririory Coiy
t “ ot S T
res \SpSEENY &
\ &Y T o
Y ™S
Xl v B R (%
(gt ' x4
* P - \_/,Is.
A vE — -
! Bk Nt -
§ NN LY NN
¢ 3 -‘a. e < '
) e,
N N oS Y ‘;\J 3
s = s i G0 Causea i< TN v
2 Dy GRnveindo Dvinsse
4 3 [ b ey
F oo odadie TS e o
- i Theti e 2 T A
“ e - Fovotieal - .
\ ..’_b_ = N ¢ (s
P S L e T &)
b s - "'—!V;- 4 |
£ )
£as 0 v ~ 4 u . N ! A
AL 1‘. LS5 ;A ;,2“. e .
PR ) Qj -‘.‘('. N
\ N o N X :
VLSTRY AR e Ao
b 3 N, .
R R i / y\':‘é Sra
N % & 2 ProAferates) g
o s P P arwial L otters
e Cody
B Acute inflammation C Irreversible fibrosis
! y’ &

Glomerular
sclerosis

~Tubulointerstitial
fibrosis

Figure 6: Pathogenesis & histology of crescentic glomerulonephritis and ESRF

(A): As explained earlier, a glomerulus consists of mesangial cells, visceral epithelial cells (also
known as podocytes), glomerular endothelial cells and parietal cells. In the Bowman space, the
primary urine (filtrate) is collected (A, 1 - healthy glomerulus). The glomerular basal membrane
(GBM) is of high importance in this disease, as the term anti-GBM nephritis implies. In cGN
nephrogenic auto- (self-directed) antibodies are produced which are directed against specific
epitopes of type IV collagen in the GBM. This leads to gaps within the GBM and infiltration of
inflammatory cells like macrophages, IL-17-producing y3-T cells, IFN-y producing Tu1 cells as well
as Tu17 cells into the nephron. This causes acute glomerular inflammation (A, 2 and B). Due to the
damaged barrier, blood plasma proteins and fibrin infiltrate the glomerulus as well (A, b). As a
consequence, proliferation of parietal epithelial cells (A, 3) and formation of fibrocellular crescents
takes place which is histologically visible as glomerular crescents (A, 4 and B). This leads to overall
reduced glomerular functionality, proteinuria, attenuated GFR and others. - In the end state of this
disease (end-stage renal disease, ESRD), kidney fibrosis takes place in which functional nephrons
are restored by fibrotic tissue (C). (Modified illustration depicted in (A) adopted from “The-
Crankshaft Publishing’s web site”, histological pictures shown in (B) adopted from
Kurts et al., 2013.)
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As explained, among different immune cells which infiltrate the glomerulus during
cGN there are clear and multiple evidence for the presence and pathogenic role of
Tu17 cells (Kitching and Holdsworth, 2011; Paust et al., 2009; Riedel et al., 2016;
Summers et al., 2009). Further studies in the NTN model revealed that IL-17A and
IL-17F-producing Tu17 cells stimulate resident kidney cells like mesangial and
tubular epithelial cell to secrete glutamate-leucine-arginine (ELR) motif
chemokines, like CXCL1,2 and 5 as well as CCL20 which is a ligand for the
chemokine receptor CCR6. The latter is expressed on Ty17 cells. This cascade
results in the recruitment of more Ty17 cells as well as neutrophils via the
chemokine receptor CXC-motif chemokine receptor 2 (CXCR2) into the renal
tissue which eventually leads to renal damage (Disteldorf et al., 2015; Krebs et al.,
2016a; Paust et al., 2009; Turner et al., 2010b)

The importance of the CCR6/CCL20 axis with regard to Ty17 cell recruitment was
also found in other autoimmune mediated diseases like rheumatoid arthritis (Hirota
et al., 2007), Psoriasis (Hedrick et al., 2009) and IgA nephropathy (Lu et al., 2017).

These findings also raised the question for the origin of recruited Tu17 cells. In
recent studies it was found that the small intestine and its microbiota is of high
importance in this regard.

It has long been known that the microbiota (which is the entirety of microorganisms,
including bacteria, that colonize human or other living animals) plays an essential
role in immune regulation of innate and adaptive immunity (Honda and Littman,
2016; Huber et al., 2012; Kato et al., 2014; Mittrucker et al., 2014; Thaiss et al.,
2016). The microbiome emerged as a synergistic unit during evolution. The human
intestinal tract alone harbors approximately 100 trillion (1014) microbes (Whitman
et al., 1998).

Among the different and rather complex mechanisms of immune regulation by the
microbiota, the latter can modulate the NLRP6 inflammasome signaling via
microbiota-related metabolites (Levy et al., 2015) or the production of inflammatory
cytokines (Schirmer et al., 2016). In 2011, it was found that Ty17 cells are
controlled in the small intestine via (1) intestinal lumen-mediated elimination and
(2) simultaneous acquirement of a regulatory phenotype (Esplugues et al., 2011).

Furthermore, research in our group revealed that pathogenic glomerular Ty17 cells
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originated in the small intestine and migrated in a S1P receptor 1 (S1PR1)-
dependent manner via the CCL20/CCRG axis into renal tissue. The targeting of the
intestinal microbiota by administration of an antibiotic resulted in reduced
production of IL-1-producing CD4" T cells as well as IL-17A-producing y3-T cells
(Krebs et al., 2016a). These findings highlight the role of the microbiota in
modulation of Ty17 cells in the NTN model.

CKD treatment

Treatment of patients with secondary (e.g. autoimmune-mediated) membranous
glomerulonephritis usually starts by medication which treats the underlying
disease. For example, by administration of antibiotics to treat infections.

In addition, the monoclonal anti-CD20 antibody Rituximab is clinically used to
prevent antibody secretion by CD-20-expressing B cells (lijima et al., 2017; Salles
et al., 2017). Furthermore, immunosuppressive drugs like cyclophosphamide are
used for treatment of autoimmune-related GN as well as steroids like
glucocorticoids. The latter are also often used in primary membranous GNs. These
steroid hormones are able to reduce certain immune functions like inflammation
which is caused by binding of the glucocorticoid to its receptor. As a result, the
expression of anti-inflammatory proteins is up-regulated and pro-inflammatory
proteins are down-regulated. Not all but some immunomodulatory mechanisms of

glucocorticoids are known (Rhen and Cidlowski, 2005; Rugstad, 1988).

For example, they have the ability to block several inflammatory and pain-related

pathways:

o Inhibition of prostaglandin production by:
* Induction and activation of annexin 1 (anti-inflammatory protein)
* Induction of MAPK phosphatase | (anti-inflammatory protein)

* Repression of transcription of cyclooxygenase 2

o Interaction with NF-«xB blocks its transcriptional activity, leading to:

* inhibition of cytokines, chemokines, complement factors

o strong reduction of Ty17 cells in cGN (unknown underlying mechanism)
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The standard treatment for anti-GBM disease includes a combination of
plasmapheresis to remove pathogenic antibodies as well as administration of
cyclophosphamide and corticosteroids (Stephen P. McAdoo, 2017).

Subsequently, with further progressive reduction of GFR, patients often have to be

dialyzed as explained earlier.

1.4 IL-27/IL-27 receptor a axis in immunity

As H. Yoshida wrote, “Interleukin-27 (IL-27) is a cytokine with strikingly diverse
influences on the immune response.” (Yoshida and Hunter, 2015).

IL-27 which belongs to the IL-6/IL-17 cytokine family was first described by Pflanz
et al. in 2002. Its structure is composed of p28 and Epstein-Barr virus
induced gene 3 - EBI3 (Pflanz et al., 2002). The main sources of IL-27 are myeloid
cell populations which include inflammatory monocytes, microglia, macrophages
and dendritic cells (DCs). In addition, endothelial and plasma cells as well as
epithelial cells are able to express IL-27 (Hall et al., 2012b). In order to stimulate
IL-27 production a variety of TLR-dependent microbial and immune stimuli were
found including the TNF family members CD40 and CD137 (Curran et al., 2013;
Dibra et al., 2012) as well as TNF Type | and Type Il (Liu et al., 2007; Molle et al.,
2007; Pirhonen et al., 2007; Remoli et al., 2007). Type Il TNF are also known as
IFN-y (Lee and Ashkar, 2018).

In addition, soon after the 2002 Pflanz publication also structural details about the
IL-27 receptor were described (Pflanz et al., 2004). According to these findings,
the functional signal-transducing IL-27 receptor consist of the receptor complex
WSX-1 (IL-27ra, also known as TCCR) and gp130 (Figure 7). Whereas,
IL-27ra/WSX-1 is expressed in lymphocytes including naive T cells (Chen et al.,
2000; Sprecher et al., 1998), as well as in Natural killer (NK) cells (Yoshida and
Hunter, 2015).
One of the regulatory phenotypes induced by activation of the IL-27 pathway is
caused by inhibition of Ty17 cell differentiation and expansion of Treg cells (Wang
et al., 2012a). IL-27 is also able to activate a variety of T cells like Ty1 (Yoshimura
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et al., 2006). This is accomplished by induction of the essential transcription factor
Tbet via p38 Map kinase, MAPK (Karpuzoglu et al., 2007; Owaki et al., 2006;
Takeda et al., 2003) as well as Ty2, Ty17, Treg and Tr1 cells to produce IL-10 in
infectious and autoimmune mediated conditions via STAT3 (Awasthi et al., 2007;
Fitzgerald et al., 2007; Stumhofer et al., 2007). IL-10 is known for its role in limiting
infection-induced inflammation (Couper et al., 2008; Kessler et al., 2017; Mosser
and Zhang, 2008).

In previous experiments it was also shown that IL-107/ mice developed
spontaneous colitis and were more susceptible to cancer (Berg et al., 1996).
Interestingly, in IL-27°/ or IL-27ra’/" mice this was not the case.

In contrast to the anti-inflammatory capabilities IL-27 is also able to promote T cell
responses by its growth and survival functionalities (Kim et al., 2013).

For example, in EAE it was shown that IL-27 can suppress IL-17-producing
T helper cells mediated by IL-6 and transforming growth factor- -TGF-f (Batten et
al., 2006; Stumhofer et al., 2006).

From pervious works it is known that IL-27 mediates its cellular function via binding
of IL-27 to its receptor (IL-27ra/WSX-1 and gp130 subunit), resulting in activation
of signal transducer and activator of transcription (STAT) 1 and STAT3 pathways
by the janus kinase, former known as just another kinase (JAK)-STAT pathway
(Stumhofer et al., 2007).

Blocking of human gp130 as part the IL-27 receptor (Figure 7) however was found
to inhibit STAT1 and STAT3 tyrosine phosphorylation in a dose dependent manner
(Pflanz et al., 2004).

JAKs are cytoplasmic tyrosine kinases which bind to specific regions in intracellular
receptor domains. After binding of JAKs to these domains the kinases come in
close proximity to each other which results in auto-tyrosine phosphorylation of the
JAKs in a ligand-depended manner. This also increases the phosphorylation
capabilities of the JAKs. Afterwards, phosphorylation of tyrosine receptor residues
takes place. This leads to formation of src homology 2 (SH2) domain- binding sites
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which is of high importance for this pathway since these are structural components
of STATs. As a result, STATs (-1, -2, -3, -4, -5a, -5b, and 6 in mammals) bind to
these SH2 domains and will be also phosphorylated by the JAKs. This also induces
the formation of SH2 domains on the STAT proteins which then causes the binding
of two STAT molecules forming homo- or hetero dimers. In the further course,
nuclear localization signals are accessible which results in translocation into the
cellular nucleus. STAT molecules act as essential transcription factors, regulating
the expression of a variety of genes (Horlad et al., 2016; Ma et al., 2019; Owaki et
al., 2008; Takeda et al., 2003).

A short overview of the IL-27/IL-27 receptor pathway, including STAT activations,
is illustrated in Figure 7.

| IL-27
P28m a3
1 } '
[IL-27 R 8 0p130
‘ {
akl
Jak1 .‘{;jz
Tyvk2
*%1aTS
Yetata

’ 2 )
- 2
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Figure 7: IL-27/IL-27 receptor-related STAT signaling pathways

STAT1

After binding of IL-27 which consists of two subunits (p28 and Epstein-Barr virus induced gene 3
(EBI3, blue circle) to the IL-27 receptor (blue square) which consist of IL-27ra/WSX-1 (here
called /IL-27R) and gp130, JAK-STAT pathway is activated. As a result, auto-phosphorylation of
JAKs takes place. After receptor formation, the latter are also phosphorylated leading to
accessibility of src homology 2 (SH2) binding sites which is essential for followed STAT binding.
Afterwards, STATs are also phosphorylated (pSTATs). Subsequently, pSTAT molecules dimerize,
and enter the cell nucleus via nuclear localization signals. In the nucleus pSTAT molecules act as
essential transcription factors for a variety of signaling pathways. (lllustration modified after
R&D Systems “IL-12 Family Signaling Pathways”.)

33



Introduction

1.5 Hypothesis and aims

Tw17 cells are pathogenic in crescentic GN (cGN) and also show a high degree of
stability. However, the molecular mechanisms underlying this Ty17 cell phenotype

in GN are still elusive.

In my thesis, | hypothesized that identification of molecular targets which are
responsible for the stable phenotype in NTN (cGN mouse model), can pave the
way for therapeutically interventions.

This might result in reprogramming Tu17 cells into immunosuppressive

phenotypes.

Therefore, with our unbiased approach, | aimed to identify potential targets which
are responsible for high Ty17 cell plasticity in this work.

Further, | aimed to validate the selected target in vivo and to deduce underlying
molecular mechanisms and pathways which are important for its role in T417 cells

in cGN by additional experiments.
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2 Material and

2.1 Material

Methods

2.1.1 Mice
Internal reporter Mutation / genetic feature = Background Supplier / Reference
mouse nhame
wit - C57BL/6 The Jackson Laboratory
The Jackson Laboratory
IL-17A Fate Reporter IL-17A%RE x R26°YFF C57BL/6  donation by B. Stockinger
(Hirota, 2011)
Fate" Reporter  FoxP3™" IL-10°IL17A"'x  C57BL/6 Flavell / Gagliani
IL-17ACRER 2@ YFP (Gagliani et al., 2015)
CRE eYFP The Jackson Laboratory
Thx21 (Tbet-) flox AT, X R26™ X C57BL/6  donation by B. Stockinger
mouse tbx21
/ UKE
2.1.2 Primer
. o Length .
Primer Sequence (5'-3) (nucleotides) Supplier
Random hexamer primer Random, Invitrogen

Invitrogen,

mostly hexamers

Cat. No: 48190-011
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2.1.3 Primer for genotyping

All primers were ordered from Invitrogen / Thermo Scientific, Waltham,
Massachusetts, USA.

dezzi:;)iiron Nucleotide sequence (5'-3) (nuI;;T;og:it:es)
CD4 Cre 1 CGA GTG ATG AGG TTC GCA AG 20
CD4 cre.2 TGA GTG AAC GAA CCT GGT CG 20
17AyfpF CAA GTG CAC CCAGCACCAGCTGATC 25
17AyfpRwt CTTAGT GGG TTAGTTTCATCACAGC 25
17AyfpiCreR GCA GCA GGG TGT TGT AGG CAATGC 24
Rosa26 Seq1 AAA GTC GCT CTG AGT TGT TAT 21
Rosa26 Seq2 GCG AAG AGT TTG TCC TCA ACC 21
Rosa26 Seq3 GGA GCG GGA GAA ATG GAT ATG 21
Tbet flox A TAT GAT TAC ACT GCA GCT GTC TTC AG 26
Tbet flox B CAG GAA TGG GAA CAT TCG CCT GTG 24

2.1.4 gPCR probes

Nucleotide sequences were not provided by the supplier.
All probes are directed against mouse antigens, FAM labeled and ordered from

Thermo Fisher Scientific, Waltham, Massachusetts, USA.
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Target gene Cat. No.
HPRT1 — 20x mix, 250uL Mm01545399
(endogenous control)
1I27RA MmO00497259
127 MmO00461162
Tef7 MmO00493445
Satb1 Mm1268940
Fasl MmO00438864
2.1.5 Antibodies
All used antibodies were anti-(a-) mouse directed.
Antibody Clone Supplier Note
o-CD3e Biolegend
(Ultra-leaf purified) 1 40-2C11 Cat. No. 100340 0GR AEUSE
o—Albumin Polyclonal Bethyl Laboratories Inc.

(Albumin ELISA)

a—Albumin,

(HRP-conjugated) Polyclonal

Cat. No. A90-134A

Bethyl Laboratories Inc.
Cat. No. A90-134P
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2.1.6 Antibodies for FACS?

Antibody Conjugate Isotype Clone Supplier 2:352:;’
Syrian BD
a-CD3¢ BV 450 Hamster 500A2 Cat. No. 560801 1:100
19G,,

4-CD3 BV510  RatlgG2b,«  17A2 CaBti.(r)\llo_ﬁgoeonzds . 1:100
4-CD3 BV650  RatlgG2b,x  17A2 Ca'f_i?\l'g_eggggzg 1:200
4-CD3 AF700  RatlgG2b,x  17A2 Ca'f’_i‘,’\l'g_eﬁjggg 6 1:100
4-CD3 BV785  RatlgG2b,«  17A2 Ca'f_i?\l'g_eggggw 1:100
-CD4 APC RatlgG2a,x  RM4-5 caegend 1:200
0-CD4 BV510  RatlgG2a,x  RM4-5 o e 1:100
0-CD4 BV605  RatlgG2a,x  RM4-5 R ONg ra 1:600
0-CD4 BV650  RatlgG2a,x  RM4-5 N e 1:600
4-CD4 BV785  RatlgG2a,x  RM4-5 Ca?fﬁlé_efgggsz 1:1000
«-CD4 PE-Cy7  RatlgG2a,x  RM4-5 Ca?i(l)\llcfggggZS 1:200
0-CD4 PerCP Rlzg;g{ 'j'(A RM4-5 oo arminge 1:100
«-CD8a BV785  RatlgG2a,x 5367 o 1:300

-CD11b APC RatlgG2b, x  M1/70 ot T s 1:200

0-CD45.1 APC Mcl’ggez Q'iw A20 o oSclences 1:100
4-CD45 el Ratlgeap,k  30-F11 oS egend 1:600
«-CD45 BV785  RatlgG2b,x  30-F11 e g 1:200
4-CD45 PerCP  RatlgG2b,x  30-F11 Bio Legend 1:100

Cat. No. 103130

2 FACS stands for: Fluorescence-activated cell sorting
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Antibody Conjugate Isotype Clone Supplier 2:352:;’
oIL-13  eFA50/V450  RatlgGlx  eBio13A . CPOSENeSS 11100
a-IL-17F  APC/AF647 MouselgGl,x  9D3.1C8 DO Le9nd 1:100
a-IL-17A  eF450/V450  RatlgG2a,x  eBio17B7 . SPOSPeNOeS 1200
a-IL-17A PE RatlgGix O 1010 Biotegend 1:100
o-IL-13 eF 450 RatlgGl,x  eBiol3A . SPOSPeNees  1:100
a-IL-27ra PE lgG2a, « 2918 Cat. Ne 264337 1:200
Isotype control PE IgG2a, « G155-178 . NE%E) 4648 1:200
“(‘gf%ge’ PE Mouse IgG2a,k  4/P-STAT3 NE% 12560 1:15
oa—y3-TCR BV 605 Harﬁg’::rr ii;;]z, « G2 St o, TG 1200
o—y3-TCR BV 510 Ha:;?:: i|Cgac22, « G Con. No. 263218 1:100
a—IFN-y APC Rat IgG1, « XMG1.2 Ca'ii‘,’\l'cfgggg 0 1:200
a—IFN-y BV 711 Rat IgG1, « XMG1.2 Bio Legend 1:100

Cat. No. 564336
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2.1.7 Buffers, media and solutions

Buffer

Composition

Buffer A for protein isolation

Buffer B for protein isolation

Coating buffer
(for albumin ELISA)

Digestion medium

Erythrocytes lysis buffer

Hematoxylin solution
(ready-to-use)

PBS, 1% FCS solution
(for small intestine preparation)

Percoll solution (37%, v/v)

Paraformaldehyde (PFA)
(for Histology)

Postcoat solution
(for albumin ELISA)

Re-stimulation medium

Sample / conjugate diluent (for
albumin ELISA)

Sérensen buffer

Washing Buffer (for small
intestine preparation)

Wash solution
(for albumin ELISA)

7mL PBS, 1 tablet of “Complete protease inhibitor’

7mL PBS, 1 tablet of “Complete protease inhibitor’, EDTA
1mM, EGTA 2mM, PMSF, NP40

100mL aqua dest., content of one capsule carbonate-
bicarbonate buffer (in 200mL cell culture flask)

RPMI-1640 medium (+ Glutamine) supplemented with
1% (v/v) FCS, 1% (v/v) HEPES, 1% (v/v) Penicillin-
streptomycin

NH4Cl, 160mM / Tris-HCI, 170mM, pH=7,6 (9:1 v/v)

Components: water, ethanol, hematoxylin, sodium iodat,
aluminum ammonium sulfate (Quantities not provided by the
company.)

PBS, 1%FCS (vl/v, sterile filtered)

106mL H,O, 74mL Percoll PLUS, 20mL 10x DPBS

22mL 37% (v/v) PFA in 178mL Sérensen buffer

1mL aqua dest., content of one package 50mM Tris buffered
saline, pH 8,0 — 1% BSA

X-Vivo medium, B-Mercaptoethanol (1:1.000 v/v), Brefeldin A
(1:500 v/v), PMA (1:20.000 v/v), lonomycin (1:1.000 v/v)

200mL of Postcoat solution, 1mL 10% (v/v) Tween20
(in 200mL cell culture flask)

3,03g NaHPO, + 14,14g Na,HPO, add to 1L with
bi dest. H,O, pH=7,2-7,4

PBS, 1% FCS (v/v, sterile filtered), 1mM EDTA

1L aqua dest., content of one package 50mM Tris buffered
saline, pH 8,0 — 0,05% Tween20
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2.1.8 Chemicals and consumables

Product Supplier Cat. No.
Invitrogen / Thermo Scientific,

Agarose (UltraPure) 16500-500
Waltham, Massachusetts, USA

Aqua ad iniectabilia B. Braun, Melsungen, Germany 3113087

Aqua rinse solution B. Braun, Melsungen, Germany  0082479E
Miltenyi Biotech, Bergisch

autoMACS Running Buffer 130-091-221
Gladbach, Germany

Collagenase D F. Hoffmann-La Roche AG,

11088866001

(f. Clostridium histolyticum) Basel, Switzerland
F. Hoffmann-La Roche AG,

Complete protease inhibitor 05892970001
Basel, Switzerland
KGW Isotherm, Karlsruhe,

Dewar, cylindrical 1029
Germany

Dithiothreitol (DTT), 1TmM Carl Roth, Karlsruhe, Germany 6908.1
F. Hoffmann-La Roche AG,

DNase | 10104159001
Basel, Switzerland
Thermo Fisher Scientific,

DNA Gel Loading Dye (6x) R0611
Waltham, Massachusetts, USA

Dulbecco’s phosphate buffered saline ~ Thermo Fisher Scientific, R

(DPBS resp. PBS) Waltham, Massachusetts, USA

Eosin solution Carl Roth, Karlsruhe, Germany 7089

Ethylenediaminetetraacetic acid
(EDTA)

Eukitt mounting medium

Fetal calf serum (FCS)

Hank’s balanced salt solution (HBSS)

Hematoxylin solution

lonomycin, Free acid,

(f. Streptomyces conglobatus)

Multistix Reagent Strips (Urea Sticks)

Sigma Aldrich, St. Louis,
Missouri USA

Sigma Aldrich, St. Louis,
Missouri USA

Thermo Fisher Scientific,
Waltham, Massachusetts, USA
Thermo Fisher Scientific,
Waltham, Massachusetts, USA

Carl Roth, Karlsruhe, Germany

Sigma Aldrich, St. Louis,
Missouri, USA / Merck
Siemens Healthcare GmbH,

Erlangen, Germany

03690-100ML

03989-100ML

10500-064

14170-008

3816

407950-1MG

10SG
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Product

Supplier

Cat. No.

Paraformaldehyd (PFA, 37% v/v)

Penicillin-streptomycin

Percoll PLUS

Perm Buffer Il

Phorbol 12-Myristate 13-Acetate
(PMA)

Pristane

RPMI-1640 medium

Recombinant mouse IL-27
(Stock conc.: 100mg/uL)

Recombinant mouse IL-6
(Stock conc.:200mg/uL)

TMB peroxidase substrate
(for albumin ELISA)

Tris buffered saline, with BSA, pH 8,0

(for albumin ELISA

Tris buffered saline, with Tween20, pH

8,0
(for albumin ELISA

Tween20
(for albumin ELISA)

1kb DNA ladder

Carl Roth, Karlsruhe, Germany

Sigma Aldrich, St. Louis,
Missouri USA

Sigma Aldrich, St. Louis,
Missouri, USA / Merck

BD (Beckton, Dickinson),
Franklin Lakes, New Jersey,
USA

Sigma Aldrich, St. Louis,
Missouri, USA
Sigma Aldrich, St. Louis,
Missouri, USA

Thermo Fisher Scientific,

Waltham, Massachusetts, USA

Biolegend Inc., San Diego,
California, USA

Biolegend Inc., San Diego,
California, USA

AVIVA Systems Biology, San
Diego, California, USA
Sigma Aldrich, St. Louis,
Missouri, USA

Sigma Aldrich, St. Louis,
Missouri, USA

Bethyl Laboratories Inc.,
Montgomery, Texas, USA
New England Biolabs (NEB),

Ipswich, Massachusetts, USA

7392.1

P4333-100ML

GE17-5445-01

558050

P1585

P2870-100

21875-034

577404

575704

OORA01684

T6789

T9039

E108

B7025
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2.1.9 Equipment

Equipment

Supplier

BD LSR I
BD LSRFortessa

BD FACSAria lllu

Biological safety cabinet
Nuaire KS12

Centrifuge 5417R
Centrifuge C1008-B my Fuge

mini centrifuge
Citadel Tissue Processor
Shandon 1000

Cooling Plate, COP 30

COs,-Incubator HERAcell 240

COs-Incubator, B 5042

Coverslips

(for microscopy)

Cutfix one-use scalpel
Freezer (-20°C)

Fridge, CP 43 CPel 4313-20

BD (Beckton, Dickinson), Franklin Lakes, New Jersey, USA
BD (Beckton, Dickinson), Franklin Lakes, New Jersey, USA

BD (Beckton, Dickinson), Franklin Lakes, New Jersey, USA

Thermo Scientific / Heraeus, Waltham, Massachusetts,
USA

Eppendorf, Hamburg, Germany

Greiner Bio-One, Kemsmiinster, Austria

Thermo Fisher Scientific, Waltham, Massachusetts, USA

Medite GmbH, Burgdorf, Germany

Thermo Scientific / Heraeus, Waltham, Massachusetts,
USA
Thermo Scientific / Heraeus, Waltham, Massachusetts,
USA

Carl Roth, Karlsruhe, Germany
B. Braun, Melsungen, Germany

Liebherr, Bulle, Switzerland

Liebherr, Bulle, Switzerland
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Equipment

Supplier

GentleMACS Dissociator
(2 tubes)

Laboratory balance Navigator

Laboratory balance (fine) BP210S

Light Microscope
(Zeiss Axio Scope A1)

Magnetic stirrer bars

Metal sieve (concave),

200um pores
Microtome RM2255

Multichannel pipette, 12 channels,

20-200 pL

Multifuge 1S-R

Multifuge X3R

Neubauer counting slide
pH-Meter, FiveEasy
Pipettes (PIPETMAN classic)

Pipet Boy

Qubit 2.0 Fluorometer

QuantStudio 3 Real-Time PCR
System, 96-well, 0.3mL

Qubit 4 Florometer

Syringe Omnifix-F

Syringe Injekt-F

Syringe needle, Sterican 23G
Syringe needle, Sterican G20

Spectrophotometer DS11

Surgical instruments (Scissors,

clambs, tweezers, sharp spoon)

Miltenyi Biotech, Bergisch Gladbach, Germany

OHaus, Parsippany, New Jerey, USA

Sartorius, Géttingen, Germany

Zeiss, Oberkochen, Germany

VWR International, Radnor, Pennsylvania, USA
Linker, Kassel, Germany

Leica Biosystems, Wetzlar, Germany

VWR International, Radnor, Pennsylvania, USA

Thermo Scientific / Heraeus, Waltham, Massachusetts,
USA
Thermo Scientific / Heraeus, Waltham, Massachusetts,
USA

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Gilson Inc., Middleton, Wisconsin, USA

INTEGRA Biosciences AG, Zizers, Switzerland

Invitrogen / Thermo Scientific, Waltham,
Massachusetts, USA

Applied Biosystems / Thermo Scientific, Waltham,
Massachusetts, USA

Thermo Scientific / Heraeus, Waltham, Massachusetts,
USA

B. Braun, Melsungen, Germany
B. Braun, Melsungen, Germany
B. Braun, Melsungen, Germany
B. Braun, Melsungen, Germany

DeNovix Inc., Wilmington, USA

Carl Roth, Karlsruhe, Germany
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Equipment

Supplier

TC20 Automated cell counter
Thermal Cycler C1000 Touch
Thermocycler T3

T Professional Trio Thermocler
TissuelLyser I

Tungsten carbide beads

Tube magnet

(The big easy EasySep)
Ultra-low freezer (-80°C),
TSX70086V

Vortexer V1 S000

Zeiss light microscope IM35

Water bath incubator, Typ 1012

Laboratories Inc.

Bio-Rad Laboratories Inc., Hercules, California, USA
Biometra GmbH, Géttingen, Germany

Biometra GmbH, Géttingen, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Stemcell Technologies, Vancouver, Canada

Thermo Scientific, Waltham, Massachusetts, USA

IKA, Staufen, Breisgau, Germany

Carl Zeiss AG, Jena/ Oberkochen, Germany

Gesellschaft fir Labortechnik, GFL, Burgwedel,

Germany
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2.1.10 Plasticware

Product Supplier Cat. No.
C tube Miltenyi Biotech, Bergisch
(for GentleMACS Dissociator) Gladbach, Germany 130-093-37
Cell culture micro plate, 96-well, Greiner Bio-One Holding, 650180
u-bottom Kremsmiunster, Austria
Cell culture micro plate, 96-well, Greiner Bio-One Holding, 651160
v-bottom Kremsmiunster, Austria

. . Bio-Rad Laboratories Inc.,
Cell counting slides Meeolies, Calitamie, USA, 145.0015
CryoPure cryo tubes Sarstedt, Nimbrecht/Rommelsdorf 72 380992

Germany
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Product Supplier Cat. No.
Disposable pipetting reservoirs \;\é\rﬁs’lgszggiloagk el 89094-662
Falcon Round-Bottom Polypropylene .

tubes, 5ML (FACS tubes), gfr:‘;g‘;” Technologies, Vancouver, 3557

with caps

Falcon Round-Bottom Polypropylene

tu.bes, L (FAES Wbz, Stemcell Technologies, Vancouver, s
without caps Cansik

Falcon tubes 15mL E::;‘:;E':sgpengﬁgg’ 188271
Falcon tubes 50mL e I e e 227261
Filter Tip, 10pL gaerrf;‘j;:y Numbrecht/Rommelsdorf 7 4134 419
Filter Tip, 100pL giiiEZity NImAOEMROMIMRERCH o oag 2
Filter Tip, 200pL gaerrf;‘j;:y Numbrecht/Rommelsdorf 7 764 544
Filter Tip, 1000pL giiiEZity Nambrecht/Rommelsdort 7 765 44
Micro tube, 1,5mL gzrr?g:y Numbrecht/Rommelsdorf 7, 594 g1
Micro tubes, 1,5mL (screw cap) gaerriiit)’/ N RSl i 72.692
Micro tube, 1,3mL Sarstedt, Nimbrecht/Rommelsdorf

(filled with K3 EDTA) Germany 41.1504.015
Petri dish (92x16mm) giiiEZity Nambrecht/Rommelsdort g, 4473
Pipette Tip (w/o filter), 10pL gaerrf;‘j;:y Numbrecht/Rommelsdorf 7 44134 460
Pipette Tip (w/o filter), 200uL giiiEZity NETHISEEIHRTITEEL DN o e s6p
Serological pipettes, 25mL gzrri’;zit;/Numbrecht/RommeIsdorf 86.1685.001
Serological pipettes, 10mL gaerri’:zit;/Numbrecht/RommeIsdorf 86.1254.001
Serological pipettes, 5mL gzrri’;eait;/ Nimbrecht/Rommelsdorf 86.1253.001
T175 Cell culture flask Sarstedt, Nimbrecht/Rommelsdorf 83.3912

Germany
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2.1.11 Kits
Product Supplier Cat. No.
LEGENDplex bead-based immunoassay . .
(Cytometric Bead Array), gg'i?c?riri]: IJ;.ASan Diego, 740749
Mouse T Helper Cytokine Panel ’
LEGENDplex bead-based immunoassay . .
(Cytometric Bead Array), ggli?ogri?: ILr};.ASan Diego, 740446
Mouse Inflammation Panel ’
CD4" T Cell Isolation Kit (anti-mouse) g;gggg'{)ﬁ'%i%;?g'“h 130-104-454
. BIO-RAD Laboratories Ltd.,
DC Protein Assay Hertfordshire, United Kingdom 5000112
EasySep Mouse CD4+ T Cell Isolation Kit \S/;enrggﬁu;e‘éha”n"ggg'es' 19852A
LIVE/DEAD Fixable Near-IR Dead cell Thermo Fisher Scientific, 134975
staining Kit Waltham, Massachusetts, USA
. : Thermo Fisher Scientific,
Qubit dsDNA HS Assay Kit Waltham, Massachusetts, USA Q32854
RNeasy Plus Micro Kit (50) Qiagen, Hilden, Germany 74034
XNAT2 Extract-N-Amp Tissue PCR Kit SIEE) AEITE, $h. LelTs, XNAT2

Missouri USA
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2.1.12 Software

Software

Developer

Adobe lllustrator CS6; version 16.0.0

BD FACS Diva software; version 8.0.1

EndNote; version X9.1

FlowJo; version 10.5.3

GraphPad Prism; versions 6, 7 and 8

LEGENDplex Data Analysis Software;
version 7.0

Microsoft Office Professional Plus 2013;
version 15.0.5127.1000

Sequencing Software
(STAR and other self-programmed codes/
programs)

T-Base; version 14.3

Adobe Inc., San José, California, USA

BD Biosciences, Franklin Lakes, New Jersey, USA

Clarivate Analytics, Spring Garden, Philadelphia,
USA

Tree Star, Ashland, Oregon, USA

GraphPad Software Inc., La Jolla, California, USA

Biolegend Inc., San Diego, California, USA

Microsoft, Redmond, Washington, USA

Reference: (Dobin, 2013)

4D SAS, 60 Rue d'Alsace, 92110 Clichy, France
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2.2 Methods

All mouse experiments were performed in accordance with the latest national
guidelines and according to the German Animal Welfare Act (Tierschutzgesetz)

and approved by local health authorities.

Mice were housed under specific-pathogen-free (SPF) hygiene measures. Mice
treated with staphylococcus aureus (S.aureus) were housed under SPF conditions
in individually ventilated cages (IVCs). All mice were fed with standard food and
water ad libitum.

Animals in experiment were evaluated daily for: General appearance like skin,
movement, nose hairs, tails, social behavior etc. and special parameters were
checked according to the individual experimental requirements like: Bodyweight,

EAE scoring (2.2.13), proteinuria etc.

Before organ extractions, if not other noticed, the animals were first anaesthetized
with an 4% (v/v) isoflurane/ oxygen mixture in a chamber under a fume hood in the
animal facility. The reflexes were checked in the lower murine leg for proper and
sufficient anesthesia. Afterwards, mice were sacrificed by cervical dislocation and

organs were removed from the murine body.

2.2.1 Genotyping of trans genic mice

To determine and validate the genotype of the used transgenic mice (2.1.1) a
PCR-based approach was used.

Genotyping was initiated by DNA extraction and amplification from mice biopsies
(mice tails). For this purpose the XNAT2 Extract-N-Amp Tissue PCR kit was used

according to the manufacturers recommendations and protocol.

In the first step of the process, a PCR mix of 100uL Extraction Solution and 25uL
of Tissue Preparation Solution (TP) was mixed and added to the mice tail. The
DNA was then released from the biopsy by incubation at 55°C for 10min in a
thermal cycler. The DNA extraction was stopped by adding 100uL of
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Neutralizing Solution. After this step, the DNA was ready for further PCR
amplification. To do so, a PCR mix was prepared according to Table 4 and Table
5 (for 1x approach). Primer (stock concentration of 100uM, if not other depicted)

were used depending on the gene of interest, see 2.1.3.

Table 4: PCR mix for CD4 cre-, IL17A cre- and Rosa26 (YFP) genotyping

Reagent/ Primer Volume
Extract PCR Reaction Mix 10uL
Primer 1 1uL
Primer 2 1uL
(Primer 3 - if necessary, see 2.1.3) 1uL
Nuclease free H,0O Ad 16uL

Here, the PCR Reaction Mix included all reagents important for PCR amplification
of target genes (buffer, salts, dNTPs, Taqg polymerase).

In addition, 4pL of the extracted DNA was added for CD4 cre-, lI17A cre-, and
Rosa26 (YFP) genotyping.

Table 5: PCR mix for Tbx21 flox genotyping of transgenic mice

Reagent/ Primer Volume
Tbx21 flox A primer (10uM) 1uL
Tbx21 flox B primer (10uM) 1uL

dNTPs (10mM) 0,4uL
10x Dream Taq buffer 2uL

Dream Taq 0,1uL

Nuclease free H,O 14,5uL

For Tbx21 (Tbet-) flox genotyping, 1uL of the extracted DNA was added to the PCR
reaction mix. The thermocycler program was set according to the gene of interest
(Table 6) caused by different annealing temperatures of the used primers due to

different nucleotide lengths and sequences.
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Table 6: Thermocycler programs for genotyping of transgenic mice

Gene of interest Temperature Duration Note
CD4 cre 95°C 5min
95°C 30sec
62°C 20sec
72°C 30sec No. of cycles: 2x33
72°C 3min
4°C % Band at 390bp
1117A cre 94°C 90sec
94°C 30sec
61°C 40sec
72°C 50sec No. of cycles: 2x31
72°C 3min

Mutant band at 597bp,

4°C i Wt band at 304bp
Rosa26 (YFP) 94°C 5min
94°C 30sec
51°C 30sec
72°C 30sec No. of cycles: 2x33
72°C 5min
4°C 0 Band at 600bp
Tbx21 flox 94°C 5min Band at 600bp
94°C 30sec Band at 600bp
60°C 30sec Band at 600bp
72°C 1min
72°C 5min

Wt band at 298bp,
4°C 0 Tbx21 null at 400bp,
Tbx21 flox at 440bp
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During DNA amplification, a 200mL and 1,5% agarose gel was prepared for gel
electrophoresis.

During this molecular biological process, the electrical charge of nucleic acids
strains (which is caused by the negatively charged phosphate residues) is used to
separate them by size and charge in an electrical field. Other substances like
proteins can be separated with this method as well.

While gel electrophoresis, the negatively charged nucleic acids (DNA/ RNA)
migrate to the positive charge through a matrix of agarose or other substances.
Shorter molecules migrate more easily through the pores of the agarose matrix
than longer ones.

After the PCR reaction was finished and the prepared gel was ready to use, 4uL
of ethidium bromide (EtBr) and DNA gel loading dye was mixed with the PCR
amplification product. Finally, the gel pockets were loaded with these samples
(including one pocket filled with a 1000bp DNA ladder) and the voltage was set to
120v and 400mA. The run was finished after the visible blue band reached the
lower end of the gel. Afterwards, the gel was analyzed by the DNA ladder and
according to the gel band pattern.

2.2.2 Induction of nephrotoxic nephritis (NTN)

In order to induce a nephrotoxic nephritis (cGN, NTN) in mice, anti-murine
glomerular basement membrane (GBM) sheep antiserum was applied to healthy
animals (female, 10-14 weeks old). Although the immune response in the human
cGN is directed against different antigens compared to NTN the clinical outcome
(e.g. proteinuria) and histology in the experimental mouse model shows very
similar pathological features compared to the human situation in cGN as depicted
in Figure 8 (Unanue and Dixon, 1967). The antiserum was applied i.p. into the
animals. Due to the different specificities of the antiserum the injected volumes and
the pathogenic potential to induce the NTN and an immune response differed from
batch to batch.
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A

Figure 8: Histology of human & murine PAS-stained kidney sections

Periodic acid-Schiff (PAS) staining of kidney sections: A: Healthy and B cGN glomerulus. The
nephritis-damaged glomerulus shows typical structural features which are also seen in cGN mice
samples D but not in the healthy murine glomerulus C. As a result of autoimmune-mediated kidney
inflammation, the damaged glomeruli exhibit cellular infiltrates (arrow) and necrotic tissue
(asterisk), shown in B and D, so called crescents. The progression of the kidney disease finally
leads to reduced glomerular filtration rate (GFR) and renal failure. (Image A and B: Courtesy of
Prof. Dr. med. Thorsten Wiech, Institute of pathology, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany)

Ten days after NTN induction, organs were extracted (3.3) and analysis was
performed in all NTN experiments.

2.2.3 Induction of Lupus Nephritis (Pristane model)

As a second glomerulonephritis model, the pristane-induced lupus nephritis has
been chosen. From previous work it is known that in this systemic disorder is also
dependent on a Ty17 cell-mediated immune response and exhibit a relatively high
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Tw17 cell stability, similar to the NTN model (Krebs et al., 2016b). Also see results,
3.1.5. The exact causes for this complex disease are still unknown.

Pristane is a natural occurring colorless oil. Chemically, it is a C19 branched alkane
with the molecular formula C19H4o (Figure 9). The IUPAC (/nternational Union of
Pure and Applied Chemistry) name is 2,6,10,14-tetramethylpentadecane.

CH3 CH3 CH3 CH3
H3C CHS

Figure 9: Structural formula of Pristane (2,6,10,14-tetramethylpentadecane)

To induced lupus nephritis via pristane, 0,5mL of this oil were injected into
4-month-old female IL-17A reporter mice.

It is known that about 8-10 days after pristane injection, the mice suffer from effects
that could affect the animal lungs. Hence, in this time period, the mice were
checked daily for abnormalities in behavior and appearance.

As a long-term experiment with slow progression, the mice were housed in mice
cages for 52 weeks with food and water ad libitum, as described earlier.

In between, every 3-4 weeks urine samples were collected and proteinuria was
measured using urea sticks.

2.2.4 Urinary sample collection and urinary proteinuria determination

The murine urinary samples were collected in a metabolic cage (Figure 10) within

approximately four hours.
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Cover with holes

Mouse

Urine collection:

96well plate
(3 wells filled with H,0)

Figure 10: Metabolic cage for murine urine collection (scheme)
The mouse from which the urine was collected was placed inside the metabolic cage, sitting on top
of a 96well plate. Three wells were filled with water. The lid was made from a pipet tip box. Holes
were present for sufficient air supply. The whole cage was connected with adhesive tape. The
collection procedure took about four hours. Afterwards, the mouse was released into normal cage.
(Credit: Jacqueline Zimmerling / own photographs.)

The urinary protein content was determined by urea sticks. To do so, multiple
parameter sticks were covered with 10uL urine from murine samples. Depending
on the protein concentration, the color of the stick changed to yellow (negative/ no
detectable urinary protein, “-“ symbol), green (low proteinuria/ traces, “+/-“ symbol)
or to dark blue (high urinary protein, four “+” symbols), correlating with protein

concentrations ranging as follows (Table 7).

Table 7: Determination of urinary protein by urea sticks

Symbol (on stick) Color Urinary protein content [mg/dL]

- 0 (negative)

+/- Increasing color: >0/ <30 (traces)
+ from yellow 30
++ (negative, no protein) 100

+++ to 300

s dark blue > 2000

(++++, high protein)
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2.2.5 Histological renal tissue preparation

2.2.5.1 Preparation of tissue slices for PAS staining

To determine the histological renal damage, murine kidneys were extracted as
described previously (2.2.6). Afterwards, slices of kidney tissue were stored in
4% vIv paraformaldehyde (PFA) overnight at 4°C. Then, the tissue slides were
washed three times with phosphate buffered saline (PBS) for five minutes (min)
each on the shaker. In order to reduce the water content and to prepare the tissue
samples for paraffin embedding, tissue samples were first treated in a solution of
50% (v/v) ethanol (EtOH) for two hours at room temperature (RT).

Afterwards, the tissues were processed in a histological citadel, pre-filled with
ethanol (EtOH, 60%, 70%, 96%, 100% v/v), paraffin and xylol in differently
temperatured baths for 15 hours. After paraffin-embedding, the tissue was cooled
down to -15°C and sliced with a microtome to a thickness of 0,5-1,0um for periodic
acid-schiff (PAS) staining.

After slicing, the tissue samples were de-paraffinized and hydrated again in order
to prepare the tissue for PAS staining (2.2.5.2) according to Table 8.
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Table 8: Sample treatment for preparation of PAS staining

Step Component Content (vol-%) Duration (min)
1 Xylol 100 5
2 Xylol 100 5
3 Xylol 100 5
4 EtOH 100 5
5 EtOH 100 5
6 EtOH 100 5
7 EtOH 96 5
8 EtOH 96 5
9 EtOH 96 5
10 EtOH 70 5
11 EtOH 70 5
12 EtOH 70 5
13 Aqua dest. 100 5
14 Aqua dest. 100 5
15 Aqua dest. 100 5

2.2.5.2 PAS staining

This dye was used for staining of kidney tissue sections.

After re-hydration and de-paraffinination, the tissue samples were oxidized with
periodic acid solution (0,5% v/v) for 15min at RT. Then, the samples were washed
first with running tap water for 2-3min followed by washing with aqua dest. The
slices were treated with RT-preheated Schiff's reagent for 40min at RT, followed
by washing with warm running tap water for 7min and then with aqua dest. During
the incubation with Schiff's reagent, the sections became a light pink color.

The actual staining of cell nuclei, mitochondria, elastin, myelin and collagen fibers
was accomplished by incubation of the tissue slices with RT-warm ready-to-use
hematoxylin solution (Béhmer, 1865) for 1-2min. Here, the sections immediately
became dark pink. After PAS staining, the histological samples were checked for
proper staining and may be repeated afterwards for appropriate time. Then, all

samples were washed with warm running tap water for 2-3min and were then very

58



Material and Methods

shortly treated with hydrochloric acid (HCI)/EtOH by shortly dipping each sample
into the solution 2-3 times.

The samples were washed again under cold running water for 2min, followed by
aqua dest.-washing. Finally, the PAS-stained tissue slices were dehydrated and

coversliped using a mounting medium (Eukitt).

2.2.5.3 Hematoxylin-Eosin (HE) staining

During this procedure, hematoxylin is oxidized to haematein. Here, the alkaline
haemalum dye is used to stain acidic or basophile structures blue. These structures
include the ribosome-enriched endoplasmic reticulum and the cell
nuclei-containing DNA. This dye was used for staining of small intestinal tissue

samples.

After re-hydration and de-paraffinination, the tissue samples were incubated with
haemalum for 2min. Afterwards, the samples were washed for 8min under running
tap water and aqua dest. Next, tissue was incubated in eosin (0,5% v/v) for 15sec
and were washed with aqua dest. After this step, tissues were washed first with
96% EtOH and then twice with 100% EtOH. Finally, tissue samples were washed
twice with xylol and were then embedded with Eukitt.

2.2.5.4 Light microscopic crescent counting

Then, the slices were transferred onto a microscope slide holder for following
microscopic investigation and crescent counting.

In order to determine the renal damage according to the microscopic tissue slices,
30 glomeruli in total were counted (Figure 10) and the ratio of pathogenic glomeruli
was calculated. For this purpose, an objective with 20-fold magnification was used,
leading to a total microscopic magnification of 200-fold.
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2.2.6 Preparation of leukocytes from murine kidneys

After extraction of murine kidneys, the kidney capsule was gently removed in order
to optimize later tissue digestion. Then, the organ was transferred onto a petri dish.
A small piece of the kidney pole was removed for RNA isolation and a middle slice
was cut with a scalpel for histological investigations (2.2.5). The rest of the organ
was cut with a scalpel into very small pieces. Afterwards, the tissue was transferred
into a “C tube” (for GentleMACS dissociator), prefilled with 5SmL RPMI-digestion
medium (2.1.7). For tissue digestion 20uL Collagenase D and 10uL of DNase |
was added to the cell suspension and was incubated after gentle mixing at 37°C
in a water bath for 40min.

After digestion, the cell suspension was treated twice in a GentleMACS (standard
programs: “mSpleen 1.01” and then “mLung 2.01”). Then, the suspension was
centrifuged at 300g for 8min and 4°C and the supernatant was removed. For
leukocyte enrichment, the cell suspension was centrifuged for 15min at 500g and
RT in density gradient (using a 5mL of a 37% colloidal silica particle
suspension - “Percoll’, see 2.1.7).

This step was done in a 15mL tube. After the centrifugation, the tube was placed
upside down in a tube stand and the remaining cells were transferred into a 1,5mL
micro tube for later treatments like CD4" enrichment (2.2.17), re-stimulation and/or
FACS staining.

2.2.7 lIsolation of cells from murine spleens

The previously extracted spleen was removed from fatty tissue and then
transferred into 50mL tubes, pre-filled with 10mL Hank’s balanced salt solution
(HBSS). Then, the organ was mashed through a 70um cell strainer in order to
homogenize the cells. Afterwards, the strainer was washed three times with 10mL
ice cold HBSS each. Eventually, the cell suspension was centrifuged at 300g at

4°C for 7min followed by removal of the supernatant.
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To remove fatty tissue residues and not to clog the FACS device, the cell
suspension was filtered a second time using a 40pum cell strainer. Again, the
strainer was washed with ice cold HBSS (three times with 5mL each).

The final volume of 15mL was used for cell number quantification (2.2.9).

2.2.8 Erythrocyte lysis of spleen cells

Efficient FACS detection of lymphocytes depends on the elimination of interfering
cells. Therefore, spleen cells were prepared as described in 2.2.7.

Red blood cells (erythrocytes) were lysed by addition of a two-component solution
made of NH4ClI, and Tris(hydroxymethyl)aminomethane hydrochlorid (Tris-HCI) in
a ratio of 9:1 v/v (2.1.7). 1mL of this solution was added to the cell pellet. Then, the
suspension was incubated at RT for 5min. The lysis was stopped by addition of
5mL of ice cold PBS or HBSS. Eventually, the cells were centrifuged at 350g for
5min at 4°C and finally washed two times with 2mL of cold PBS.

2.2.9 Automated and manual cell count

For automated cell counting, an 10uL aliquot was used. This cell suspension was
diluted with 10uL of trypan blue (TB) staining dye. The suspension was incubated
for about one min at RT. If a cell is dead the dye will migrate through the porous
cell membrane and therefore stains dead cells blue.

However, living cells with an intact cell membrane are not stained which is visible
under the light microscope. Afterwards, this suspension was added onto a cell
counting slide and inserted into the automated cell counter (2.1.9). Finally, a size
selection (4-12um) was set and the counter displayed the living and dead cell

number.

Manual cell counting is (if executed carefully) more precise in terms of the actual
cell number compared to the automated cell counting (see above), but takes

significantly longer. In order to manually determine the cell number, a microscopic
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glass slide with embedded gridlines (Hemacytometer, Neubauer cell chamber) was

used (Figure 11).

L L

Figure 11: Neubauer cell counting chamber
Hemocytometer used for manual cell counting. Four squares (indicated by the letter L) were
counted. Then, the mean cell count was calculated. The cell number was subsequently calculated
by multiplication of the mean sum, the dilution factor and the chamber factor.

First, the hemocytometer was cleaned with alcohol and water. Then, a 5L aliquot
of the well homogenized and mixed harvested cells was removed and 5uL of PBS
was added. Next, 10uL of TB was added to the cell suspension and the suspension
was incubated for 1min at RT.

Afterwards, four corner squares (see Figure 11, marked with L) were counted
using a microscope with 20-fold magnification and the mean cell count was
determined.

Finally, the cell number was calculated (mean sum of counted cells x dilution

factors x 10.000, for the chamber factor of the hemocytometer).

2.2.10 Enzyme-linked immunosorbent assay (ELISA) of renal albumin

The principals of the enzyme-linked immunosorbent assay (ELISA) are the same
as the cytometric bead array (CBA) or vice versa (2.2.31). In contrast, the used
sandwich ELISA reaction takes place not on a bead but on the surface of a 96-well

plate coated with an anti-murine, anti-albumin antibody.
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The detection reaction is also different to that of the CBA. In the ELISA, a
horseradish peroxidase (HRP-) coupled detection antibody is used. In the process,
the HRP reacts with the 3, 3', 5, 5'-tetramethylbenzidine (TMB) substrate solution.
During this chemical reaction, the peroxide (H20) is being reduced to water (H20)
and the TMBE is oxidized (

Figure 12). As a result, the color of the solution gets blue (at an absorption
maximum at 650nm). In the course of the reaction, more and more oxidized TMB
is formed which tends to precipitate from the solution. In order to get accurate
measurements, the reaction is stopped by addition of sulfuric acid (H2SO,). After
this step, the solution gets yellow at a wavelength of 450nm (Martin et al., 1984).

CHs CH;,
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Figure 12: Oxidation of TMB by horseradish peroxidase
In the course of the ELISA detection reaction 3', 5, 5'-tetramethylbenzidine (TMB) is being oxidized
by the horseradish peroxidase (HRP), coupled to the detection antibody. During this reaction, the
peroxidase (H,0) is reduced into water (H,O). As a result, the solution color gets blue at 650nm.
After this step the stop solution (sulfuric acid, H,SO,) prevents precipitation of the oxidized TMB

and the color gets yellow du to elector shifts.

In order to perform the albumin ELISA from collected murine urine samples (2.2.4),
the following buffer and solutions were prepared one day in advance (Table
9 and 2.1.7).
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Table 9: Buffers and solutions for albumin ELISA

Buffer / solution

Coating buffer
Wash solution

Postcoat solution

Sample / Conjugate diluent

One day before the actual albumin quantification, a high-binding 96well-plate was
coated with anti-murine albumin antibody (2.1.5). To do so, 100uL of the well mixed
antibody was diluted into 9900uL of prepared coating buffer in a 50mL tube. Then,
100pL of the 1:100 antibody dilution was transferred into the plate via a
multichannel pipette. The plate was covered and coated over night at 4°C.

The next day, the plate was washed three times with 200uL washing buffer per
well. After each washing step, the plate was tapped onto the laboratory bench
covered with paper tissues. After the last washing step, it was very important to
remove any residual liquid from the wells to ensure proper pre- sample dilutions

(see below).

After plate washing 200uL of postcoat solution per well were transferred into the
plate, followed by 30min of incubation time at RT in order to block unspecific
binding sites. Meanwhile, sample and standard dilutions were prepared
(see below). Afterwards, the plate was washed three times with 200uL washing

buffer per well, according to previous washing steps.
To quantify albumin in murine urine samples via ELISA, serial sample dilutions

were prepared according to their proteinuria level (by urine sticks, 2.2.4). As shown

in Table 10, dilutions are depicted according to their proteinuria level.
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Table 10: Pre- sample dilutions for albumin ELISA

Level of proteinuria Urinary protein Pre-dilution of urine
(according to urea stick, content [mg/dL] samples for albumin
by symbols) ELISA
- 0 (negative) No ELISA
+/- >0/ <30 (traces) 1:1000 / 1:500
+ 30 1:1000
+ 100 1:20.000
+++ 300 1:50.000
+H++ > 2000 1:100.000

After preparation of all sample pre-dilutions with sample / conjugate diluent solution
in 1,5mL tubes, albumin standards were prepared from mouse-albumin 1mg/mL

according to Table 11.

Table 11: Albumin standard dilutions for ELISA

Standard No. Standard concentration [ng/mL]
SO 10.000
S1 1.000
S2 500
S3 250
S4 125
S5 62,5
S6 31,25
S7 15,63
S8 7,8

In the next step of the albumin ELISA, 100uL of sample or standard dilution were
pipetted into the appropriate wells. The plate was then incubated with sample- and
standard dilutions for 1h at RT. Again, the wells were washed five times with 200pL
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washing buffer per well. For Incubation with the HRP-coupled detection antibody,
the well mixed secondary antibody (2.1.5) was diluted 1:50.000 in 50mL of sample
diluent. Then, 100uL of the detection antibody per well was transferred and then
incubated for 1h at RT and covered. Afterwards, the plate was again washed
5 times and the substrate reaction followed by addition of 100uL of ready-to-use
TMBE substrate solution to each well. The plate was incubated in the dark for
15min at RT. Meanwhile, the photometer was switched on the plate layout was set
in order to ensure fast sample measurement. The substrate reaction was stopped
by addition of 100uL 2M H>SO4 per well under the fume hood. Immediately after
the reaction was stopped, the plate was measured via a photometer at 450nm and

the albumin was quantitatively determined in the murine samples.

2.2.11 Quantification of other parameters in murine blood and urine

Quantification of creatinine, urea, triglycerides and cholesterol from murine blood
and urine samples were performed in the central laboratory facility (Zentrallabor)
of the UKE.

2.2.12 Induction of experimental autoimmune encephalomyelitis (EAE)

EAE is one of the most common animal model for MS which shares many
pathophysiological and clinical features (Constantinescu et al., 2011; Robinson et
al., 2014). In this model, the disease is caused by immunization of the mice with
peptides of myelin proteins (Aharoni et al., 1997; Althaus, 2004; Arnon and
Aharoni, 2009). The latter is a glycoprotein which forms an insulation layer around
the axons of nerve cells in the central nervous system (CNS). The myelin facilities
higher nerve conduction velocity at relatively small axon diameter by the salutatory
excitation conduction (Campbell et al., 2015).

Due to the relatively low immunogenic potential of the myelin peptides, strong

adjuvants (like complete Freund's adjuvant, CFA) are used.
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EAE induction was performed on day 0 of the experiment by injection of 2x100ug
of myelin oligodendrocyte glycoprotein (MOGss.55) into the tail roots of the
anaesthetized animals (male mice, 12 weeks old). The immunogenic epitope
MOG3s5.55 was suspended in CFA prior to immunization.

On day 0 and 2 days later, 100uL of a solution containing 200ng pertussistoxin
(PTx) was injected retrobulbary using a fine insulin needle (Bittner et al., 2014).

In the course of the disease, mice develop a self-limiting monophasic EAE with
ascending paralysis within 8-14 days after immunization starting from the tail. After
EAE induction, the mice were evaluated daily until the end of the experiment
(chapter 2 and 2.2.13). In addition, mice were provided with liquefied normal dry
food directly after the first signs for tail paralysis and until the end of the experiment.

2.2.13 Mice evaluation during EAE experiments (EAE scoring)

To evaluate the disease severity, mice were clinically checked in respect to general
conditions like body weight, skin-, eye-, after-, tail- and hair- appearance and social
behavior (aggressive, lethargic etc.).

Also, grid tests were performed in order to determine the degree of paralysis of the
extremities according to Table 12 (Brooks and Dunnett, 2009).

Therefore, mice were put on a cage grid and then the grid was turned over to check
the grip of the tail and the legs of the animal.

Mice with EAE scores above 3,5 were sacrificed to according by the guidelines of

the animal protocol.
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Table 12: Evaluated Features and scoring points during EAE scoring

Disease EAE Grid test Walk Additional
severity Score Scoring points
- 0 DR @, (2] Normal Weak :a(:l’sloss of
used for climbing R
contact during climbing
Secure grip, feet *0,25
Low 1 " Normal One criteria from “1,5”
put sequentially fulfilled
Feed slip off
AND . . R
Moderate 1,5 Slight waddling Both feed put
R VRS [2UE simultaneousl|
simultaneously y
Loss of both feed Waddling
. N +0,25
2 during climbing, (good to
Longer loss of contact
can be restored overserve)
e
High 2,5 9 9 Clear waddling Feed seem to be stiff
el WO o (heavy waddling)
restored y 9
Partial paralysis +0,25
Very high 3,0 of one or both One leg completely
legs paralyzed
Eg.d—stage Complete -0,25
isease . :
. 3,5 paralysis of both Only one leg is
(e Ve legs completely paralyzed
sacrificed) 9 P y paraly
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2.2.14 Preparation of leukocytes from murine brains

On day 14 after EAE induction (2.2.12) and appropriate EAE score (at least 1,5 of
3,5), the experiment was finished by extraction and analysis of immunological cells
from the murine brain.

The animals were continuously anesthetized (2.2). For the following coronae
perfusion, 600uL of the analectic burprenorphin (0,1ug/g body weight) was injected
subcutaneous into the mice. Then, the mice were placed in position to open the
abdomen. The lungs were cut and 5mL of perfusion solution (PBS or NaCl) was
slowly injected into the heart of the animals. During this procedure, the liver turned
from red to whitish. To ensure death of the animals, the heart was cut in two after

perfusion.

For brain extraction, the mice were fixed on a cork plate and the skin was opened
from the back to the nose of the animal. Then, the skull and the intramedullary
canal was carefully opened with a small sharp scissor and the brain was completely
and very carefully removed from the inner scull via a sharp small spoon, including
olfactory bulb, cortex, midbrain, cerebellum and a short part (ca. 1cm) of the
medulla/ spinal cord.

After organ extraction, the fine-sheared brain tissue was transferred into a C tube
containing SmL of digestion medium, 50uL Collagenase D and 25uL DNase I. The
cell suspension was incubated in a water bath for 40min at 37°C. Afterwards, the
suspension was further shredded in a gentleMACS (1! pre-set program: “Brain
3.0”, 2" pre-set program “spleen 2.0”). The tube was then centrifuged at 350g for
6min at RT and the supernatant was removed. The pellet was washed two times
with 5mL of PBS each. To homogenize the cells, the suspension was mashed
through a 40um strainer and was washed twice again (see above). Afterwards,
5mL of percoll was added and resuspended for density gradient centrifugation
(15min at 500g and RT, break 4 of 9). The supernatant was removed carefully and
1mL of PBS was used to resuspend the cell pellet.
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2.2.15 Induction of anti-CD3 mediated duodenitis

In order to induce anti-CD3 duodenitis, a sepsis model, mice were i.p.-injected with
20pg of anti-mouse anti-CD3e antibody/ PBS solution on day 0 using a 1mL
syringe. On day 2, the procedure was repeated a second time, four hours before

extraction of the small intestine.

2.2.16 Isolation of murine mononuclear cells from small intestine

First, the organ was extracted from mice to prepare cells from the small intestine
(si), located between stomach and cecum. The organ was transferred to a PBS
soaked paper towel and fatty tissue and Peyer's patches were removed. After this,
a ring of the small intestine was cut for histology and the organ was cut open
longitudinally. The latter was put into a well of a 6well plate, filled with 6mL of
washing buffer. The feces were removed by shaking around the tissue in washing
buffer with forceps. The step was repeated in fresh buffer and the tissue was
transferred into a petri dished filled with washing buffer. After this step, the tissue
was cut into pieces one cm in length in a 50mL tube, pre-filled with 20mL of
pre-warmed (37°C water bath) washing buffer and a magnetic stirring bar. 10uL of
dithiothreitol (DDT) was added to a final concentration of 1mM and the tube was
put on top of a magnetic stirrer in an incubator for 7min at 37°C. Then, the
suspension was poured through a concave metal sieve (200um) and the remaining
tissue was washed by rinsing with cold washing buffer. Thereafter, the tissue was
transferred with forceps into a 50mL tube containing 20mL of pre-warmed washing
buffer and a magnetic stirring bar. Again, the suspension was incubated for 7min
on top of a magnetic stirrer and in a 37°C incubator but this time without DDT.

Afterwards, the suspension was again poured through a concave metal sieve and
the remaining tissue was washed twice by shaking around with forceps in a petri
dish, containing 6mL of PBS, 1% FCS solution (2.1.7). The tissue was cut in very
small pieces with a scissor and the remaining cell mash was transferred to a 50mL

tube filled with 10mL digestion medium using a truncated pipet tip.
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The tip was washed two times with liquid from the top of the tube. Then, 40uL of
Collagenase D and 20uL of DNase | was added and the suspension was incubated
for 30min at 37°C.

After this incubation, a 70um nylon mesh (cell strainer) was placed into a 50mL
tube and the cells were mashed through the mesh for homogenization. The strainer
was then washed two times with 10mL of washing buffer and the tube was
centrifuged at 360g for 7min at 4°C.

The supernatant was removed by tube inversion and 5mL of a 37% percoll solution
was added for density gradient centrifugation at 500g (with reduced break 4 of 9 to
sustain the formed gradient) for 15min at RT. Again, the supernatant was carefully
removed and the cells were transferred into a FACS tube. Finally, cells were
washed with 2mL of MACS buffer.

2.2.17 Enrichment of CD4" T cells from cell suspension

All antibodies used for CD4" enrichment were directed against anti-mouse
antigens.

2.2.17.1 CD4" T cell isolation kit (Miltenyi Biotec)

The kit was used according to the manufacturers recommendations and protocol.

Before the actual CD4" enrichment of the separated cells (as described in 2.2.6,
2.2.7 and 2.2.14), the cell suspension was centrifuged at 360g for 7min at 4°C.
Next, 400uL of MACS buffer was added and the mixtures was vortexed gently to
detach the cell pellet and to homogenize the cells. Then, 100uL of the well mixed
Biotin antibody cocktail was added and the cells were incubated in the fridge (4°C)
for 5min. 300uL of MACS buffer was added. Afterwards, 200uL of the very well (for
at least 60sec) vortexed anti-biotin Microbeads was added and the mixture was
incubated for another 10min at 4°C. In the meantime, in order to prepare the
columns for the next step, the latter were placed in a magnetic column holder and
were first flushed with 1mL of MACS buffer three times each.
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Also, a 30pum filter was put on top of the column to prevent cells from clogging in
the FACS device. To optimize flow-through, the filter was also flushed with 500uL
of MACS buffer. Eventually, a 15mL tube was placed beneath the column to collect
the CD4" enriched cellular flow-trough.

After incubation, the cell suspension was added on top of the filter.

Finally, the column was washed three times with 1mL MACS to recover as much
CD4"-enriched cells as possible. The cell suspension was washed one time with
MACS buffer by centrifugation at 360g, 4°C.

2.2.17.2 EasySep Mouse CD4" T cell isolation kit (Stemmcell)

In later experiments, a different CD* T cell isolation kit (Stemmcell) was used,
because of practical advantages over the Miltenyi kit (faster procedure, no column

needed).

The kit was used according to the manufacturers recommendations and protocol.
The cell concentration was set to 1x108 cells/mL in a volume range of 0,25-2mL,
as proposed by the manufacturer.

In order to fulfill the manufacturers requirements for this kit, the cells were counted
prior, as described in 2.2.9. In case of variations in cell number, the volumes were

adjusted accordingly.

Again, as explained for the Miltenyi CD4" separation, before the actual CD4"
enrichment of the separated cells (as described in 2.2.6, 2.2.7 and 2.2.14), the cell
suspension was centrifuged in a 5mL FCAS tube at 360g for 7min at 4°C.

Then, 50uL of rat serum per mL sample was added and the suspension was
carefully mixed. Next, 50uL of isolation cocktail per sample was added and the
cells were gently mixed and incubated for 10min at RT. During incubation time, the
magnetic beads (RapidSpheres) were well vortexed for at least 60sec.

After incubation, 75uL of the magnetic beads per mL of sample were added and
the cell suspension was gently mixed and 2.5min of incubation time at RT followed.
Then, the suspension was filled to 2.5mL with PBS.
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Finally, the tube containing the cell suspension was placed in a single tube
magnetic holder for 2.5min. Then, the supernatant was filled into a 5SmL tube.
These cells were enriched CD4" T cells. The cells were washed one time with PBS

and stored at 4°C as described earlier.

2.2.18 Ex vivo re-stimulation of cells from spleen and kidney

PMA (Phorbol 12-Myristate 13-Acetate) and lonomycin (from the bacterium
Streptomyces conglobatus) are commonly used in combination to stimulate T cells
and hence promote the intracellular production of Ca** and cytokines in different
cytokines (Ai et al., 2013; Elzi et al., 2001).

For ex vivo re-stimulation, organs (spleen, kidneys) were extracted and a
homogenous cell suspension was prepared (see 2.2.7 and 2.2.6). Then, the cell
suspension was centrifuged in a FACS tube at 360g and 4°C for 5min. Next, the
stimulation medium was prepared according to 2.1.7.

For re-stimulation, 1mL of this freshly prepared medium was added to each
sample. After gentle mixing, the samples were incubated in a 37°C incubator
without CO; for 3,5h. Afterwards, the samples were washed two times each with
2mL of MACS buffer for further FACS staining.

2.2.19 Cellular surface- and intracellular staining for FACS analysis

This chapter describes the cellular surface- and intracellular staining for FACS

analysis in a 96well plate format.

For cell surface staining, cells were first centrifuged at 350g and 4°C for 6min. After
homogenization and detachment of the cell pellet by gentle vortexing, the
appropriate cell surface marker was selected and added according to 2.1.6.

Cells were incubated in the fridge for 30min at 4°C to prevent bleaching of the
fluorescent conjugates. Two times washing with 2mL PBS each and centrifugation
as mentioned followed. Then, the cells were carefully transferred into a

73



Material and Methods

96-well plate. For cell fixation, 200uL of freshly prepared 3,7% (v/v) PFA was added
by gentle resuspension.

After incubation in the fridge for 17min, cells were centrifuged at 350g and 4°C for
2min. In order to gently permeabilize the cells, 200pL of the nonionic,
non-denaturing detergent octylphenoxy poly(ethyleneoxy)ethanol (IGEPAL
CA-630, NP-40, 0,1% (v/v) final concentration) was added and incubated in the
fridge for Smin. Afterwards, the sample was centrifuged at 350g and 4°C for 2min.
Finally, 100uL of a dilution of the appropriate intracellular antibody (2.1.6) was
added and the cell suspension was incubated in the fridge for 30min.

Before FACS measurement, the sample was washed two times with 200pL MACS
buffer and live/dead staining was performed by addition of 500uL of a 1:1000
dilution (v/v) of Near-IR (NIR) dead cell stain reagent (2.1.11) and incubation for
25min at 4°C in the dark. For FACS measurement, cells were washed with 200uL
of PBS.

2.2.20 Induction of staphylococcus aureus infection

All Staphylococcus aureus (S.aureus) experiments were performed with the
SH1000 bacterial strain.

In order to prepare a bacteria suspension from one colony, stock bacteria
suspension was plated on a ready-to-use blood agar-based nutrient medium in a
petri dish and in a pathogen free area. Therefore, a glass inoculating loop was
cleaned and partly sterilized with ethanol. Then, the loop was burned over a
Bunsen burner flame. After short cool down of the loop, it was inserted into a stock
SH1000 bacteria culture and was then streaked over the medium in the petri dish.
To get well separated single-bacterial colonies, the bacteria mixture was spread
over the surface of the agar medium that fewer and fewer bacteria were deposited
at widely separated points over the surface of the medium (streak-plate procedure).
After the first bacteria streak over the medium, a second and then a third sterilized
loop was plated crossing the previous streaks.

After incubation at 37°C and 5% COz (v/v) for two to three days, petri dishes with
bacteria colonies were removed from the incubator. Then, 10mL PBS was filled
into a 15mL tube. One bacteria colony was carefully replaced into the
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PBS-pre-filled tube via a sterilized inoculation loop. SH 1000 S.aureus bacteria
tend to stick to each other. To separate and homogenize the bacteria suspension,
a sonicator (ultrasonic probe) was used. Therefore, the probe was first sterilized
with ethanol. Then, the probe was inserted into the center of the 15mL tube which
was put into an ice-filled bucket to reduce heat formation during the sonication
process.

The sonicator was set to 20sec and 70% of the maximal sonication amplitude.
Afterwards, 700uL of the bacteria suspension and 700uL of PBS were mixed and
transferred into a photo spectrometer cuvette. The optical density at 600nm (ODsggo)
was measured and dilutions were prepared. Mice (males, 10 weeks old) received
1x10 staphylococci in 200uL sterile PBS via the lateral tail vein.

In addition, bacteria inocula were controlled by planting serial dilutions onto blood
agar plates. On day 14 after infection with S.aureus, mice were sacrificed and

organs were analyzed.

2.2.21 Flow cytometric cell sort and bulk sequencing

All cell sorts were performed with the BD FACSAria Illu according to the
manufacturer. Cell sorts were performed by the UKE FACS Core Facility.

Cells for further RNA isolation and RNA sequencing were sorted directly into
refrigerated 1,5mL micro tubes containing 350uL of RLT lysis buffer (RNeasy Plus
Micro kit, see 2.1.11), supplemented with 1:1000 (v/v) 3-mercaptoethanol.

For RNA sequencing, at least 20.000 cells were sorted each to ensure sufficient
cell number and RNA content. Three independent experimental samples were

send for sequencing per disease model and YFP status (Table 20).

RNA sequencing was performed by Novogene genome sequencing company in
Beijing, China.
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2.2.22 RNA isolation from cell suspension for sequencing

For isolation of RNA the RNeasy Plus Micro kit from Qiagen was used and handled

according to the manufacturers recommendations and protocol.

Other cells which were not sorted by flow cytometry (2.2.21) were stored
at -20°C/ -80°C and thawed before RNA isolation. Then, 350uL of RTL lysis buffer

was isolated and were incubated for 2min at RT.

First, the cell lysate was loaded onto an gDNA eliminator column in order to remove
genomic DNA. During centrifugation at 8000g for 30s, the flow-through containing
RNA was kept for next steps in the procedure. The genomic DNA was absorbed to
the gDNA eliminator column and was disposed. Then, the flow-through was loaded
onto a RNA-isolation column. During the next steps, buffer conditions enabled
RNA-specific adsorption to the column silica membrane and removal of impurities
and other contaminants. By repeated buffer washing and centrifugation steps,
contaminants passed through the membrane while the RNA was bound to the silica
membrane. Finally, the purified RNA was eluted in water. The elution was then
repeated a second time to ensure maximal RNA vyield. Then, RNA was quantified

with via a spectrophotometer (chapter 2.2.23).

2.2.23 DNA and RNA quantification

To quantify nucleic acids in solutions, a fluorometer (Qubit) and a micro volume
UV-/Vis spectrophotometer (DeNovix-DS17).

In general, the fluorometer is more accurate for measuring small amount of nucleic
acids in solution, but is also more time consuming.

In order to approximately determine the amount of RNA for cDNA synthesis, the

spectrophotometer (DeNovix-DS11) was used.
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Quantification with fluorometer

The Qubit HS (High sensitivity) kit was used according to the manufacturer's
recommendations and protocol.

First, a 1:200 dsDNA HS reagent dilution in dsDNA HS buffer was prepared (1uL
reagent and 199uL buffer). Then, 190uL (for two standards) and 198uL (for the
samples) of this dilution were pipetted into a Qubit tube. Next, 10uL (standards) or
2uL (sample solution) were added to the previously pipetted dilutions, respectively.
The tubes were incubated for 2min at RT. Afterwards, one tube after the other was
inserted into the fluorometer and the DNA concentration was measured.

In the next step, the RIN value (RNA integrity number) which is an algorithm for
assessing integrity of RNA, evaluated from the 28S to 18S RNA, was determined.
In all cases the RIN was in the range of 8,5 to 9,9 from 10 for best RNA integrity.

Quantification with spectrophotometer

To quantify nucleic acids, the device was turned on and the samples type
(DNA/RNA) was set in the software main menu. Then, the photometer was washed
three times with water by adding 2L of liquid, followed my clean-wiping with tissue
paper to ensure no contamination with other samples measured in the device.
Eventually, 1uL of the sample diluent (mostly RNase-/ DNase free purified water)
was added to the sample pedestal. The pedestal arm was closed and the sample
free fluid was measured and set to zero (blank). Now, the pedestal was cleaned
with a paper tissue and the rest of the samples were measured accordingly. Finally,

the pedestal was washed again with water and dry cleaned with paper tissue.

2.2.24 Complementary DNA (cDNA) transcription in vitro

In order to perform gPCR measurements/ analysis, the previously isolated RNA

needed to be transcribed into complementary DNA (cDNA). Therefore, first Master

Mix 1 was prepared according to Table 13 into 250uL PCR sample tube stripes.

The used random hexamer primer stock solution was diluted 30-fold with H,O.
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Table 13: Composition of Master Mix 1 for cDNA synthesis

Reagent for each well / tube Concentration Comment
2uL Random hexamer primer Stock: 3ug/uL Diluted 1:30 (H,0)
2uL dNTP's 5umol/L

Add 16uL ddH,O per Tube

Then, 4pL each of RNA sample solution with a concentration of 100ng/uL was
added to Master Mix 1. The resulting 20uL of solution per sample was incubated
in a thermal cycler at 65°C for 5 min.

The sample tube stripes were centrifuged shortly with a table centrifuge to remove
condensate water from the tubes which were caused during thermal cycling. Next,
16uL of Master Mix 1 (Table 14) was added to Master Mix 2, per sample.

Table 14: Composition of Master Mix 2 for cDNA synthesis

For each well/ Tube Comment
8uL reaction buffer (5x) 5x reaction buffer
4uL H,O

2uL revert Aid Reverse Transcriptase

2uL RNase Out Recombinant Ribonuclease Inhibitor

Finally, sample tubes were removed from the thermal cycler and centrifuged again.
Then, the sample tubes were inserted into a thermal cycler. The applied thermal
program is depicted in Table 15.
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Table 15: Thermal cycler program used for cDNA synthesis

Temperature Duration

25°C 10min
42°C 1h
70°C 15min
4°C 0

After cDNA synthesis, the generated cDNA was stored at -20°C for further use.

2.2.25 Quantitative real-time PCR (gPCR) analysis

In the first step of this real-time PCR method, the temperature is increased (95°C)
in order to denature the double stranded cDNA. During this step, the 5'-end bound
FAM fluorophore signal is restrained by a 3'-quencher molecule (dual-labeled
probe). Afterwards, the temperature is decreased (60°C) allow specific
hybridization of primer and probe. As the Tag-DNA-polymerase thermostable DNA
polymerase from Thermus aquaticus) extends the primer and synthesizes
complementary DNA strands by non-labled primers and the templates, the §' to 3'
exonuclease activity of the Taq polymerase degrades the probe that has annealed
to the template (Chien et al., 1976). This leads to the release of the fluorophore
(here FAM) from the probe and thereby from the close proximity to the quencher.
With each PCR cycle, more fluorescent labels are released which cause an
increased fluorescent signal proportional to the amount of amplification products
(Holland et al., 1991). For qPCR analysis, all samples were measured in

duplicates.

After cDNA synthesis of isolated RNA (2.2.24), gPCR master mix was prepared as

seen according to Table 16.
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Table 16: qPCR master mix composition

Component Volume

qPCR Primer 0,5uL
(FAM-labeled target-probe, e.g. IL-27ra)

Fast Universal PCR Master Mix (2x) 5,0uL

H,0O 2,5uL

Then, in a qPCR 96well-plate, 1uL of sample was added to 9uL of the gPCR master
mix each. In addition, 2 wells were loaded with 9uL qPCR master mix and 1uL

water.

The plate was sealed with an adherent foil, followed by centrifugation at 1000rpm
for 1min. Finally, the qPCR plate was inserted and the gPCR Thermo cycler was
stared with pre-set sample plate layout and thermocycler program

according to Table 17.

Table 17: qPCR cycler program

Temperature Duration
95°C 20sec
(1x)
95°C 1sec
60°C 20sec

(Number of cycles: 45)

Determination of n-fold relative gene expression via AACt method

To determine the relative gene expression, the gene expression of a gene of
interest (GOI) is normalized to a non-regulated Housekeeping gene (HKG).

Here, the expression of the GOl is referred to a ubiquitously and homogenously

expressed gene (HKG). All gPCR’'s were performed with the widely used
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HPRT1 (hypoxanthine—guanine phosphoribosyltransferase), EC 2.4.2.8.,
ENSEMBL ENSG00000165704) as a HKG (Baddela et al., 2014; Tan et al., 2012).
In the first step, the differences of the Ct values of the GOI and the HKG was
calculated:

ACt = Ct(GOI) — Ct(HKG)

After this normalization, if there was an external control vs. and a treated sample

the AACt was calculated by:

AACt = ACt(treatment) — ACt(control)

The relative difference in gene expression (expression fold change) of a sample
between treatment and control (ratio), normalized to the reference gene (HPRTT)
and related to a standard sample is given by:

ratio = 2~ 44Act

(All calculations are in logarithm base 2 (log2). Since, every time there is twice as
much of DNA the values for Ct decrease by one.)
An average (mean) of three separate gPCR experiments was calculated.

The AACt method is based on the assumption of optimal PCR efficiency during
real-time analysis which means doubling of the DNA amount (number of
DNA strands) after each PCR cycle. However, this is not true in practice. Therefore,
this method is only a quantitative approximation (Pabinger et al., 2014; Pfaffl,
2004).

2.2.26 Flow cytometric measurements and analysis
All FACS analysis were performed according to the experiments using either the

BD LSR Il or BD LSRFortessa instrument with installed BD Diva software (2.1.12)

and according to the manufacturer.
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Before FACS measurements, cells were checked for cellular conglomerates and
impurities which could potentially clog and damage the FACS device. If minor
conglomerates were visible by eye, cells were homogenized using a 30um cell

strainer.

FACS data analysis were performed via the FlowJo and Graphpad Prism software
(2.1.12).

2.2.27 IL-27 treatment of NTN-mice

In order to investigate the effect of IL-27 application in NTN-mice, NTN was
induced as described in 2.2.2. On day 5 after induction recombinant mouse IL-27
was daily injected i.p. in NTN and non-NTN mice for 5 days. As a control, PBS was
injected in control mice as well.

To test the effect of cytokine injection, experiments were performed with different
amounts of cytokine, ranging from 1ug, 3ug and 5ug per mouse (data not shown).
The appropriate amount of cytokine was diluted and prepared in a final volume of
200pL using sterile PBS. Finally, 5ug of IL-27 was used per mouse for further

experiments.

2.2.28 In vitro IL-27/ IL-6 stimulation and pSTATS3 staining

In order to investigate the effect of stimulation with IL-27 and IL-6 (Stumhofer et
al., 2007) with regard to STAT3 activation, organs (spleens and kidneys) of NTN
mice (NTN induction see 2.2.2) or non-NTN mice were extracted and a
homogenous cell suspension was prepared (2.2.7 and 2.2.6).

Before the actual stimulation of the cells, CD4" enrichment was performed
(2.2.17.2).

Afterwards, cells were transferred in 1mL of digestion medium (2.1.7).

Since pSTAT3 and other STAT members easily get activated (/phosphorylated) by
extracellular and intracellular stimuli, cells were incubated in FACS tubes for 2,5

hours at 37°C and 5% CO, to slow down metabolic processes and pSTAT3
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formation. In order to prevent further cellular stress responses which could also
result in STAT activation, during all processes high temperature shifts were tried
to keep at a minimum until cell fixation. The cell suspension was then centrifuged
at 350g and RT for 5min.

For preparation of cell surface staining, blocking of unspecific targets was
performed by addition of 50uL PBS and 10puL mouse serum and incubation for
5min at RT. Cell surfaces were stained according to 2.2.19.

Since the cell fixation potentially denature the epitope of surface marker, resulting
in non-binding antibodies, it was important to perform cell surface staining before
subsequent cell fixation.

After washing of the stained cells with PBS, cytokine dilutions were prepared in
digestion medium and from stock solutions as depicted in Table 18.

To determine effective cytokine working concentrations, research in the literature
was conducted (Owaki et al., 2008) and built the basis for our working
concentrations.

Eventually, after centrifugation 1mL of each stimulation approach was added to the
cells in the FACS tubes and they were incubated in a water bath (37°C) for
indicated times.

Table 18: In vitro cytokine stimulation approaches

No. of .
No. of . Duration of
approach for appfroorach Cytokine F|[|:1 a&: /fnol?]c' stimulation
spleens Kidneys [min]
1 1 IL-6 20 15
2 2 IL-6 10 15
3 3 IL-27 10 10
4 4 IL-27 10 20
5 5 PBS 15
6 IL-27 10 Over night
7 PBS - Over night
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To prevent further cell stimulation, 1mL of MACS buffer (RT) was added and the
cells were immediately centrifuged at 350g for 5min at RT. Then, the supernatant
was removed and cells were fixed by addition of 800uL of a solution of 2% (v/v)
PFA in MACS buffer for 35min at RT. Next, cells were centrifuged at 600g for 7min
at RT.

For preparation of subsequent permeabilization of the cells, a sample tube holder
was placed and covered in ice to ensure fast sample cooling and gentle
permeabilization conditions after addition of 1mL of freezing cold (-20°C)
BD Perm Buffer Il (2.1.8) to the cells. This was done under constant stirring.

The process was stopped after 30min at 4°C by addition of 3mL MACS buffer and
centrifugation at 600g for 7min at 4°C. Washing steps were repeated two more
times to ensure sufficient permeabilization buffer removal.

For the final intranuclear pSTAT3 staining, cells were centrifuged again at 600g for
7min at RT and 15uL of anti-mouse anti-STAT3 PE-conjugated antibody was
added to the permeabilized and fixed cells. Incubation for 1h at RT and in the dark

followed. After washing with 3mL PBS, cells were analyzed via FACS.

2.2.29 Protein isolation from renal tissue

To quantify cytokines in the kidney via Cytometric Bead Array (CBA), it was first
important to inhibit proteases by addition of 300uL of an inhibitory protease cocktail
(“buffer A", 2.1.7) to /2 of a murine kidney in a 2mL tube. The cocktail was prepared
shortly in advance from 7mL of PBS and one tablet of “complete protease inhibitor”.
Then, 300uL of a mixture from PBS, complete protease inhibitor,
ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (EGTA), phenylmethylsulfonyl fluorid (PMSF), NP40
(“buffer B”) and a small metal sphere (2.1.9) was added . For cell lysis and
homogenization, the tube was inserted into a shaker (TissueLyser) for 1min at
30Hz. Then, the lysate was checked for homogeneity and was then centrifuged at
4000g and 4°C for 10min. The supernatant was aliquoted and transferred into a

new 1,5mL tube. The protein lysate was stored at -20°C until CBA analysis.
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2.2.30 Protein quantification via DC Protein Assay

To quantify total protein in solution, the DC Protein Assay from BIO-RAD was used
according to the manufacturer’s instructions and protocol. The method is based on
Lowry’s folin phenol reagent reaction (Lowry, 1951).

The assay was performed on a 96well-plate and in duplicates. First, Bovine serum
albumin (BSA) standards were prepared by serial dilutions according to Table 19.

Table 19: BSA standard concentrations for protein quantification

Standard No. BSA standard concentration
[ng/mL]
S1 10
S2 5
S3 2,5
S4 1,25
S5 0,625
S6 0,313

Then, 5uL of sample dilution (supernatant after protein isolation, see 2.2.29) or
standard solution were pipetted into two wells, followed by addition of 25uL
‘reagent 1” per well each and then 200uL per well of “reagent 2" (see referred
method after Lowry et al., above). The well mixed reagents were incubated for
15min at RT. Eventually, the samples and standards were measured via
Photometer at 630nm.

2.2.31 Cytometric bead array (CBA)
The Cytometric Bead Array (CBA) is a very sensitive multiplexed bead-based

immunoassay using fluorescence-encoded beads suitable for use in flow

cytometry to quantify e.g. chemokines, growth factors, cytokines and others.
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This soluble protein assay was used according to the manufacturer’s instructions
and protocol.

The CBA kit was used for quantification of IL-27, IL-10 and IFN-y in supernatants
of kidney cells from IL-27-treated mice (3.6.6). For this purpose, the
BD LEGENDplex mouse “T Helper Cytokine Panel’ and the mouse “Inflammation
Panel’ was used (2.1.11).

Before the CBA could be performed, total protein of cellular supernatant was
isolated from IL-27-treated animals (2.2.29) and total protein was quantified
(2.2.30).

The principle of the assay (Figure 13) is the same as sandwich immunoassays
(ELISA), where each bead set is conjugated with a specific antibody on its surface
and serves as the capture beads for the particular analyte of interest in the
supernatant. After several washing steps a biotinylated detection antibody cocktail
was added, where each detection antibody in this cocktail bound to its specific
analyte which were bound on the capture beads. Here, the components formed
capture bead-analyte-detection antibody sandwiches. After addition of
Streptavidin-phycoerythrin (SA-PE), the latter bound to the biotinylated detection
antibodies which provided fluorescent signal intensities in proportion of the amount
of bound analytes according to a pre-prepared analyte standard curves. Flow
cytometric data were then analyzed by the Biolegend “LEGENDplex Data Analysis

Software”.
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Figure 13: Principle of cytometric bead array (CBA)
A complex is formed from analyte, capture beads and detection antibody. After addition of
Streptavidin-phycoerythrin (SE-PE), incubation and washing steps, the amount of analytes is
measured by flow cytometry in proportion to fluorescent signal intensities according to a standard

curve. (Adopted and modified after: Biolegend® LEGENDplex™ protocol 77677_V02.)
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3 Results

To provide an overview of the performed processes, the subsequent outline will
guide through the experimental results.

In order to prove proper and functional disease induction with regard to pathogenic
markers in NTN, glomerular histology and crescent counting as well as marker for
proteinuria like BUN and albumin-to-creatinine ration (ACR) were assessed.

In anti-CD3-induced duodenitis, a common model for sepsis, histological
investigations were performed which was also the case for S.aureus-infected mice.
To assess the clinical outcome during EAE, mice were scored according to motor
phenotype assessment. Here, all models, except the Pristane-induced lupus
nephritis, showed positive disease onset (3.1).

Next, Ty17 cell plasticity was analyzed via flow cytometry (3.2). In summary, Ty17
plasticity was found to increase from the NTN model (stable Ty17 cells, limited cell
plasticity) to anti-CD3-induced duodenitis and S.aureus-infected mice. The highest
Tu17 cell plasticity was found in EAE, as expected.

In the next chapters, flow cytometric plots from Ty17*/ (YFP*/) cell sort (3.3), prior
to bulk sequencing data analysis, raw data quality checks and data procession
(3.4) are provided. The latter analysis implied sufficient T cell sorting efficacy in
FACS plots as well as in analysis of Ty17 signature genes and others.

Further, T417 cell plasticity-related target gene selection is explained in terms of
gene selection criteria and differential gene expression analysis (3.5). Here,
IL-27 receptor a (IL-27ra) as well as the important Ty1 transcription factor Tbet
were selected and sequencing data were validated. Furthermore, functional in vivo
as well as in vitro experiments were conducted to analyze the role of these proteins
in the experimental nephrotoxic nephritis (NTN) model (3.6.1 - 3.6.6). As a result,
IL-27 intervention showed a protective effect with regard to renal damage in
NTN-mice. Experiments with conditional Tbet-floxed NTN-mice however did not
show significant differences neither in renal damage nor in Ty17 cell plasticity,

compared to control mice (3.7).
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3.1 Disease induction & check for pathogenic features

From previous research, it was known that Ty17 cells play a pivotal role not just in
experimental glomerulonephritis but also for example in MS (EAE), lupus nephritis
(SLE), rheumatoid arthritis, psoriasis and others (Gaffen et al., 2014).

While it has been shown that Ty17 cells display a high degree of plasticity in models
of autoimmune inflammation of the brain and intestine (EAE, anti-CD3 duodenitis),
our group has shown that renal Ty17 cells show a limited cell plasticity.

Based on these observations, it was the aim to understand the molecular
differences between Tp17 cell plasticity in selected models (EAE,
S.aureus infection, a-CD3 duodenitis) compared to Ty17 cells with a stable
phenotype in GN (NTN).

We hypothesized that by comparing transcriptional differences between stable and
plastic Tu17 cells, we can understand the molecular mechanisms of this
phenomenon.

For Tu17 cell sort by FACS and subsequent comparative gene expression analysis
based on bulk sequencing data, it was necessary to proof successful disease
induction in the different used models which is shown in this chapter.

3.1.1 NTN induction

3.1.1.1 Infiltrating T cells during NTN

As part of the immune response in kidney inflammation among innate immune
mechanisms, e.g. by macrophages and mast cells, Ty17 as well as
IL-17-producing yd-T cells and IFN-y-producing Tu1 cells play a pivotal role in the
pathogenesis of NTN, as described in the introduction in 1.3.3 (Cornelissen et al.,
2009; Summers et al., 2009; Turner et al., 2012; Turner et al., 2010a; Turner et al.,
2010b).

Six days after experimental nephrotoxic nephritis (NTN) induction, kidney

infiltrating Ty17 cells which eventually mediate kidney damage by yo-T cell
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mediated-activated neutrophil recruitment display the majority of immune cells in
the kidneys (Kurts et al., 2013; Paust et al., 2009; Summers et al., 2009).

After about 21 days, the peak of Ty1 cells is reached. Treg cells however evolve
slowly after 10 days into the disease, depicted in Figure 14 (Krebs and Panzer,
2018). Hence, in order to investigate Ty17 cells and their role in the pathogenesis

of NTN, day 6 has been chosen for analysis of T417 cell plasticity.

Infiltration of T cell subsets into the kidney

_

0 10 20 30
Time (days)

Figure 14: Kidney infiltrating T cell subsets during NTN

The first days after sheep antibody injection are highlighted by the presence of innate immune cells
like mast cells, neutrophils and IL-17-producing y5-T cells which cause first renal damage.
Approximately 4 days after NTN initiation, first Ty17 cells can be found in the renal tissue. Ten days
after NTN induction, the amount of Ty17 infiltrating T cells is the highest, followed by Ty1 cells,
approximately on day 21, followed by monocytes and fibrocytes. The population of T regulatory
cells (Tregs) evolves slowly in the course of the disease (Krebs and Panzer, 2018).

3.1.1.2 Renal histology of NTN mice

In the course of the NTN, glomerular damage caused by infiltrating leucocytes and
subsequent formation of necrotic renal tissue is responsible for strongly reduced
glomerular filtration rate (GFR) and overall kidney damage.
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Control NTN

Figure 15: Renal histology of healthy and NTN mice (PAS-stained)

Ten days after NTN induction, mice were sacrificed and kidney sections were PAS-stained for
histological analysis. Left: PBS only treated control mouse glomerulus. In contrast, right
histological picture of NTN tissue section shows characteristic glomerular and periglomerular
infiltrates (black arrow) and necrotic tissue formation (yellow arrow). Also visible: Glomerular
crescent formation (*).

3.1.1.3 Proteinuria, crescents, BUN, albumin-to-creatinine ratio

As a result of damaged glomerular filtration barrier, leaking protein can be found in
glomerular filtrate which leads to abnormal high protein concentrations in the urine.
As a clinical marker, the albumin-to-creatinine ratio (ACR) was calculated by

division of albumin by creatinine-values, as explained in 1.3.1.

In addition to albumin-to-creatinine ratio (ACR) and blood urea nitrogen (BUN),
proteinuria was measured via urine sticks on day 3 after NTN induction as an
indicator of renal damage severity (Figure 16).

Only mice with successful disease induction were chosen for further analysis.
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To determine the renal damage during NTN experiments using IL-17A Fate Reporter and Fate®
reporter mice compared to healthy control mice, proteinuria was measured via: (A) urea sticks on
day 3 after NTN induction for rough valuation. In addition, glomerular crescents were counted and
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Figure 16: Assessment of proteinuria in NTN-mice

percentage of glomerular crescents per 30 glomeruli was calculated (B).

albumin-to-creatinine ratio - ACR (C) and (D) blood urea nitrogen (BUN) was determined. (For

determination of proteinuria (A),

results, e.g. ++/+++ = 2,5)

As a result, all NTN-mice used for Ty17 cell sort (3.3) and subsequent sequencing
exhibited a robust renal damage, as indicated by renal histology (Figure 15) and

proteinuria (Figure 16).
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3.1.2 a-CD3 duodenitis

Injection of hamster anti-murine CD3e monoclonal antibody that specifically
recognized the ¢ chain of the murine CD3 molecule was found to suppress T cell
function as shown for example in skin (Hirsch et al., 1988) and kidney with
induction of an immunomodulatory phenotype in Ty17 cells marked by high
expression of IL-10 and attenuated kidney damage (Krebs et al., 2016b).
Furthermore, as mentioned in 1.2.4, it was shown that Ty17 cells express
IL-10 receptor a (IL-10ra) in this model and that both FoxP3" Treg cells as well as
FoxP3" Tr1 cells were able to attenuate Ty17 as well as Ty17/Tu1 cells in a
IL-10-dependend manner (Huber, 2011).

In contrast, it was shown that in vivo administration of this monoclonal antibody
induces potent but also transient T cell activation (Chatenoud et al., 1989; Ferran
et al., 1991; Ferran et al., 1990; Leo et al., 1987).

To investigate Th17 cell plasticity in this model by RNA bulk sequencing,
anti-CD3-mediated duodenitis was induced in IL-17A Fate Reporter mice, as
described in 2.2.15.

3.1.2.1 Small intestinal histology

Two days after monoclonal antibody administration, mice were sacrificed and small
intestinal (si) hematoxylin (HE)-stained sections were analyzed. Results depicted
in Figure 17 positively show a high degree of small intestinal inflammation,
indicated by tissue hypertrophy and cell infiltration, compared to PBS-treated mice.
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Control

Figure 17: Histological analysis of a-CD3-induced duodenitis (HE)

On day 2 after initial a-CD3 treatment, mice were sacrificed and sections of the small intestine (si)
were hematoxylin-eosin (HE)-stained for histological analysis. Left: Si of PBS only treated control
mouse. Right: Section of HE-stained si from a-CD3-treted animals shows hypertrophy (arrows)
and cell infiltration (asterisk) by intestinal inflammation.

3.1.3 EAE

Experimental autoimmune encephalomyelitis (EAE) as a model for multiple
sclerosis (MS) is a complex immunopathological and neuropathological condition
which leads to an approximation to the human MS model in terms of inflammation,
demyelination and subsequent axonal loss (Aharoni et al., 1997; Althaus, 2004;
Arnon and Aharoni, 2009; Zhao et al., 2008).

3.1.3.1 Clinical EAE score

As a result of this neurological disorder model, clinical symptoms of EAE-mice
manifest in progressive ascending paralysis within 8-14 days after immunization,
starting from the animal’'s tail which affects climbing-, balancing- and walking
capabilities of the animals. The entirety of those symptoms was clinically
determined as the EAE score (2.2.13). Results from bodyweight- and EAE score
progression from two independent EAE experiments are depicted in Figure 18.
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Figure 18: Mice bodyweights and Clinical EAE scores

EAE-mice intended for bulk sequencing of brains were daily checked for (left) bodyweight over the
entire duration of this model (14 days). In addition, the clinical EAE score (right) was determined
from a number of clinical markers, including climbing-, balancing- and walking- capabilities of the
animals. (Data from 2 independent EAE experiments depicted black and grey).

It was shown that, beside minor variations, no changes in bodyweight
(in % of initial) during EAE progression occurred. In contrast, clinical onset of EAE
was detectable from day 6 (minor symptoms for partial tail paralysis) and partially
progressed until end of the experiments on day 14. Most mice however did not
show continuous EAE score progression over this period.

3.1.4 S.aureus infection

Many pathogens, including bacteria, are thought to be involved in the development
and progression of CKD. Among the wealth of bacteria, S.aureus is one of the
known bacteria which can cause GN, called staphylococcus-associated
glomerulonephritis (Mahmood et al., 2018).

Furthermore, the infection with ubiquitous S.aureus is the main cause of infectious
morbidity and mortality in hemodialysis patients (Vandecasteele et al., 2009).

However, the precise underlying mechanisms are not understood in detail, but with
regard to immunity it was found that many bacteria are capable to induce Ty17 cells
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in certain limits and with varying potential (Tan et al., 2016). Therefore, this model

was also used to investigate Ty17 cell plasticity.

3.1.4.1 Renal histology of S.aureus infected mice

To asses kidney damage in S.aureus (SH 1000 strain) infected animals, PAS
staining of renal sections and analysis was performed (Figure 19).

In addition, bacterial smears from pure S.aureus strains and electron microscopic
investigations were carried out in collaboration with the microbiology department
(data not shown), to confidently identify S.aureus bacteria in the performed

experiments.

Figure 19: Renal histology (PAS) of S.aureus infected mice

10 days after S.aureus infection, mice were sacrificed and kidney sections were PAS-stained for
histological analysis. Left: PBS only treated control mouse glomerulus. Right: histological
PAS-stained section shows no glomerular defects.

The results from renal histological sections from S.aureus infected mice show no
glomerular defects in terms of formation of glomerular crescents or massive
leukocyte tissue infiltration whatsoever. However, it was shown in our group that
infection with S.aureus leads to formation of abscesses (data not shown) mediated
by a strong immune response including Ty17 cells. The formation of these
abscesses are the main cause of death among experimental animals in this

disease model.
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3.1.5 Pristane-induced lupus nephritis

Systemic lupus erythematosus (SLE) is a chronic disorder which is characterized
by over-production of nuclear autoantibodies which results in immune-complex
formations. In addition, it was found that the experimental approach of
pristane-induced lupus nephritis also depends on a Ty17 immune response
(Summers et al., 2014).

Subsequently, the formation of these complexes leads to an immune response and
tissue inflammation which further causes destruction of multiple organs, including
the kidneys (Li et al., 2017; Pons-Estel et al., 2010).

For RNA sequencing and gene expression analysis, it was intended to add another
model of glomerulonephritis to the nephrotoxic sheep serum-induced nephrotoxic
nephritis (NTN). From previous experiments (Krebs et al., 2016b), it was known
that pristane-induced lupus nephritis also shows a similar high degree of Ty17 cell
stability like NTN.

However, 52 weeks after pristane injection into the animals, no signs of successful
disease onset by BUN or albumin-to-creatinine ratio (ACR) were present. As
shown in Figure 21 although, a high degree of Ty17 cell stability in pristane-treated
mice were found (Figure 20) which is comparable to NTN mice (Figure 23).
Furthermore, during regular check via urine sticks, no significant proteinuria was

detectable in pristane-treated mice.
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Figure 20: FACS analysis of Ty17 cell plasticity in pristane-treated mice

Pristane-treated female IL-17A Fate Reporter mice were sacrificed 52 weeks after disease
induction and organs (lungs, kidneys and guts) were FACS-analyzed for Ty17 cell plasticity. Gating
was performed as followed: A singlet, CD45", living, CD3" y8-TCR™ CD4" CD8" cells. Then, cells
were gated for IL-17 fm” (YFP"). Finally, B Ty17 cell plasticity (IL17A/ IFN-y) was analyzed. (B, left):
Gut, (B, right): kidney. (Depicted FACS gating A performed from gut of pristane-treated mice.)
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During organ extraction however, white granules were visible all-over distributed in
the murine abdomen (Figure 21). Due to time constrains, the granules were not

further analyzed.
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Figure 21: Analysis of pristane-induced lupus nephritis mice

52 weeks after pristane injection into IL-17A Fate Reporter, mice were sacrificed and kidneys were
analyzed. In addition, the degree of proteinuria was measured by A albumin-to-creatinine ratio
(ACR) and B blood urea nitrogen (BUN). During organ extraction, white granules (red circles) were
found unevenly distributed in the murine abdomen, C.

Therefore, it was decided not to include samples from pristane-treated mice into
the sequencing samples. RNA bulk sequencing was not performed. Because of
the duration of this experiment and due to the fact that there were already
numerous samples for Ty17 cell comparison and gene expression analysis, it was

decided not to repeat these experiments.

According to the depicted results, it could be shown that all models (NTN, EAE,
anti-CD3 duodenitis and S.aureus infection), except the pristane-induced lupus
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nephritis model, were successfully performed and all animals were sick and

exhibited specific disease symptoms, as expected.

This is of high importance and the basis for followed Ty17 cell plasticity comparison

between different disease models.
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3.2 Ty17 cell plasticity in different disease models

To show the degree of Ty17 cell plasticity in all used disease models as a basis for
RNA sequencing data comparison, cells from kidneys (NTN and S.aureus
infection), brain (EAE) and small intestine (anti-CD3 duodenitis) of
IL17A°® R26"" Fate Reporter mice were isolated. Cells were re-stimulated with
PMA/lonomycin (2.2.18) and stained for IL-17A, IFN-y and other surface markers
(Figure 22). Finally, cells were analyzed by FACS and IL-17A/IFN-y expression

was evaluated.

Results from FACS gating to determine the degree of Ty17 cell plasticity and
stability are depicted in Figure 22 and Figure 23.
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Figure 22: FACS gating for Ty17 cell plasticity and stability analysis

To assess Tu17 cell plasticity, FACS sorted cells were gated as follows: A, top singlets, living,
CD45", (middle) CD3", CD4", IL-17 fm" (eYFP") cells. B, further analysis was performed for IL-17A
and IFN-y (n=3). (Examples from re-stimulated small intestinal cells in anti-CD3 duodenitis.)
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Figure 23: Assessment of Ty17 cell plasticity in different disease models

After disease induction and FACS gating for singlets, living cells, CD45" CD3" CD4" IL-17 fm"
(eYFP™) cells, Ty17 cell plasticity was analyzed from: NTN, EAE, anti-CD3 duodenitis and S.aureus
infection samples as depicted.

As a result, it was found that Tu17 cell plasticity is the highest in EAE and
S.aureus-infected mice followed by anti-CD3-induced duodenitis and NTN
exhibiting a high degree of Ty17 cell stability as expected.
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3.3 FACS sort of T417 and non-Ty17 cells for RNA sequencing

To identify genes which could play a role in Ty17 cell stability in the kidney, it was
aimed to compare transcriptional profiles of Ty17 cells in NTN with Ty17 cells from
models with a stable Ty17 phenotype. Here, IL-17 Fate Reporter mice
(IL-17A°™ x R26°¥F" 2.1.1) were used. If in a cell the IL-17A promotor is activated
in these mice, a cre (from Cyclization recombinase) recombinase is expressed.
After sensing of specific recognition sites (locus of X-over P1 (loxP) sites, from
bacteriophage P1) cre is then able to perform recombination of these specific sites.
For its mode of operation, the method is called Cre-Lox recombination (Abremski
et al., 1986; Missirlis et al., 2006).

The cre recombination leads to excision of a floxed stop codon upstream of eYFP
protein under the control of a ubiquitously active promoter (RosaZ26 in this case)
and thus marks the cell with this fluorescent label regardless of its actual cytokine

production status at the time of analysis (Figure 24 |A).

In addition, so called Fate® reporter mice (a combination of IL-17A Fate Reporter
and Acute Reporter) were used which combine IL-17A Fate Reporter and Acute
Reporter properties to mark IL-17A*, FoxP3" and IFN-y" and IL-17 fm" cells without
the need of cell re-stimulation (Gagliani et al., 2015). The transgenic construct of

the Fate® mouse is illustrated in Figure 24, B.
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Figure 24: IL-17A Fate Reporter & Fate® Reporter mouse constructs

A: IL-17A Fate Reporter mouse: After activation of the IL-17A promoter, cre recombinase
expression leads to excision of a floxed stop codon upstream of fluorescent eYFP protein under
the control of Rosa26 promoter. The cell with activated IL-17A promoter is therefore permanently
eYFP marked regardless of its actual IL-17A production. B: Acute reporter mouse: This reporter
mouse is independent of cre expression. Here, IL-17A, FoxP3 as well as IFN-y are fluorescently
marked. The Fate” Reporter mouse combines IL-17A Fate Reporter and Acute Reporter properties.
Here, IL-17A, FoxP3 and IFN-y as well as IL-17 fm" are fluorescently labeled.

As a consequence, these reporter mice allow reliable conclusions in regard to the

fate and origin of IL-17-producing cells (Tu17 cells).

For flow cytometric cell sorting, CD4" CD3" YFP" Ty17 cells, so called Ty17
fate-mapped (fm) cells, (and non-Ty17 cells) could be identified and FACS sorted
by their permanent eYFP signal (Figure 25 and Figure 26), as well as IL-17A" and
IL-17A" cells.

As a result it was feasible to compare gene expression profiles of kidneys from
NTN-mice featuring high Ty17 cell stability with other models with high Ty17 cell
plasticity (EAE, anti-CD3 duodenitis and S.aureus infection) by RNA bulk

sequencing.
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To analyze YFP" Ty17 and non-Ty17 (YFP') cells, cell populations were gated for
living, singlets, CD45" CD4" CD3" cells as seen in Figure 25.

A All cells

T

- 88,4%
o0
]
Yw(-:
< ]
3 =
w U
R 1 1 I L5001 T &L P
? 30 120K 150K 200 =

FSC-W ——

O

Living cells

W 13,1%

CD3

CD45 —m—

B

CD4

live/dead ——

Singlets

63,7%

CD3*/ CD45*

-y

2,70%

b unod

*1'10,1%

B AR Bl ¢ B L ey

1,03%
S——

|J, 0 |'J‘ |"‘ ")5

IL-17 fm ————

Figure 25: FACS gating for singlet CD45" CD4" CD3" YFP"/" cells

To separate Ty17" (IL-17 fm") cells for FACS sort, cell populations were gate as follows. A: singlet
cells, B: living cells, C: CD3" CD45", D: CD4" IL-17 fm” (eYFP") and CD4" IL-17 fm™ (eYFP").

In order to compare and analyze CD4°CD3" Ty17 (YFP™) and non-Ty17 (YFP)

cells with cells of organs from other disease models, the same gating strategy was
applied for FACS sorting of those cells depicted in Figure 26.
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Figure 26: FACS sort of YFP' (Ty17") and YFP (T,17) cells

Due to the eYFP labeling of cells in which the IL-17A promoter was activated, it was possible to
FACS sort these cells by their permanent fluorescent label. To compare differential gene
expressions in NTN (kidney) with other disease models, CD4" CD3" T17" and Ty17" cells from
brains (EAE), intestine (anti-CD3 duodenitis) and kidney (S.aureus infection) were sorted by flow

cytometry.
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3.4 Bulk sequencing data analysis

For the investigation of Ty17 cell plasticity and the high degree of Ty17 cell stability
in the NTN model, RNA bulk sequencing was performed.

RNA “bulk” sequencing means the analysis of RNA expression from a large cell
population. This procedure, like microarray, is often used as a standard method for
analysis of large cell populations.

Therefore, RNA bulk sequencing is a suitable technique to get a very detailed
overview of gene expression profiles between samples from different cell
populations. In addition, it is an unbiased approach which does not rely on detailed
knowledge about potential target genes and is not supervised by the investigator.
For this purpose, another advantage to the newer next-generation sequencing
(NGS) techniques is the reduced amount of generated data. This leads to faster,
less complex data analysis.

In contrast to single cell sequencing, a disadvantage of bulk sequencing is the lack

of information about very small and mixed cell populations and cell heterogeneity.

In a first approach, sequencing was performed to compare NTN vs. anti-CD3
duodenitis with regard to differential gene expression. Therefore, three samples
per organ and model from sort of YFP* (Ty17") cells, one spleen sample from
healthy mice (as a sample reference for sequencing) and three samples per organ
and model from sort of YFP"(Tu17") cells were sequenced.

Hence, for the NTN experiments, samples of YFP* and YFP™ cells (S1+S8, S2+S9
and S3+S10) were pooled from one experiment, each with the same sheep serum
used for NTN induction. The same is true for a-CD3 experiments: YFP*/YFP" cells
from S4+S11, S5+S12 and S6+S13.

For sample details, like disease model and organ, YFP status of sorted cells and
cell number of sequenced cells see Table 20.
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Table 20: RNA sequencing sample details: NTN vs. anti-CD3 duodenitis

Sample Disease model/ organ  YFP status Cell number Used sheep
No. serum / clone
S1 NTN, kidney + 2421 SS14-7
S2 NTN, kidney + 1499 SS14-7
S3 NTN, kidney + 5676 SS14-7
s4 o-CD3 duodenitis, + 20.000 145-2C11
small intestine

S5 o-CD3 duodenis, + 8354 145-2C11
small intestine

s6 o-CD3 duodenits, + 20.000 145-2C11
small intestine

S7 Healthy, spleen +and - 20.000

S8 NTN, kidney - 37.860 SS14-7

S9 NTN, kidney - 20.000 SS14-7

S10 NTN, kidney - 20.000 SS14-7

S11 o-CD3 duodenitis, . 9544 145-2C11
small intestine

12 o-CD3 duodenitis, . 15.124 145-2C11
small intestine

13 o-CD3 duodenitis, i 20.000 145-2C11

small intestine

3.4.1 Principal component analysis - PCA

For quality control of the sequencing data obtained from FACS sort of CD45" CD4"
CD3" YFP'/" T cells and Fate™ mice, principal component analysis (PCA) was
performed. PCA is a statistical method used to structure, simplify and visualize
complex data sets. This procedure is an approximation of a number of possibly
correlating statistical variables by a relatively low number of linear combinations
(principal components) by orthogonal transformations. Thereby, PCA reduces

high-dimensional data into fewer dimensions (Jackson, 1991; Jake Lever, 2017).

Thus, it is possible to estimate the group cohesiveness of data sets.
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NTN vs. anti-CD3 duodenitis

PCA analysis of the obtained sequencing data from kidney, gut and spleen with
YFP'/ status (Figure 27) revealed a relatively high cohesion of YFP" and YFP"
sorted cells from gut (small intestine) and from YFP" kidney cells as well.

Results from PCA analysis showed differences between cells from kidney vs. small
intestine. Moreover, is was found that YFP* and YFP™ cells from kidneys reduced
group cohesiveness. In contrast, YFP* and YFP" cells from small intestinal samples
showed only reduced grouping in the PCA analysis. Importantly, PCA analysis also
revealed significant differences in group cohesiveness in samples from kidney vs.

small intestine
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Figure 27: Bulk sequencing data sanity check in IL-17A Fate Reporter: PCA

Principal component analysis (PCA) of tpm normalized reads from kidneys (NTN), gut
(small intestine, anti-CD3) and healthy spleens with different YFP status (indicated by color: red,
green and blue).

109



Results

NTN YFP* IL-17A" vs. YFP* IL-17A

In PCA analysis, a high group cohesiveness of the data sets from both
YFP* / IL-17" and YFP" / IL-17" cells from kidneys of NTN-mice was found.
Furthermore, PCA data revealed significant differences between samples from
YFP* /IL-17" cells vs. YFP* / IL-17" cells as shown in Figure 28.

Table 21: RNA sequencing sample details: YFP* IL-17A" vs. YFP' IL-17A°

Sample Disease model/ YFP IL-17A Cell Used sheep
No. organ status status number serum
S1 NTN, kidney + - 2940 SS14-8
S2 NTN, kidney + + 10.133 SS14-8
S3 NTN, kidney + - 7113 SS14-8
S4 NTN, kidney + + 1809 SS14-8
S5 Healthy, spleen + and - 20.000 -
IL-17 status
o IL17=neg
g ® IL17-pos
5 s both
2 Organ
& ® kidney (Experiment 1)
4 kidney (Experiment 2)
a B spleen
A

PC1:59 % variance

Figure 28: Bulk sequencing data sanity check in Fate® reporter: PCA

Principal component analysis (PCA) of tpm normalized reads from NTN-mice: YFP" / IL-17" (red)
and YFP" / IL-17" (green) or both (blue) in healthy spleen cells. Sequencing data were acquired
from sampled of 2 separated NTN-experiments.
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3.4.2 Sanity check of sequencing data — eYFP and cre expression

Results for IL-17A Fate Reporter sanity checks are depicted below. Sanity checks

were also performed for Fate™ sequencing data sets (data not shown).

To assess the FACS sorting-efficiency to select T417" (eYFP™) / Ty17 (eYFP") only
cells, the expression of cre recombinase and eYFP was evaluated as displayed in
Figure 29 where tpm (transcripts per million) is normalized for gene length (longer
genes have more reads mapping to them) and sequencing depth (sequencing runs
with higher depth have more reads mapping to each gene).

The data show that YFP™ cells have a significantly high cre expression, as
expected while YFP" cells have no significant cre expression which is true for
samples of all organs. However, the gene expression of eYFP was also
significantly high in YFP™ cells and absent in YFP™ sorted cells, as expected.
Furthermore, expression of cre and eYFP was significantly higher in samples from
gut compared to kidney samples. In addition, cells from healthy spleen (YFP* and
YFP" cells) showed no cre or eYFP expression whatsoever.

As a result, these data suggest an effective FACS separation of cells which

produced IL-17 and those who never expressed IL-17.
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Figure 29: Bulk sequencing data sanity check: eYFP and cre expression

For quality of sequencing data and assessment of FACS cell sort, expression of cre (left) and eYFP
(right) was analyzed in cells from of tpm normalized reads from kidney (NTN), gut (small intestine,
anti-CD3 duodenitis) and spleen as a reference. As expected, YFP" sorted cells (red frame) are
indicated by a high cre and eYFP expression, whereas YFP" sorted cells (green frame) show no or
just minimal cre and eYFP expression.
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3.4.3 Analysis of bulk sequencing data — Ty17 signature genes

After assessment of RNA sequencing data in regard to FACS sorting effectivity by
cre- and eYFP expression (Figure 29), Ty17 signature genes (/l17a, I117f and
Rorc) were analyzed for further sequencing data quality control (Figure 30).
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Figure 30: Bulk sequencing data sanity check: IL-17 signature genes

For sanity check of sequencing data and assessment of FACS cell sort, //17a (top), //17f (middle)
and Rorc (bottom) gene expression was analyzed in cells from of tpm normalized reads from
kidney (NTN), gut (small intestine, anti-CD3 duodenitis) and healthy spleen.

As expected, YFP" sorted gut cells from anti-CD3 treatment show a high
expression of //17a and /117f. Whereas the expression of these genes was reduced
in YFP™ gut samples and YFP™ cells from kidney samples. The expression of these

genes in healthy spleen samples and in YFP" cells from kidney was not significantly
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detected. However, the expression of Rorc was highest in YFP* cells from NTN-
kidneys. Furthermore, significant but lower expression of this gene was detected
in YFP* cells from a-CD3 gut, as well as in YFP" cells from anti-CD3-treated- and
NTN-mice.

3.4.4 Sanity check of sequencing data — Other genes

To check for other (Ty17-related) genes, more sanity checks were performed,

depicted in Figure 31.
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Figure 31: Sequencing data analysis of other relevant genes

For plausibility assessment further sequencing data, quality checks were performed. Among others,
the gene expression of different receptors like Crr6, Il1r1, Ifng, 1110 and 1I23r were checked, as well
as gene expression of essential cytokines and transcription factors like Thx21, FoxP3, Gata3 and
others.

114



Results

3.4.5 Gene expression analysis of RNA bulk sequencing data

As described earlier (3.4 and Table 20), YFP™ (IL-17") and YFP" (IL-17") cells from
IL-17A Fate Reporter mice were sorted by flow cytometry. Afterwards, RNA bulk
sequencing was performed and gene expression profiles from both, YFP" and YFP"
cells were analyzed and depicted in a vulcano plot (Figure 32). In addition, a
statistical significance-threshold was set by bioinformatical data processing in

order to exclude non-significant sequencing data from analysis.

Vulcano plots are a common method to visualize sequencing data. The y-axis
shows the adjusted p-value (padj) and the x-axis the log2 fold change in gene
expression of one condition, compared to another (left/right). Non-differentially
expressed genes are depicted in the center of the plot.

The adjusted p-value is the smallest significance level (familywise) at which a

particular comparison will be declared as statistically significant, as part of the
multiple comparison testing (Jafari and Ansari-Pour, 2019).
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Figure 32: Vulcano plot: YFP* & YFP' cells from NTN vs. a-CD3 duodenitis samples

For sequencing data comparison and to visualize bulk sequencing data sets from NTN and
anti-CD3 duodenitis, differential gene expression (log2 fold change, x-axis) data were plotted
against adjusted p-value (y-axis) in a vulcano plot. Non-differentially expressed genes in NTN vs.
0-CD3 duodenitis are depicted in the center of the plot (black). Depicted are data from genes
differentially expressed in both YFP" and YFP" T,17 cells (blue) as well as genes differentially
expressed only in YFP* Ty17 cells (red). Genes, highly expressed in YFP*/YFP and YFP" only in
kidneys are shown on the right side of the vulcano plot. And vice versa for genes high in small
intestine, shown left.
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In order to investigate gene expression profiles of genes from cells which are or
has been IL-17A-producing Ty17 cells (IL-17A fm* / YFP™ cells), bulk sequencing
data were bioinformatically processed as illustrated in Figure 33.

To find genes which are differentially expressed specifically only in YFP™ (NTN) vs.
YFP™ (in other models), genes from the former comparison of the two populations
(Figure 32) were removed which were lower or higher expressed in YFP™ (NTN)
vs. YFP in other models.

«-CD3 NTN
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Figure 33: Bulk sequencing data procession: gene expression in YFP'/ cells

After disease induction, cell preparation and flow cytometric sort of IL-17A fm* (YFP) and IL-17A
fm™ (YFP") cells, bulk sequencing data were processed to identify differentially expressed genes
from IL-17A fm” (YFP®) in NTN vs. other models only. Therefore, genes from the previous
comparison of the two populations were removed which were lower or higher expressed in
IL-17A fm” (YFP") in NTN vs. YFP" in other models.
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Figure 34: Vulcano plot from NTN and a-CD3-treated IL17A Fate Reporter sequencing data

To compare and visualize sequencing data from NTN and anti-CD3 duodenitis, differential gene
expression (log2 fold change, x-axis) data was plotted against adjusted p-value (y-axis). Genes
which were not differentially expressed in NTN vs. a-CD3 duodenitis are depicted in the center of
the plot (black). Depicted are data after data procession from genes differentially expressed in YFP*
only. Genes, highly expressed in YFP" Ty17 cells in kidneys are shown on the right side of the
vulcano plot and vice versa for genes high in small intestine shown left. l127ra as a potential target
gene is marked green.
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Figure 35: Vulcano plot from NTN-treated Fate® sequencing data

For comparison and visualization sequencing data from NTN Fate® mice, differential gene
expression (log2 fold change, x-axis) data were plotted against adjusted p-value (y-axis) in a
vulcano plot. Genes which were not differentially expressed in YFP* IL-17A" vs. YFP" IL-17A" are
depicted in the center of the plot (black). Some potential target genes are marked green.

3.5 Tu17 cell plasticity: Target gene selection from sequencing data

To structure, manage and simplify the high amount of potentially interesting target
genes, the latter were bionomically sorted according to their GO (Gene Ontology)
classifications. The international bioinformatics GO classification is based on the
functional mode of operation of a distinct gene. Therefore, multifunctional genes or
their corresponding translational products can be classified into not only one but
several different GO terms. Genes with already known functions were sorted into:
Transcription factors, cytokines/ chemokines, cytokine-/ chemokine- receptors and
genes involved in intracellular signaling (Table 22).
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Table 22: Initial number of genes in different GO term classifications

Number of sequenced genes

Pathway involvement GO term with sufficient significance
Chemokine and 0008009/ 15
cytokine activity (up) 0005125
Chemokine and 7

cytokine activity (down)

Cytokine receptors (up) 0004896 14
Cytokine receptors (down) 2
Chemokine receptors (up) 0042379 1

Chemokine receptors (down) 1
Transcription factors (up) 0008134 131
Transcription factors (down) 36
Intracellular signal transduction (up) 0007165 351
Intracellular signal transduction 75

(down)

To further separate and identify possibly interesting gene targets with regard to
Tw17 cell plasticity, a combined approach of literature- and data bank research was
performed. (For applied Data banks please refer to the References at the end of
this thesis.)

The following criteria were set and applied to the sequencing results in order to find
potential target genes related to Ty17 cell stability in experimental nephrotoxic
nephritis (NTN). Notably, not all of these criteria had to apply to all potential target

genes. Those were only considered for further target gene selection.
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General criteria of target gene choice:
e Already known mutations in humans and relation to (auto-) immunity
e Experimental accessibility, e.g. targeting of receptors, knockout mice
available (for first trial experiments)
e Already mentioned in literature with regard to immunomodulatory functions

and/ or Ty17 cell plasticity etc.

Sequencing data requirements and criteria:
e Statistically significance in differential gene expression
e n-fold gene expression change in NTN compared to other models with
higher Ty17 cell plasticity
e Adoption: genes active in Ty17" cells important with regard to Ty17
cell stability in NTN but not in T417" cells (see data procession, Figure 33)

After target gene selection, heat maps with corresponding z scores from IL-17A
Fate Reporter (Figure 36) and Fate™ mice (Figure 37) were generated.

Here, the z score of a gene indicates the number of standard deviations away from
the mean expression in the (spleen-) reference (Chris Cheadle, 2003). Genes
indicated in red are differentially higher expressed in NTN kidneys than in other
models.
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Figure 36: Selected genes & z scores in different conditions (IL-17A Fate Reporter)

Depicted are the heat maps of selected target genes from bulk sequencing data of NTN IL-17A
Fate Reporter mice compared to other models (and analyzed organs) which are EAE (brain),
anti-CD3 duodenitis (gut, small intestine) and S.aureus infection (kidney).
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Figure 37: Selected genes & z scores in different conditions (Fate* Reporter)

Depicted are the heat maps of selected target genes from bulk sequencing data of NTN Fate™ mice.
Data shown from NTN-mice, YFP" IL-17A" compared to YFP" IL-17A" sorted cells from kidneys.

Of note, not all initially selected target genes (like //27ra) were found in IL-17A Fate

Reporter and Fate® mice.
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Based on (optional) gene selection criteria and combined literature- and data bank
research, the IL-27ra (Interleukin-27 receptor subunit a)/IL-27-axis was found to be

a very interesting and promising first target gene candidate for further
investigations of its role in Ty17 cell stability in NTN. /L-27ra was found to be
differentially higher expressed in NTN kidneys vs. small intestine in anti-CD3

duodenitis.

Among Interleukin 27-related pathways, it was also decided to investigate the role
of Tbet (encoded by the gene Thx27) in NTN mice and its potential relation to Ty17
cell stability in NTN.

Detailed reasons for these two selected target genes for experimental analysis are
explained below, see 3.6 (IL-27ra/lL-27-axis) and 3.7 (Tbet/ Tbx21).

3.6 IL-27/1L-27ra and its role in NTN and Ty17 cell stability/ plasticity

By comparative gene expression analysis of bulk sequencing data from NTN and
o-CD3-treated IL-17A Fate Reporter mice, among others, IL-27/IL-27ra axis was
found to be an interesting pathway, possibly involved in Ty17 cell stability in NTN.
This was the first experimentally investigated pathway in NTN.

In bulk sequencing data, Interleukin-27 receptor subunit alpha (IL-27ra, gene name
II27RA, also known as WSX-1 or TCRR) was found to be significantly higher
expressed in Ty17 cells in NTN-mice than in all other disease models with higher
T cell plasticity (Figure 36, left heat map, 9" gene from top).

In addition, from comparison of NTN vs. a-CD3-induced duodenitis in IL-17A Fate
Reporter mice IL27RA was differentially higher expressed in (Figure 34, marked
in green).

Also in terms of significance this gene showed a low adjusted p-value (padj), as

seen below.
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Ensembl gene ID Gene Log2 fold change Adjusted p-value
(differential gene expression) (padj)
NSMUSG00000005465  1127RA 2,42 1,71x107°

Furthermore, as part of a cellular receptor, this protein is rather suitable for

investigation by overexpression, blocking, ligand-mediated stimulation etc.

In addition, literature research indicated interesting IL-27/IL-27ra pathway related

features with regard to immune regulatory functions, as explained in detail in 1.4.

3.6.1 IL-27ra expression in NTN and anti-CD3 duodenitis

IL-27ra protein expression in NTN and anti-CD3 duodenitis (FACS)

To validate the RNA sequencing data, first the IL-27ra protein level was analyzed
via flow cytometry (FACS).

To do so, cells from kidneys (NTN) and intestine (anti-CD3 duodenitis) were
extracted and subsequently stained and FACS gated for living, CD45", CD4", CD3"
cells, as well as IL-27ra and a corresponding IgG isotype control
(see 2.1.6 and Figure 38).
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Figure 38: IL-27ra protein expression - FACS gating

To validate bulk sequencing data with regard to IL-27ra protein expression via flow cytometry, renal
(NTN) and small intestinal (a-CD3 duodenitis) cells were FACS-stained for live/dead cells, CD45,
CD3, CD4, IL-27ra and the corresponding IgG isotype control. To analyze IL-27ra in Ty17 cells, cell
populations were gate as follows: (Top, left to right) singlet cells, CD45", living cells and (bottom,
left to right): CD3", CD4", IL-17 fm* (eYFP"). Depicted are results from FACS analysis of NTN
samples only.

Flow cytometric analysis of IL-27ra protein expression in NTN and anti-CD3
duodenitis are shown in Figure 39 and Figure 40.
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To validate bulk sequencing data, IL-27ra protein expression was determined in Ty17 cells from
NTN- and a-CD3 treated mice via flow cytometry (FACS). Therefore, renal (NTN) and small
intestinal (a-CD3 duodenitis) cells were FACS-stained and gated as depicted including staining for
IL-27ra (top right) and IgG isotype control (top left), also shown as an overlap of both (bottom), IgG
isotype control (blue) and IL-27ra (red). Depicted are results from FACS analysis of NTN samples

only.
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Figure 40: FACS analysis of IL-27ra in NTN & a-CD3 mice in kidney and gut

A: Ten days after NTN induction, IL-27ra protein proportion of IL-17A fm® (YFP®) and
IL-17A fm™ (YFP") cells from renal and small intestinal samples were measured in IL-17A Fate
Reporter mice via flow cytometry in kidney (left) and gut (right). B: In addition, two days after initial
anti-CD3-treatment, IL-27ra protein proportion of IL-17A fm" (YFP") and IL-17A fm” (YFP") cells was
measured in samples from small intestine in IL-17A Fate Reporter mice via flow cytometry.

As a result, high /127RA gene expression found in bulk sequencing data (NTN vs.
a-CD3 duodenitis) could be positively verified in IL-17A fm® (eYFP") cells
compared to IL-17A fm™ (eYFP") cells as well as by comparison of kidney versus

gut by protein expression analysis via flow cytometry.

128



Results

3.6.2 IL-27 gene expression in the course of NTN

In the course of further analysis, an elevated IL-27ra protein expression level was
measured via flow cytometry. Hence, it was feasible to analyze gene expression
of the IL-27ra ligand (IL-27) in the course of NTN in a time-depended manner.

Here, all TagMan qPCR experiments were performed using the hypoxanthine

phosphoribosyltransferase 1 (HPRT1) as a housekeeping gene reference (2.2.26).

To do so, after NTN induction, at different time points (24h, d3, d5, d7, d10, d14
and d21), kidneys from NTN-treated and non-NTN-treated (control-) animals were
extracted and RNA was isolated (2.2.22). Finally, RNA was transcribed into
cDNA (2.2.24).

Of note: Two independent time-kinetic experiments were performed and all NTN

experiments were performed using C57BL/6 wild-type (wt) mice.

Results from IL-27-NTN time-kinetic qPCR experiments (Figure 41) show
increased /127 gene expression over time in the course of NTN.

1127 gene expression was found to increase from day 7, where also Ty17 cells are
generated in the kidney.
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Figure 41: Relative gene expression of IL27 in the course of NTN (PCR)

To assess the gene expression of //27 in the course of NTN relative to a house keeping gene
(HPRT1), TagMan gPCR was performed from NTN time-kinetic experiments in C57BL/6 wild-type
mice. RNA samples were provided by the Panzer lab, UKE, Hamburg, Germany.

3.6.3 IL-27 intervention in NTN-mice

After analysis of obtained sequencing data and identification of the IL-27ra as an
interesting target gene, it was feasible to validate these data in protein expression
by flow cytometry (Figure 40). The results revealed a higher abundance and
differential gene expression of IL-27ra in renal NTN-samples compared to small
intestinal samples from a-CD3-treated mice which validated the sequencing data.
Furthermore, gene expression analysis via QqPCR revealed increased
IL-27 cytokine transcript levels over time, starting from day 7, in the course of NTN.
This time point represents also the occurrence of first kidney infiltrating Ty17 cells
in NTN (Krebs and Panzer, 2018). Hence, it is feasible to assume that IL-27 will

have an effect on these cells at this time point.
To further investigate the effect of the IL-27/ IL-27ra axis in vivo, an experiment

was conducted to functionally test the effect of recombinant mouse IL-27 cytokine

in NTN-mice, as schematically seen in Figure 42.
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Figure 42: Experimental approach to investigate the role of IL-27 in NTN-mice

On day 0, NTN was induced in female mice (10-12 weeks old) via i.p. injection of 450uL sheep IgG
per animal directed against mice GBM. In the course of the disease, the animals developed
proteinuria caused by damaged glomeruli, determined by urine sticks on day three. Five days after
NTN induction, daily treatment with IL-27 by i.p. administration or PBS started and last for 5 days
in total. On day 9, urine was collected in metabolic cages and renal albumin and creatinine was
quantified. On day 10 after NTN induction animals were sacrificed and samples were analyzed.

Therefore, NTN was induced in female Fate® reporter mice via sheep IgG
administration (2.2.2). Furthermore, non-NTN control animals received the same
volume of PBS compared to the volume of NTN-positive sheep IgG-administered

mice.

In order to get a proper Ty17-related immune response (description in 3.3 and
Figure 14), the daily i.p. administration of recombinant IL-27 cytokine
(and PBS-treatment as control) started on day 5 after NTN induction.

To assess the severity of kidney damage during NTN, proteinuria was measured
via urine sticks on day 3 post NTN induction (data not shown). In addition,
glomerular crescents were counted (Figure 44) in histological kidney sections from
d10 after NTN-induction (Figure 43) and albumin-to-creatinine ratio was analyzed

(Figure 44) from urine samples collected in metabolic cages on day 9.
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In addition, supernatants of homogenized kidney tissue were collected for further
IL-27 cytokine quantification via cytometric bead array (CBA) as described in
2.2.31 and 3.6.6.

Subsequent experiments were performed with 5ug of recombinant mouse IL-27

per animal in the range according to previous works of others (Owaki et al., 2008).

Figure 43: Histology of IL-27- treatment NTN-mice vs. PBS-treated NTN-mice

To functionally study the role of IL-27 application in vivo, NTN Fate® mice were treated with
PBS (middle) or with 5ug recombinant mouse IL-27 cytokine per mouse (right) for 5 days starting
from day 5 after NTN induction. In control mice (left) no NTN was induced. 10 days post NTN
disease induction, histological kidney sections were PAS-stained and glomerular crescents were
counted in order to assess the kidney damage. In kidney sections of PBS-treated NTN mice high
leukocyte cell infiltration and necrotic glomerular tissue was found (white arrow), as well as
glomerular crescent formation (white asterisk) which were significantly reduced in IL-27-treated
NTN-mice (right). However, non-NTN mice did not show glomerular damage.
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Figure 44: Renal damage in IL-27 treated NTN-mice

Ten days after initial NTN induction and 5 days of daily IL-27- (green bar) or PBS- (blue bar)
treatment, renal damage was significantly reduced in IL-27-treated NTN-animals according to A
glomerular crescents, B: albuminuria and C blood urine nitrogen (BUN, both on day 9) compared
to PBS-treated NTN-mice. Non-NTN mice (white bar) exhibited no crescent formation or high
albumin/ creatinine ratios and low BUN levels. Depicted plots had been generated from three
independent experiments, coded by white-, grey- and black color code. (Results from 3 independent
experiments.)

Histologically kidney sections from PBS-treated NTN-mice indicated a high degree
of kidney damage by formation of glomerular crescents as well as cell infiltration
into the glomeruli and necrotic tissue formation. In contrast, NTN-mice treated with
recombinant mouse IL-27 cytokine exhibited significantly reduced histological
damage. Non-NTN mice did not show glomerular damage as expected (Figure 43
and Figure 44).
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The same tendency was found in regard to proteinuria (BUN and ACR) which
showed significantly less proteinuria in IL-27-treated NTN-mice compared to PBS-
treated control NTN-mice. Non-NTN mice did not indicate elevated protein levels

in the urine or blood (Figure 44).

Summarizing, these in vivo results indicate that IL-27-treatment in NTN compared
to PBS-treated NTN-mice exhibit a significantly protective effect related to kidney

damage.

3.6.4 IL-17 /IL-10 in IL-27 intervention in NTN (FACS)

From literature, it is known that the IL-27/IL-27ra axis is capable to exhibit pro- and
anti-inflammatory properties for example by activation of IL-10 expression or by
inhibition of Ty17 cell differentiation depending on experimental or clinical

circumstances as explained in 3.6.

Therefore, the aim of further experiments was the elucidation of the underlying
molecular mechanisms for the significantly reduced renal damage in NTN-mice
treated with recombinant mouse IL-27 cytokine.

Based on findings from literature (3.6.), it was hypothesized that the observed
NTN-protective phenotype in IL-27-treated animals is caused by reduced amount
of Th17 cells by inhibited Ty17 cell differentiation and elevated expression of IL-10
in the kidney of mice with induced NTN. To proof this hypothesis, IL-17A and IL-10
protein levels were analyzed in Fate™ mice by via flow cytometry.
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IL-17 / IL-10 in IL-27 intervention in NTN — FACS gating strategy
Flow cytometric gating for analysis of IL-17A and IL-10 in NTN-mice with injected
IL-27 or PBS (control) is shown in Figure 45.
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Figure 45: IL-17A & IL-10 analysis in IL-27-treated NTN-mice - FACS gating

For analysis of IL-17A and IL-10 in NTN-mice after IL-27 recombinant mouse cytokine intervention,
cell populations were gated for living, singlet CD45°CD3" cells (top row). Furthermore, CD4"
IL-17 fm" (eYFP') cells were selected (lower row). Finally, the proportion of IL-17A
and IL-10 producing cells was determined. (Example gating strategy from NTN-mice with IL-27
intervention.)
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Proportion of IL-17 fm* (eYFP") cells in non-NTN and NTN (PBS/ IL-27) mice.
Figure 46 show flow cytometric analysis of IL-17 fm* (eYFP®) cells among
non-NTN mice and NTN mice treated with PBS or IL-27 cytokine.
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Figure 46: Analysis of IL-17 fm"* (eYFP") cell populations IL-27-treated NTN-mice

For further analysis, IL-17 fm" (eYFP") cell populations were studied in A, from left to right:
Non-NTN control mice (white bar) and NTN-induced mice, treated with PBS (blue bar) or IL-27
recombinant mouse cytokine (green bar) via flow cytometry. Quantified FACS results are depicted
in B. Results from two independent experiments indicated by grey and white circles.

Interestingly, results from analysis of proportion of IL-17 fm* (eYFP") cells showed
smaller population of cells which produced IL-17A (IL-17 fm®) in PBS-treated
NTN-mice compared to mice with IL-27 intervention (Figure 46 ,A and B) in two
separate experiments. However, a brought distribution of FACS-readings was
observed. In non-NTN induced mice however, the percentage of IL-17 fm" cells

was very low as expected.
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Analysis of IL-17A / IL-10 producing T cells in IL-17 fm* (eYFP") cells
populations in PBS/ IL-27-treated NTN-mice
Afterwards, the percentage of IL-17A and IL-10 producing cell populations within

IL-17 fm™ cells was further analyzed by FACS, as shown in (Figure 47).
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Figure 47: Analysis of IL-17A & IL-10 in IL-27/PBS-treated NTN-mice (FACS)

Depicted are the quantifications of IL-17A and IL-10 producing cells in IL-17 fm" cell populations
based on previous flow cytometric results. A: IL-17A and B: IL-10 in IL-17 fm” (eYFP") cells.

With regard to the previous hypothesis, no significant increase in IL-10 nor reduced
levels of IL-17A-producing cells was found in |L-27-treated NTN-mice compared to

PBS-NTN-mice in IL-17 fm" populations.

3.6.5 STATS3 activation after in vitro IL-27-stimulation in CD4" cells

In previously performed experiments, it was found that IL-27-treated NTN-mice

showed significantly reduced kidney damage compared to PBS-treated NTN-mice.

This result raised the question for the underlying molecular pathways for this
protective IL-27-mediated phenotype. To investigate a potential role of IL-17A and
IL-10 in Ty17 cells during experiments with IL-27 intervention in NTN-mice, these

cytokines were analyzed via flow cytometry. However, no increase in IL-10
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nor reduction in IL-17A in IL-17 fm™ cell population was found contrary to the set
hypothesized.

To find hints for underlying molecular pathways for the protective effect of IL-27 in
NTN-mice, it was therefore aimed to test activation of the STAT3 pathway by
analysis of pSTAT3 formation in vitro in IL-27-stimulated cells from healthy
spleens. Caused by the predicted small amount of cells and for precise and
sensitive pSTAT3 quantification, flow cytometry was chosen for analysis over
western blot.

To do so, spleens of healthy mice were extracted. Afterwards, CD4" cells were
enriched (2.2.17), stimulated, fixed and FACS-stained (2.2.19).

Since STAT pathways are involved in many pathways, after CD4" enrichment cells
were placed in a 37°C-incubator for 2,5h for cellular rest.

Then, cells were placed into a 6-well plate and finally stimulated with IL-6 as a
positive control for STAT3 (Owaki et al., 2008; Stumhofer et al., 2007), IL-27 or
PBS. For detailed procedure please refer to 2.2.28.

To additionally test different cytokine concentrations (IL-6) and varying durations
for in vitro stimulation (IL-27), a set of experiments were conducted. For details

please refer to Table 18.
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Figure 48: STAT3 activation in IL-27 / IL-6-stimulated CD4" cells — FACS gating

After extraction of and enrichment of CD4" cells from healthy spleen, cells were incubated for 2,5h
for cell rest. Afterwards, CD4" enriched cells were stimulated with IL-6 (positive control), IL-27 or
PBS (negative control). Cells were immediately fixed with para formaldehyde (PFA), stained for
flow cytometric pSTAT3 analysis and gated for A: singlet, living, B: CD45" CD3" cells.
(Example from IL-6 (10ng/ml)-stimulated spleen sample 1 of 2.)

To determine STAT3 activation via IL-6 and IL-27 in vitro stimulated CD4" enriched
healthy spleen samples, pSTAT3 molecules were FACS-stained and the
quantitative shift of STAT3 unstimulated (basal) molecules towards pSTAT3
molecules was quantified via for flow cytometry as shown in Figure 49.
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Figure 49: Analysis of STAT3 activation in IL-27 / IL-6-stimulated CD4" cells

After previous FACS gating, cell populations were analyzed for pSTAT3 formation, indicating
STAT3 pathway activation. A shows an overlay of flow cytometric pSTAT3 results from CD4"
enriched cells after in vitro IL-27 stimulation with: 10ng/ml for 10min (orange curve), 10ng/ml for
20min (blue curve) as well as non-stimulated (basal) cells (red curve). B: cells after IL-6 stimulation

with: 10ng/ml for 15min (orange curve), 20ng/ml for 15min (blue curve) as well as non-stimulated
(basal) cells (red curve). Data for long-term (overnight) stimulation are not shown.

Although, a moderate increase of pSTAT3 formation was found in IL-6 stimulating

conditions (10ng/mL and 20ng/mL) compared to non-stimulated (basal) spleen
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samples, flow cytometric quantitative and comparative analysis of pSTAT3
formation did not exhibit a significant shift of STAT3 molecules towards pSTAT3 in
IL-27 stimulating conditions. This was also true for long-term (overnight) cytokine

stimulation in vitro (data not shown).

In conclusion, it was experimentally not possible to clearly verify STAT3 activation

by IL-27 in vitro in CD4+ enriched spleen cells.

3.6.6 IL-27 cytokine quantification in |L-27 treated kidneys (CBA)

Since, from the experimental analysis it was not possible to clearly verify the
activation of the STAT3 pathway in a IL-27 ligand depended manner, it was also
unclear, if IL-27 cytokine is responsible for its protective effect in NTN-mice by

mediation of immune responses directly in the renal tissue.

For direct quantification of IL-27 cytokine in renal tissue, half of a kidney from
IL-27-treated NTN-mice was homogenized and total protein was extracted and
quantified as described in 2.2.29 and 2.2.30. Then, cytometry bead array (CBA)

was performed as described in 2.2.31. Results are depicted in Figure 50.
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Figure 50: IL-27 cytokine quantification in IL-27-treated NTN-mice via CBA

After treatment with IL-27 and PBS, total protein form kidney supernatant was isolated from
NTN-mice. Afterwards, IFN-y (left) and IL-27 (right) were quantified via cytometric bead array
(CBA). The latter were also analyzed in non-NTN control mice.
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In conclusion, CBA results did not show increased IL-27 levels in NTN-mice after
IL-27 injection in total renal protein samples.

3.7 Tbet and its role in NTN-pathogenesis and Ty17 cell stability

As explained before in 1.2.1 Tbet (encoded by the gene Tbx217) is the master
transcription factor in Ty1 cells. Among other functions, it is crucial for the

production of the pro-inflammatory cytokine IFN-y (Djuretic et al., 2007).

To analyze the role of Tbet in NTN-induced mice with regard to Ty17 cell plasticity
and NTN pathogenesis, transgenic mice from crossing of IL-17A Fate Reporter
mice with Thx21 floxed mice were generated, as illustrated in Figure 51.
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Figure 51: Generation of Tbx21-floxed IL-17A Fate Reporter mouse

To get Tbx21-floxed transgenic mice, IL-17A Fate Reporter were crossed with Thx21 floxed mice.
The resulting trans genic mice were used for all Tbet knockout (Thx27-floxed) experiments. If in a
cell the IL-17A promotor is activated, a cre recombinase is expressed, leading to excision of the
floxed Tbx21 gene and permanent mark of these cells with fluorescent YFP.

Therefore, NTN was induced in female Tbhx27-floxed- and IL-17A Fate Reporter
mice (2.2.2) and proteinuria (via BUN and ACR) was checked as well as glomerular
damage (via histological, PAS-stained tissue section). Results are depicted in
Figure 52.

To analyze the percentage of IL-17fm” cells (Figure 54), IFN-y producing IL-17fm’
(Figure 55) and IL-17fm" cells and Ty17 cell plasticity (Figure 56) in these mice,
kidneys were extracted and stained for flow cytometry as depicted in Figure 53,
Figure 55 and Figure 56.
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Figure 52: Renal damage in IL-17 Fate Reporter & Tbx21-floxed NTN-mice

After induction of NTN in female IL-17A Fate Reporter and Thx21-floxed mice, kidney sections were
PAS-stained (A and B, left) and glomerular damage was determined in terms of glomerular
crescents: (B, right) and album-to-creatinine ratio (ACR) as well as blood urea nitrogen (BUN), as
shown in C. All parameters were determined from NTN and non-NTN Tbx217 floxed (green bars)
and IL-17A Fate Reporter (grey bars) mice. In histological picture, glomerular damage in terms of
hypercellularity and formation of necrotic glomerular tissue is shown by arrows. Formation of
glomerular crescents is marked by asterisks. Albumin readings were obtained from 3 independent
ELISA experiments. BUN was measured on day 9 post-NTN induction.
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With regard to renal damage, non-NTN Tbx21 floxed control mice showed no
glomerular damage and no tubulointerstitial cell infiltration whatsoever. Same was
true for IL-17 Fate Reporter (Histology not shown). In contrast, both, IL-17A Fate
Reporter and Tbx21 floxed NTN-mice showed glomerular damage in terms of
hypercellularity and formation of necrotic glomerular tissue as well as formation of
glomerular crescents. Mean number of crescents was slightly higher in
Thx21-floxed NTN-mice compared to IL-17 Fate Reporter mice with induced NTN.
With regard to ACR, higher readings were found in IL-17 Fate Reporter NTN-mice
compared to Thx21 floxed NTN-mice. In addition, BUN analysis exhibited slightly
but insignificantly higher readings obtained from IL-17 Fate Reporter mice with
induced NTN. Non-NTN control mice exhibited no significant ACR, as expected.

Unexpectedly, high BUN readings were obtained from control mice.
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Figure 53: Analysis of Tbx21-floxed mice — FACS gating strategy

In order to analyze Ty17 cell plasticity, FACS-stained cells from kidney preparation of IL-17A
Fate Reporter- and Tbx21-floxed NTN-mice kidneys were gated as follows. A: singlet, B: living,
C: CD45", D: CD3"y8-TCR’, E: CD8 CD4"
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Quantitative analysis of flow cytometric results from Figure 53 are depicted

in Figure 54.
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Figure 54: IL-17 fm" populations in IL-17 Fate Reporter and Tbx21-floxed NTN-mice

After FACS gating as shown before, Tbx21(Tbet)-floxed mice (green bars) and
IL-17A Fate Reporter mice (grey bars) with induced NTN were compared with regard to their ability
to activate the IL-17A promotor, leading to IL-17A production. Depicted are percentages of IL-17 fm*
cells from IL-17A Fate Reporter an Tbx21-floxed mice. In addition, IL-17fm" cells were quantified in
non-NTN induced control mice as well.

The comparison Thx21-floxed and IL-17A Fate Reporter NTN-mice revealed no
significant difference in the percentage of IL-17fm" (eYFP™) cells in the CD3" CD8"

CD4" T cell subpopulation as shown in Figure 54.

Next, IL-17fm", IFN-y producing cell populations were compared in both transgenic

mice in the NTN model.

As aresult, the percentage of IFN-y producing cells was reduced in cell populations

from Thbx21-floxed NTN-mice compared to IL-17A Fate Reporter mice (Figure 55).
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Figure 55: IFN-y in IL-17A Fate Reporter and Tbx21-floxed mice

To determine percentage of IFN-y producing cells in CD4"CD8 CD3" IL-17fm" cell populations, the
previous FACS gating strategy was extended for CD4°IL-17fm™ cells as shown in A. Next,
IFN-y-producing cell populations from IL-17A Fate Reporter (B, top) and Tbx271-floxed mice (B,
bottom) were selected. C: Results from Tbx21-floxed mice are shown in green, IL-17A Fate
Reporter in grey. Control mice did not get NTN sheep serum.

Since cre recombinase was only expressed after activation of IL-17A promoter,
Tbx21 was only floxed in IL-17 fm®, IL-17A-producing (Tu17) cells and
subsequently did not lead to suppressed IFN-y production in IL-17 fm™ cell
populations.

Form literature it is know that Tbet (and Runx3) is essential for IFN-y production in
Tu1 cells (Djuretic et al., 2007).

In order to validate Tbx27 conditional knockout and Tu17 cell plasticity in

NTN-mice, IFNy- and IL-17A production of CD4" IL-17fm" cell populations were

analyzed in Tbx21 floxed and IL-17A Fate Reporter mice, as shown in Figure 56.
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Figure 56: Ty17 cell plasticity in IL-17A Fate Reporter and Tbx21-floxed NTN-mice
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Cells from NTN-induced IL-17A Fate Reporter (grey dots and bars) and Tbx27-floxed (green dots
and bars) NTN-mice were gated as shown before for CD4* CD8 “v3-TCR CD3" cell populations.
A: cells were further gated for IL-17 fm” (eYFP") cells and IFN-y (A, Top) and IL-17A-producing
(A, bottom) cells. Furthermore, A show an overlay of IFN-y (top) and IL-17A-producing (bottom)
Tbx21-floxed and IL-17A Fate Reporter NTN-mice. B: Quantifications of FACS results are shown
from NTN-induced mice only. Ty17 cell plasticity in both transgenic NTN-mice is shown in C as an
overlay of all analyzed samples from IL-17A Fate Reporter (“FateRep”, left) and Tbx27-floxed
(“Tbetfl”) mice (right).

In summary, the comparison of IL-17A Fate Reporter and Thx217-floxed NTN-mice
revealed no significant difference with regard to NTN severity, nor to Ty17 cell
plasticity in the nephrotoxic nephritis (NTN) model. Both transgenic mice in this
model exhibited a high degree of Ty17 cell stability.
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4 Discussion

Since Mosmann, Coffman and colleagues identified “two types of murine helper T
cell clones” in 1986 and classified them according into T helper cells (TH)1 and 2.
This model helped to make new contributions into the field of immunology
(Mosmann et al., 1986; Mosmann and Coffman, 1989).

However, provided with explanations for previously unknown immunological
mechanisms, over time this applied model has been offended since not all
immunological responses fit the Ty1/Tu2 paradigm. In fact, Mosmann and Sad
stated in the 1990s, some time before the discovery of the now known Ty17 and T
follicular helper (Tfh) cells or ILC’s that the classification into Ty1 and Th2 cells
“[...Jmay underestimate the full complexity of some responses.” (Mosmann and
Sad, 1996).

Paradoxically, cytokine research was one of the key elements, not only as the basis
for the existence of this paradigm but also one of the key aspects for overwhelming
immune responses and termination of inflammatory reactions. Ty1/Th2
classification was scientifically introduced based on the observation that these cells
expressed different cytokines leading to different effector functions. For example,
among others Ty1 cells produce IFN-y, IL-2 while T2 cells produce IL-4, IL-5, IL-6
and others. On the other hand, cytokines were found which could not be explained
neither by Ty1 nor by Tn2 cells.

In addition, it was found that late T helper cell fate decisions were also not as strict
as assumed. In fact, studies have shown that T cells are not static but that they
can provide the ability to adapt to immunological conditions and requirements. In
general, the ability to adapt to a changing micro-environment is of fundamental
importance on a small scale (cells plasticity) as well on large scales (human
evolution).

In contrast, the lost ability to adapt to changing circumstances often results in
dysfunctional biological systems.

Accordingly, Ty17 cell plasticity is one possibility to adapt to immunological
conditions since Ty17 cells can produce pro-inflammatory cytokines like IL-17.
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However, they are also capable to transdifferentiate into other cell types like Ty1
or more protective Tr1 cells which express immune-suppressive IL-10 (Gagliani et
al., 2015; Huber et al., 2011).

Nowadays, many studies provided evidence that Ty17 cells act as main driver of
many autoimmune-mediated diseases like rheumatoid arthritis, psoriasis, multiple
sclerosis or chronic kidney diseases (Gaffen et al., 2014). Although, many animal
studies were conducted key molecular mechanisms are still elusive, for example
regarding Tu17 cell plasticity. If it was possible, to develop drug-mediated
intervention toward regulatory, immuno-protective phenotypes could potentially be
prevented.

Therefore, this thesis aimed to better understand molecular mechanisms of Ty17

cell plasticity/stability in organ-specific autoimmunity.

In the early phase of chronic autoimmune kidney disease, the therapeutical
approach is based on administration of immune-suppressive drugs, as described
in 1.3.3. Since glomerular injury caused by inflammatory reactions are partly
inhibited or attenuated by this therapy, patients who undergo the medical drug
treatment often show reduced renal symptoms and therefore provide an overall
beneficial clinical outcome in an early phase. However, therapies are unspecific
and can have severe side effects.

In many patients, disease progression continues despite treatment, often leading
to end-stage renal disease (ESRD) and requirement of renal replacement / dialysis
(Kurts et al., 2013). Furthermore, due to unspecific immunosuppression, patients
get more susceptible for infections and secondary diseases like cardio vascular
defects (Mclintyre et al., 2011; Wouters et al., 2015).

In summary, the current CKD treatments are rather unspecific and partly
ineffective. Individual and more specific therapies are needed which also consider
individual immunological conditions.

Here, one conceivable clinical approach not only for autoimmune kidney disease
but also for other Ty17-mediated autoimmune disorders could be provided by the
modulation of pro-inflammatory Tw17 cells towards a more regulatory and

protective T cell phenotype.
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Therefore, in this thesis mechanisms of Ty17 cell stability in the kidney were
investigated by generation and comparative analysis of gene expression profiles
in murine autoimmune-mediated disease models with high (EAE, anti-CD3
duodenitis) and low (NTN) Ty17 cell plasticity.

To compare gene expression profiles, these models were chosen since they are
well established disease models with relatively high Ty17 cell plasticity. For
comparative analysis, it is very important to validate successful disease onset in
all models.

The results for clinical disease-related outcomes provided evidence for successful
disease onset in all models, except in the pristane-induced lupus nephritis model
which was chosen as an alternative renal disease model for stable Ty17 cells
(Krebs and Panzer, 2018).

With regard to proteinuria and glomerular damage, the latter showed no evidence
of renal or other organ-specific pathogenicity. However, abnormal formation of
white granules was observed in the abdomen of pristane-treated mice 52 weeks
after administration (Figure 21) which were not further analyzed. But since these
encapsulations were not observed in non-pristane treated animals, these findings
imply a (immunological) protective reaction against the injected oil.

This hypothesis is supported by Chowdhary et al. which described “lipid granules
in macrophages” in pristane-induced lupus nephritis in vivo (Chowdhary et al.,
2007). In fact, T417 cells did show a high degree of stability similar to renal Ty17
cells in experimental nephrotoxic nephritis as shown earlier (Figure 20).
Previously, this was already shown by Krebs et al. 2016. But since no clear disease
onset was found, this experimental mouse model for systemic lupus
erythematosus was not implemented for further comparative gene expression
analysis.

By usage of RNA bulk sequencing, our unbiased approach delivered a cross
section of differential gene expressions of Ty17 cells in the inflamed tissue in
models of autoimmune disease. This provided the basis for comparative gene

expression analysis.
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It was decided to do RNA sequencing of IL-17 Fate Reporter and Fate™ reporter
which was performed for two main reasons. IL-17 Fate Reporter mice are a good
tool for analysis of Ty17 cell fate status. Via their YFP status cells can be separated
into populations which activated IL-17A promotor and became what is known as
Tu17 cells and populations who didn't activated this promotor at the time of
analysis. So, the analysis is independent of the current IL-17 status. On the other
hand, Fate” reporter mice provide insights into the current status of cell populations
with regard to IL-17A, FoxP3 and IFN-y production (Figure 24) which allows T cell
classification. Furthermore, by using Fate™ for RNA sequencing, biases caused by
individual and organ-related gene expression patterns in the NTN model are
excluded.

Based on sequencing results and data quality checks from IL-17 Fate Reporter as
well as from Fate® reporter (data not shown), IL77A and cre gene expression
analysis implied successful and efficient flow cytometric sorting of cells with
activated IL-17A promotor (YFP™) and never activated IL-17A promotor (YFP").

In addition, principal component analysis (PCA) indicated a rather high group
cohesiveness among different samples with regard to gene expression profiles in
YFP" vs. YFP" cells (IL-17A Fate Reporter, see Figure 27) as well as YFP" IL-17"
vs. YFP" IL-17 cells (Fate® Reporter, see Figure 28). The group cohesiveness in
Fate™ samples however was higher in kidney samples compared to YFP" renal
samples from NTN-induced IL-17 Fate Reporter mice. Since the latter does not
give information about the current status of IL-17A reporter, as it is the case in
acute and Fate® reporter mice, it is feasible to assume that these cells did not
necessarily evolved in a common manner, subsequently leading to activation of
different genes which would explain different gene expression pattern and reduced
PCA group cohesiveness.

In summary, these results supported evidence for successful flow cytometric cell

sort of these cell populations as a basis for comparative gene expression analysis.
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Target gene selection

After application of selection criteria as described in 3.5, a list of potential target
genes were selected from the comparative analysis of IL-17 Fate Reporter (Figure
36) and Fate™ Reporter mice (Figure 37). These genes were significantly up- or
down regulated in models for higher Ty17 cell plasticity vs. NTN as a model for
rather stable Ty17 cells. Also see vulcano plots (Figure 34 and Figure 35).

Based on gene ontology (GO) classifications (3.5), the selected target genes can
be sorted in the following main subclasses according to their known effector
functions or to the known effector functions of the proteins they encode
respectively.

e Cytokine receptors (1127ra, l11r2, [120ra)

e Transcription factors (Zeb2, TOX2, KIf2 etc.)

e Chromatin remodeling factors (Tcf7, TOX, TOX2, Satb1 etc.)
e Other intracellular signaling (Aebp1, Vdr, Ahr, Fasl etc.)

IL-27/IL-27ra axis as target selected

As a first target gene from comparative gene expression analysis from anti-CD3
duodenitis vs. NTN the IL-27 receptor a (encoded by /127RA) was chosen.

The sequencing data revealed a significant overexpression of [[27ra in
NTN-treated IL-17 Fate Reporter mice compared to anti-CD3e-treated IL-17 Fate
Reporter mice which led to T cell stimulation. Subsequently the small intestinal

inflammation caused sepsis.

IL-27ra sequencing data validation & IL-27 time-kinetic analysis in NTN
Since the IL-27/IL-27ra axis is known for its bifunctional roles as a pro- and
anti-inflammatory effector pathway (Owaki et al., 2006; Stumhofer et al., 2006;
Yoshida and Hunter, 2015), it was decided to validate the IL27RA sequencing data
and to functionally analyze the role of this pathway in the experimental nephrotoxic
nephritis mouse model.

In order to validate the RNA sequencing data, protein expression of IL-27ra
analyzed via flow cytometry (3.6.1).

153



Discussion

These data validated the sequencing data on protein level since they showed
significantly higher IL-27ra expression in renal samples from NTN-mice compared
to samples from a-CD3-treated mice in small intestine (Figure 40). Overall,
significantly more renal cells expressed the IL-27 receptor o in IL-17 fm” (YFP™)
compared to IL-17 fm” (YFP") cells in the NTN model. We therefore hypnotize that
IL-17 fm* cells with higher IL-27 receptor expression would also perform more IL-
27-related signaling.

To test this, the relative IL-27 gene expression was analyzed via qPCR in the
course of the disease from day 0 to day 20 (3.6.2).

The results from these analyses revealed an increase in /127 RNA-transcripts over
time with a first peak on day 7 which coincide with the appearance of first
kidney-infiltrating Th17 cells. However, 14 days after NTN induction, the amount of
IL27 appears to decrease as shown in Figure 41. This raises the question for the
cellular source of IL-27 during NTN.

IL-27 is not known to be produced by Ty17 cells but rather by antigen presenting
cells (APCs) like dendritic cells, epithelial cell and macrophages as well (Villarino
et al., 2005; Yoshida and Miyazaki, 2008). Since the latter migrate into the kidney
during NTN (Kurts et al., 2013), it is likely that these cells are one of the main

source of IL-27 here.

IL-27 intervention in NTN

In summary, the results showed the existence of IL-27ra-expressing Ty17 cells in
the NTN-kidney. Furthermore, the results implied increase of IL-27 in the course of
the NTN. Therefore, it was suggested that these Ty17 cells would be able to signal
upon IL-27 secretion.

Since the population of Ty17 increases in the course of the NTN model (Figure
14), the results suggested that IL-27-depenend Ty17 signaling would be effective
within 10 days after NTN induction. Hence, at this time point there were many
IL-27ra-expressing Tu17 cells as well as (potentially) IL-27 secreting macrophages
present in the kidney.
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Based on published data, it is known that IL-27 mediates pro-inflammatory immune
responses like Tbet-induced Ty1 differentiation (Owaki et al., 2006) via STAT1
(Takeda et al., 2003) as well as inhibition of Treg differentiation via STAT3 (Huber
et al.,, 2008) and others as well as anti-inflammatory immune responses like
suppression of IL-17 production (Batten et al., 2006), promotion of IL-10 production
(Fitzgerald et al., 2007; Freitas do Rosario et al., 2012; Stumhofer et al., 2007) or
promotion of “distinct Treg populations” (Hall et al., 2012a).

In order to assess the role of IL-27-intervention during NTN and its consequences
for renal pathogenesis, an experiment was conducted in which NTN-mice were
treated with recombinant mouse IL-27 cytokine 5 days after disease induction.
Further treatment by i.p. injection was performed by daily application for 5 days.
Subsequently, kidney injury was analyzed at day 10 after NTN-induction as
described in 3.6.3. Interestingly, it was found that on day 10 after NTN-induction
all clinical markers for kidney damage were significantly reduced. This included the
degree of proteinuria (BUN, ACR) as well crescent formation (Figure 43 and
Figure 44). Importantly, on day 3 prior to PBS- and IL-27-treament all NTN-induced
animals showed high proteinuria (measured via urine sticks) indicating successful

disease induction.

This protective effect of IL-27-intervention in NTN supports the idea that the renal
IL-27, suppresses overwhelming inflammatory reactions in order to prevent further
tissue damage in the kidney, caused by Ty17 cells.

Analysis of underlying mechanism for protective IL-27 effect during NTN
The significantly protective effect caused my IL-27 administration in NTN raised
the question for the underlying molecular mechanisms.

Since kidney damage is mediated by renal inflammation, an anti-inflammatory
IL-27 mechanism was suggested. Furthermore, one of the anti-inflammatory
effector functions of IL-27 is based on the suppression of IL-17 production (Batten
et al., 2006) and promotion of IL-10 production, as mentioned before (Fitzgerald et
al., 2007; Freitas do Rosario et al., 2012; Stumhofer et al., 2007).
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Hence, renal samples from NTN-mice were flow cytometrically checked for IL-17
and IL-10.

Interestingly, neither a decrease in IL-17 nor an increase in the immune-regulatory
cytokine IL-10 was observed (see Figure 45 and Figure 47). As expected, only a
small fraction of IL-17 fm" cells was observed in non-NTN mice. But surprisingly
the percentage of actually IL-17-producing IL-17 fm" cells was slightly higher in the
IL-17 fm” fraction in IL-27-treated animals than in the PBS group as depicted

in Figure 46.

In addition, it was found that the percentage of IL-17 fm" cell populations which
actually produced IL-17A was overall very low at approximately 2,5% of IL-17fm*
cells (Figure 47, A) compared to previous NTN-experiments conducted in our
group (data not shown). This could potentially be explained either by
methodical/ experimental insufficiencies or by insufficient initial immune response
caused by this distinct anti-GBM sheep serum which was used for NTN-induction.
Furthermore, the fact that both groups, PBS- and IL-27-treated NTN-mice showed
almost similar and rather high IL-10 expression among IL-17 fm™ cell populations
(approximately 4-5% of these cells, see Figure 47, B), questions these results.
Therefore, these experiments need to be repeated to better understand the role of
IL-27 in Tw17 cell plasticity and IL-10 induction. Moreover, to check the
IL-27-related expression of IL-10 and IL-17 it would be possible to do initial in vitro
experiments of renal samples from NTN-mice and to perform IL-27 stimulation and
FACS analysis.

Although, no evidence could be provided that this protective IL-27-effect is
mediated by increased secretion of IL-10 and/or attenuated secretion of IL-17, it is
feasible to assume that Ty17 cells are involved in the mechanism which protects
glomeruli from glomerular damage in the NTN model. This assumption is
reasonable since Ty17 cells are the main population of kidney infiltrating cells at
this time point, illustrated in Figure 14 (Kurts et al., 2013).

The fact that these Ty17 cells in the NTN are able to express the IL-27 receptor a
(as shown in the bulk sequencing data and flow cytometry), an intervention was
performed by administration of its ligand (IL-27) which leads to the assumption that
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the cells will perform IL-27 signaling. In addition, it was found that also kidney
infiltrating mast cells can express IL-27ra also known as WSX-1 (Pflanz et al.,
2004). However, using WSX-17/ mice it was found in vivo that this receptor showed
no effect on mast cell activity, since the mean number of mast cells didn't change
in these mice (Artis et al., 2004).

Since it is known that IL-27 mediates its immunological functions via STAT1 and
STAT3 (Yoshida and Hunter, 2015), also see chapter 1.4, Figure 7, it was feasible
to check for upstream IL-27 pathway activation via STAT3 by flow cytometry
(see chapter 3.6.5 ,Figure 49). In addition, recent studies showed that STAT3 is
able to control glomerulonephritis by regulatory T cells in a Ty17-specific manner
(Kluger et al., 2014).

As a positive control for in vitro the STAT3 activation which finally leads to
formation of phospho (p)STAT3 (described in chapter 1.4, see Figure 7), the
cytokine IL-6 was used (Stumhofer et al., 2006; Stumhofer et al., 2007).

Although, a moderate increase towards pSTAT3 formation was observed during
IL-6 stimulation, no clear and significant evidence was found for STAT3 activation
by IL-27 (Figure 50). Most probably these results are inapplicable since many
studies could clearly show an activation of the STAT3 pathway by IL-27 as well as
IL-6 (Hall et al., 2012b; Horlad et al., 2016; Huber et al., 2008; Owaki et al., 2008).
Since STAT3 pathways are involved in many pathways as explained earlier (1.4),
there is a rather high basal level of both STAT3 and pSTATS3. For example, STAT3
activation is also essential for differentiation of Ty17 cells as mentioned in
chapter 1.2.4.1.

In addition, unless CD4" cells were enriched, it is reasonable to assume that in the
process of cell preparation from kidney samples not only T cells were isolated but
also other renal cells. As explained in chapter 1.3, the kidney is also important for
EPO-mediated blood formation. EPO also mediates receptor signaling via STAT3
(Cao et al., 2010).

As a result, it is challenging to perform experiments to analyze differences in
STAT3 activation of stimulated and unstimulated cell populations. However, this
does not explain why even with IL-6 which is a strong STAT3 activator, there is
only a moderate shift toward pSTAT3 formation.
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From other studies it is known that the differentiation of Ty17 is suppressed by
activation of STAT1 (Peters et al., 2015). Thus, as an alternative experiment, it
would be reasonable to check for IL-27-mediated STAT1 activation instead of
STATS.

In addition, it would be interesting to analyze the expression of the Ty17-essential
transcription factor RORyt via flow cytometry. The latter is known to suppress IL-10
production in Ty17 cells in intestinal inflammation (Sun et al., 2019). Assuming a
IL-10-dependend regulatory function, one reason for the protective effect of IL-27
in NTN-mice could be explained by potential decrease of RORyt expression by
IL-27 which can also be determined by flow cytometry.

Another experimental approach to assess the function of IL-27 in NTN would be
the blocking of IL-27 via antibody binding in Fate™ mice which would hypothetically
deteriorate the clinical outcome caused by non-suppressive IL-27 effector function.
Furthermore, it would be possible to analyze the current expression of IFN-y,
FoxP3 and IL-17A.

To check whether the injected recombinant IL-27 cytokine can be detected in renal
sample, total protein from renal samples of NTN- and IL-27-treated mice were
isolated. Afterwards, a cytometric bead array (CBA), a rather sensitive
ELISA-based FACS method to quantify cytokine, hormones and others was
performed. However, no differences in IL-27 or IFN-y could be detected in IL-27-
vs. PBS-treated NTN mice, as depicted in Figure 50 in chapter 3.6.6. which is
most probably caused by experimental limitations, since all measured cytokine
amounts were within the lower limit of the standard curve. Results obtained from
this region of the standard curve does not allow sufficient and accurate cytokine

analysis.

Other possibilities for the overall low cytokine amount could be caused by a
potentially (1) rapid decomposition of the cytokines in the protein supernatant or
by (2) lack of CBA IL-27-antigen/epitope detection caused by usage of recombinant
mouse IL-27 cytokine compared to non-recombinant protein. Furthermore, higher
protein input and/or higher protein sample concentration would may cause more

accurate cytokine quantification.
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Moreover, it is also reasonable that the kidney-protective effect of IL-27 in
NTN-mice is not caused or mediated by Tu17 cells and related Ty17-effector
functions but by other (immune) cells.

As mentioned, it was found that Ty17 cells are partly controlled in the small
intestine (Esplugues et al., 2011). Furthermore, it was found that Ty17 cells from
the small intestine can migrate to the kidney causing renal damage during
experimental crescentic glomerulonephritis (Krebs et al., 2016a). Hence, IL-27
could potentially effect Ty17 cells in the small intestine leading to higher IL-27
cytokine levels in the small intestine which could be analyzed by CBA as well or by
Meso Scale analysis which is another immunoassay.

Quality assessment of identified candidate genes and further remarks
In summary, experiments conducted during my thesis provided a number of
potential interesting target genes with regard to Ty17 cell stability/plasticity in

autoimmune-mediated renal disease.

Recent studies found evidence for pivotal Ty17 cell plasticity-related roles of some
of our selected target genes which were published after we obtained RNA bulk
sequencing data. These include for example transcription factor 1 (TCF-1)
encoded by Tcf7 (Johnson et al., 2018) and fas ligand (Fasl) encoded by Fas/
(Meyer Zu Horste et al., 2018). This supports the notion that the genes identified
in this thesis are of high relevance in Ty17 cell biology.

TCF-1 has long been known for its essential role in early T417 cell differentiation
(Danilo et al., 2018; Yang et al., 2019). However, underlying mechanisms were
elusive. In 2018, Johnson et al. found that T cell fate commitment is depended on
chromatin accessibility. If chromatin is in closed conformation, several essential
differential genes are inaccessible leading to suppressed cell differentiation. As the
authors claim, this could potentially be also interesting in later T cell linage
commitment.

Therefore, also genes with chromatin remodeling functionalities were selected
(see above, chapter 4 “Target gene selection”, Figure 36 and Figure 37.). Some
of them like Satb1, Tcf7, Tox and Fasl were also validated by qPCR (data not

shown.)
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Fasl was previously mainly known for its apoptotic effector functions by interaction
with the “death receptor” Fas (Waring and Mullbacher, 1999). However, in 2018
zu Horste et al. published a paper in which they show that Fasl not only promotes
Tu17 cell differentiation but also that this ligand has the ability to prevent Ty17 cell
transdifferentiation into Ty1 cells (Meyer Zu Horste et al., 2018).

Since we also found these genes before the Ty17 cell plasticity-related function
was published, it is reasonable to assume the selected gene targets are of high
relevance with regard to functionality in T417 cell stability.

Additionally, although IL-27 experiments could not clearly find evidence for shifted
Tu17 cell stability in NTN, results indicated a significantly protective effect of IL-27
during intervention in NTN-mice, potentially mediated by modified Ty17 cell

plasticity.

Although, most of the experiments were conducted in vivo, the obtained results
might not directly translate into the human situation in renal autoimmune disease.
However, they are essential for research and potentially for clinical applications.
Thus, also data from human renal biopsies were acquired and single cell
sequencing was performed in our lab to additionally map (1) differential gene
expression profiles in small cell populations and (2) to take cell heterogeneity into
account. However, data from renal biopsies are biased, since patients diagnosed
with CKD are immediately treaded, mostly with steroids which is feasible for ethical
reasons.

These drugs have been shown to have some beneficial clinical effects, but the
underlying reasons are still elusive. As a result, statements and implications

gathered from human biopsies should be treated with care.

Conditional Thx21(Tbet-) flox experiments

As mentioned earlier in chapter 1.2.1 Tbet is an essential transcription factor for
IFN-y production in T cells and in Ty1 cells Tbet (encoded by the Thx21 gene) is
the main transcription factor (Singh et al., 2017).

During T helper cell differentiation, the function of Tbet is suppressed in Ty2,
T follicular helper (Tfh) and Tu17 cells (Zhu and Paul, 2010). In contrast,
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RUNX1 and RUNXS3 function as co-factors which promote the production of IFN-y
by Tbetin CD4" T cells. Hence, Thx21 is one of the factors which are controlled by
Tu17 cells and are involved in T cell fate commitments. Interestingly,
IL-17A*/IFN-y*-producing (Ty17/Tu1) cells, so called double producers, express
both, RORyt as well as Tbx21 which derived from Ty17 cell precursors (Chen et

al., 2017). In this case, however RORyt seems not to suppress Tbx21 expression.

Therefore, and independently from the list of potential target genes, which was
obtained from RNA bulk sequencing (Figure 36 and Figure 37), it was the aim of
further experiments to investigate the effect of Thx27 in conditional knockout
NTN-mice.

In order to generated conditional Tbx27-knockout mice, IL-17A Fate Reporter were
crossed with Tbx21 floxed mice as illustrated in Figure 51. As a result,
IL-17A-activated promotor leads to expression of cre recombinase which leads to
excision of the floxed Tbx21 gene and permanent eYFP-mark of these cells.

As a result of these experiments, no evidence was shown for changed glomerular
damage in terms of proteinuria or number of formed crescents (Figure 52) in
Thx21-floxed vs. IL-27A Fate Reporter NTN-mice.

Since CD4" IL-17 fm™ (eYFP’) cells do not activate IL-17A promotor and
subsequent cre expression in Thx21-floxed NTN-mice, IFN-y was not suppressed
in this cell population (Figure 55).

In contrast, CD4" IL-17 fm” (eYFP™) cell populations showed significantly reduced
IFN-y production in flow cytometry as expected (Figure 56 ,B, top). Beside Thx217-

genotyping, this was an additional proof of functional Thbx27-conditional knockout.

With respect to Ty17 cell plasticity in these NTN mice, no differences were
observed IL-17A Fate Reporter compared to Thx27-floxed animals in flow
cytometry, as depicted in Figure 56 ,C.

These results are consistent with previous studies which found that
Tbet-expressing Tu1 cells seem not play a significant role in the pathogenesis of

NTN within 10 days after disease induction as illustrated in Figure 14
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(Krebs and Panzer, 2018; Riedel et al., 2016; Turner et al., 2012). This early time
point in the pathogenesis is rather dominated by glomeruli-infiltrating IL-17A and
IL-17F-producing T cells like Ty17- and vy3-T cells (Krebs and Panzer, 2018; Riedel
et al., 2016). Therefore, it was not expected to find significant differences in Ty17
cell plasticity by conditional Tbx27-knockout mice 10 days after NTN induction. At
a later time point however, the effector functions mediated by Tbet-expressing cells
increases. Thus, it would be interesting to repeat these experiments and
investigate disease outcome at later time points to assess the role of Tbetin TH17
cells at later stages of the disease. However, beside Ty1 cells, Tbet is also
important in a T regulatory population called Treg1 cells. Nosko et al. found in their

t"" mice, that Tbet is essential for this

studies, in which they used FoxP3“°xTbe
Treg subtype. Furthermore, they found that Tbet enhances the ability of these cells

to suppress inflammatory Ty1 cells in NTN (Nosko et al., 2017).

In summary, a number of potential candidate genes were identified which might
play important functional roles in the stability of Ty17 cells in organ-specific
autoimmune diseases.

Experiments investigated the IL-27/IL-27ra axis to target T cell plasticity in a
therapeutic approach show a protective effect mediated by IL-27 in a model of renal
autoimmunity. Importantly, IL-27 administration led to significantly reduced kidney
injury after induction of NTN which is important for potential clinical applications.

Since some of the genes selected based on the analysis of expression profiles of
Tu17 cells in different models of autoimmune diseases in this thesis were also
identified by other labs to contribute to Ty17 cell stability and plasticity, we think
that our experimental approach will indeed result in a better understanding of the
molecular mechanisms that drive Ty17 cell immune response specifically in the
kidney. Therefore, the results of this thesis might build the basis for the
identification of novel therapeutic targets. This ultimately result in new targeted
therapies that push pathogenic Ty17 cells into immuneregulatory T cell phenotypes
in the kidney in renal autoimmunity. Potentially, these results could also be

translated into the treatment of autoimmune diseases in other organs.
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Auflistung der verwendeten Gefahrenstoffe nach GHS

Auflistung der verwendeten Gefahrenstoffe nach GHS

(Gefahrensymbole, H- und P-Satze)

Substanz CAS-Nummer | GHS-Gefahrenstoffkennzeichnung H- und P-Sétze
H: 302-315-319-
Dithtiothreitol 335
3483-2-3
(DTT) P: 261
Reizend 305+351+338
H: 319
Eosin 17372-87-1 P: 319-
Reizend 305+351+338
@ H: 225-319
Ethanol 64-17-5 Brandférdernd P: 210-240
(EtOH) 305+351+338
@ 403+33
Reizend
Ethidiumbromid ‘ . H 302-330-341
1239-45-8 Giftig
(EtBr) P: 201-260-280
' Gesundheitsschadlich
Ethylendiamin-
H: 319
tetraessisgséaure | 60-00-5
P: 305+351+338
(EDTA)
Reizend
H: 302-315-319-
355
Hamatoxylin 51728-2
P: 261-
Reizend 305+351+338
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(PFA)

Atzend

P: 210-261-280
305+351+338

@ H: 226-304
Brandférdernd 312+332 315-319
m-Xylol 335-412
95-47-6
(CsH10) P: 210-261-273
Gesundheitsschédlich 301+310 302+352
: 312-331
Reizend
Octylphenoxy- : Reizend H: 302-315-318-
polyethoxyethanol 410
(IGEPAL CA-630, 9002-93-1 @ P: 280
NP-40) . 301+312+330-
Atzend
305+351+338+310
: Gewassergefahrdend
: Brandférdernd
H: 228-351-302-
322-315-319-317-
Paraformaldehyd 30525-89-4 Gesundheitsschéadlich 335

Reizend
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Auflistung der verwendeten Gefahrenstoffe nach GHS

Gesundheitsschadlich

@ H: 271-314
10450-60-9 301+330+331
(H5106)
305+351+338
309+310
Atzend
Pristan
(2,6,10,14- H: 315-319
1921-70-6
Tetramethyl- P: 305+351+338
pentadekan) Reizend
H: 290 314
Schwefelsaure P: 280 301+330+331
7664-93-9
(H2S0,) 305+351+338
Atzend 308+310
Trypanblau H: 350
P 72-57-1
(C34H28N014S4) P: 201 308+313
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