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1. Abstract

The NF-kB transcription pathway is extremely important for immune responses and
homeostasis. Therefore, strong regulation of it is absolutely necessary. One of these
regulatory mechanisms is the existence of nuclear IkB proteins. Although good progress has
been made in elucidating their role, there is still a lot to be discovered about their function
in the immune system. This is even more important, since the characteristic of nuclear IkBs
to act either as enhancers or suppressors of NF-kB, depending on the cell type, grants them
the ability to fine tune the immune response. Thus, the nuclear IkBs possess interest as

pharmacological targets.

During this thesis, the expression of the nuclear NF-kB regulator IkBys in several types of
immune cells was measured and its role in NK, Ty1 and Treg cells was investigated by the use
of novel conditional deletion mouse models. IkBys in NK cells, was found to be important in
regulating T cell homeostasis. Also, it was found to suppress a B cell developmental pathway.
In T cells, IkBys was shown to be crucial for the early stages of Ty1 differentiation. Also, mice
where IkBys was missing in T cells, were less susceptible to Leishmania major infection. They
showed a faster and earlier immune response and had reduced numbers of regulatory T cells
in the periphery. In contrast to control mice, the IkBys-deficient animals were able to better
eliminate Leishmania and prevent persistent infection. Moreover, differential-expression
analysis showed that IkBys-deficient effector and naive Tregs had impaired calcium signalling

and an elevated WNT pathway, which would lead to impaired Treg function.

Overall, this thesis demonstrated that IkBys is crucial for a number of effector cells of the
immune system, such as NK cells, Ty1 cells and regulatory T cells. This was confirmed in an in
vivo model of Leishmania infection by the use of novel conditional knock out mice. The fact
that IkBys deletion in T cells does not cause any autoimmunity, but is beneficial in the
context of Leishmania major infection, emphasizes the possibility that IkBys is an interesting

drug target.



1. Zusammenfassung

Der Transkriptionsfaktor NF-kB spielt eine wichtige Rolle bei Immunantworten und der
Zellhomoostase. Deshalb ist eine strikte Regulation von NF-kB entscheidend. Einer dieser
Regulationsmechanismen basiert auf nukledren IkB Proteinen. Obwohl die nukledren kB
Proteine schon geraume Zeit untersucht werden, ist noch vieles (iber deren Funktion im
Immunsystem unbekannt. Da sie als Aktivator oder Suppressor in Abhangigkeit des Zelltyps
wirken, regulieren sie Immunantworten sehr genau. Deswegen sind sie auch fir

pharmakologische Fragestellungen interessant.

Im Rahmen dieser Doktorarbeit wurde die Expression des nuklearen NF-kB Regulators IkBys
in verschiedenen Immunzellen bestimmt, und dessen Rolle in natirlichen Killerzellen, Thl
Zellen und regulatorischen T-Zellen unter Nutzung von neuen konditionalen Mausmodellen
analysiert. Es stellte sich heraus, dass IkBys in natiirlichen Killerzellen bei der Regulierung von
T-Zellhomoostase entscheidend ist. AuRerdem unterdriickt 1kBys bestimmte Transkriptions-
faktoren in natirlichen Killerzellen, die ein B-Zell-spezifisches Differenzierungsprogramm in
Lymphozyten induzieren. In T-Zellen hat 1kBys eine wichtige Bedeutung in der friihen Phase
der Th1 Differenzierung. Mause, bei denen IkBys in T-Zellen fehlt, waren weniger anfallig fur
Leishmania major Infektionen. Sie zeigten eine schnellere und friihere Immunantwort und
hatten eine reduzierte Anzahl an regulatorischen T-Zellen in der Peripherie. Im Gegensatz zu
den Kontrollmausen, waren die |IkBys-defizienten Tiere in der Lage, die Leishmanien zu
eliminieren und eine persistierende Infektion zu verhindern. Die Mause RNA-Sequenzierung
ergab, dass IkBys-defiziente regulatorische T-Zellen einen verminderten Calcium-Signalweg
und einen erhéhten WNT-Signalweg aufwiesen, was auf eine verschlechterte Funktion der

regulatorischen T-Zellen hindeutet.

Somit zeigte diese Doktorarbeit, dass IkBys eine wichtige Rolle fiir eine Anzahl von Effektor-
Immunzellen wie etwa nattrliche Killerzellen, Thl Zellen und regulatorische T-Zellen spielt.
Dies wurde auch im in vivo Modell mittels Leishmanien Infektion in konditionalen Knock-out
Mausen bestatigt. Da |kBys Deletion in T-Zellen keine Autoimmunitdt verursachte, aber
hilfreich bei der Bekdmpfung von Leishmania major Infektionen war, kann geschlossen

werden, dass IkBys eine potentielle pharmakologische Zielstruktur darstellt.



2. Introduction

2.1 Innate and adaptive immunity

In a simplified view, the immune system is the sum of the cellular and humoral components
and physical barriers, which aim to protect the organism from external and internal factors,
such as infectious bacteria, cancer cells or toxins that can disrupt homeostasis of important
systems’. Taking into account that failure of the immune system to fulfil its role can lead to
incurable infections, cancer or even autoimmunity, it becomes clear that understanding its
function is of utmost importance™?. If we exclude physiological barriers that protect us from
pathogen invasion, a large part of the immune system is the cell-driven immune response,

which can be separated into two facets, what we call the innate and adaptive immunity1'3’4.

The innate immune response is a rapid process that aims to counter foreign pathogens as
soon as they are discovered. It is thus the innate part of the immune system that reacts first
to an invading pathogen or newly generated cancer cell™*. Because the innate immune
response needs to take place quickly and efficiently, the cell types involved have the ability
to recognize pathogens and abnormal cells, such as cancer, without the need for antigen
presentation. This is for example achieved with the recognition of pathogen-associated
molecular patterns (PAMPs) such as lipopolysaccharides (LPS) and double stranded RNA>®.
This is made possible by pattern recognition receptors that can be located on the plasma
membrane, like Toll-like receptors (TLRs), or the cytosol, like retinoic acid-inducible gene |-
like receptors (RLRs)’. Another important role of innate immunity is to rapidly recruit
immune cells to sites of infection or inflammation through the release of cytokines, such as
TNF-a®. The main cell types that are considered as part of the innate immune system are
phagocytes, such as macrophages and neutrophils, natural killer cells (NK), dendritic cells,

mast cells, basophils, eosinophils, and innate lymphoid cells (ILCs)>"*.

Adaptive immunity is an evolutionarily later addition that is a characteristic of vertebrates.
Whereas innate immunity recognizes pathogens by generic receptors that detect conserved
pathogen-associated molecular patterns, adaptive immunity has cells that can elicit a
response against a single antigen4'1°. This extremely specific immune response is possible,

because the cells of the adaptive immune system use variant recognition receptors, which
7



are not encoded in the germline, but are generated de novo. More specifically, cells of the
adaptive immune response can recognize antigen and generate high affinity molecules that
act against it. An example of this, are the variable regions of immunoglobulin (Ig) that is
produced by B cells and of the T cell receptor, which are are assembled from germline

variable (V), diversity (D) and joining (J)) segments”''™*

. Another important feature of
adaptive immunity is the ability to remember antigen from previous exposure, termed
immunological memory. This can manifest in the form of constant alert, by retaining
circulating antibody when the antigen is not present, or in the form of a rapid, stronger
response upon re—exposure”’ls, The importance of immunological memory is obvious when
we take into account that this is the basis upon vaccination is built. With vaccination being

the only medical intervention that has so far eradicated a disease (smallpox)***®.

Although the adaptive and innate responses were originally considered two divergent
strands of immunology, we can see from the 2011 Nobel prize in physiology and medicine,
awarded to Jules Hoffmann, Bruce Beutler, and Ralph Steinman, that science has
acknowledged them as equally important and intertwined parts of immunity®®.
Evolutionarily this makes complete sense, since the adaptive part of the immune system was
not manifested spontaneously but was built upon the innate part. For example, cytokines
and chemokines released by innate immune cells, such as macrophages and neutrophils,
early during an infection, can recruit and activate T cells to mount adaptive immune
responses’’. Also, antigen presentation, a process mainly instigated by innate immune cells,
is crucial for T-cell activation and initiation of an adaptive immune response. Arguably, the
most potent antigen presenter is the dendritic cell, which is able to recognize antigen at the
site of infection, for example through TLRs, migrate to the lymph node and present it to
naive T cells, as a complex with a major histocompatibility class Il (MHC class I1) molecule®’.
This, along with co-stimulation through CD80-CD86 receptors on the dendritic cell and CD28
on the T cell, leads to naive T-cell differentiation and initiation of the adaptive immune
response”_lg. Moreover, in recent years, the line between innate and adaptive immunity
has grown blurrier, since one of the main characteristics of adaptive immunity,

immunological memory, was found in innate immune cells, such as NK cells and ILCs***.



2.2 Natural killer cells (NK)

Although being lymphocytes, natural killer cells are considered as a part of innate immunity
but, in recent years, it has been shown that they have the ability to mount memory recall
responses, referred to as immunological training. This underlines their importance as a cell

type in the interface between innate and adaptive immunity*®?.

One of the main functions of natural killer cells is to act as the sentinels of the immune
system against emerging cancer cells and newly infected cells. They can thus survey other
cells and at target recognition display very potent cytotoxic abilities without the need for
priming”®. However, in order to showcase their full effector activity, stimulation by
cytokines, either in soluble form or trans-presented for example by dendritic cells, is
necessary>*. This vigilance of NK cells in the steady state is possible because, instead of
generating receptor diversity by DNA rearrangement, they possess a plethora of germ line
encoded activating or inhibitory receptor525. Activating receptors on NK cells have more
similarity to adhesion and co-stimulatory receptors in T cells. They are mostly C-type lectin
receptors, such as NKG2D, SLAM family receptors, such as CD244 and immunoreceptor
tyrosine-based activation motif (ITAM) bearing NK receptor complexes, such as FceRly and
DAP12°®. On the other hand, the NK cell inhibitory receptors act mainly by recognizing main

histocompatibility class | complexes (MHC class 1)%°.

When a mature NK cell comes into contact with a sensitive target cell, the two cells form a

27,28

highly organized intercellular junction termed the immunological synapse“”". Initiation of

synapse formation is mediated by the B2-integrin LFA-1, but this alone is not sufficient to
initiate cytotoxicityzg. This happens because at the synapse, both activating and inhibitory
receptors are recruited and interact with their target ligands. Then, the outcome of synapse

27,28

formation is determined by the collective of these interactions®*". When the signal is

sufficient to induce cytotoxicity, the lytic granules, containing molecules such as perforin and
granzyme B, in the NK cells converge onto the microtubule-organizing centre (MTOC), get
polarized towards the synapse and with dramatic cytoskeletal rearrangements are

30,31
d

eventually exocytose . This process leads to cell killing similarly to cytotoxic T cells®%.



Despite being well known for their cytotoxic ability, NK cells are also able to relay and
amplify cytokine signals, mainly secreting interferon y (IFNy ) and tumor necrosis factor a
(TNF-a)*. This underlines their importance, since as innate immune cells, they are the
earliest IFNy producers during infection®®. It is of interest that the mechanism of cytokine
secretion by NK cells appear to be independent to their cytotoxic ability, since cytokines and
lytic enzymes do not share granules, and at least one secretion mechanism (mediated by the

adaptor protein ADAP) can induce cytokine secretion but not cytotoxicityas’ae.

NK cells are mainly produced in the bone marrow, although it has been proposed that a

fraction of them develops in organs such as the liver and thymus37’38

. Like all lymphocytes
from the bone marrow, NK cells start from a common lymphoid progenitor (CLP), which
becomes committed to the NK cell lineage, by becoming a natural killer precursor (NKP). In
the mouse, the characteristic of the NKP is the expression of the IL-15 receptor B chain
(CD122) and a lack of common lineage markers, including NK1.1 and DX5 (CD49b) *’. In the
next step, NKPs develop further into immature NK cells (iNK), which do not longer express IL-
7Ra and start expressing NK1.1*”. Finally, as iNK cells start expressing CD43, CD11b, Ly49

receptors and CD49b, they become mature NK cells by acquiring competence in cytotoxicity

and cytokine production39.

2.3 T helper cell subsets

The identification and characterization of different T cell subsets has greatly advanced our
understanding of adaptive immune responses in infection and inflammation®. Effector T
helper cells are the coordinators of the immune response. They normally begin as a naive T
cell and are able to differentiate into a diverse repertoire of subsets, which by the secretion
of specific cytokines can modulate tailored responses against pathogens and inflammatory
processes’’. They can help B cells to undergo class switching, affinity maturation and
differentiation, control the recruitment and function of innate immune cells and drive

perpetual cytotoxic T cell responses*.

The great variety of effector T helper cells and plasticity of naive T cells is achieved by a
similar number of subset-specific transcription factors. These act by inducing subset-specific

transcriptional pathways, while simultaneously suppressing alternative cell fates*2. Induction
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of these transcriptional pathways is achieved by stimulation by innate immune cytokines
during antigen presentation, for example by dendritic cells®. The main T helper cell subsets
known to date are Tyl, T2, Ty9, Thl7, Ty22, regulatory T cells (Tregs) and T follicular helper
cells (Tfh)** (Figure 2).

A Tyl immune response is usually induced against intracellular pathogens, such as viruses or
mycobacterioum tuberculosis, which induce the secretion of IL-12 and type | interferons
from innate immune cells. This cytokine environment, in conjunction with antigen
presentation, leads to the production of the transcription factor T-bet by naive T cells*. In
turn, T-bet binds to the promoter regions and regulates genes responsible for Thl lineage
commitment®. The main cytokines produced by Ty1 cells are considered to be IFNy and TNF-

a, which are able to further activate cells like macrophages and also induce neighbouring

cells to downregulate cellular mechanism components commonly hijacked by viruses®’.

On the contrary to Tyl, which are generated against intracellular pathogens, Ty2 cells have
been associated with fighting against extracellular parasites*. T42 cells are produced when
naive T cells are activated in the presence of IL-4 and are able to produce big amounts of IL-
4, IL-5 and IL-13, which in turn activate immune cells specialized in parasite killing, such as
eosinophils, mast cells and basophils49. These cytokines also stimulate B cells to produce IgE
and IgA antibodies that travel to mucosal surfaces and impede future parasite

establishment*’. The main transcription factor of Ty2 cells is GATA3™.

3152 These are

Another T helper subtype that deals with parasite infection are T49 cells
produced in the presence of IL-4 and TGF-B, and act similarly to Ty2 cells by producing IL-4
and IL-13 but additionally IL-9. This cytokine promotes CD4" and mast cell expansion and
survival, but the full range of its effects has not been fully studied yet>®. Because, Tu9 cells
have been shown to possess high plasticity, there is debate over whether they comprise a

separate T cell subset®**.

Tyl7 cells are produced to fight against extracellular fungi and bacteria and their
differentiation is driven by TGF-B and IL-6, under the influence of IL-23 and IL—1[356_58. The
main transcription factor associated with this subset is RORyt>”. The signature cytokine of
Tul7 cells, IL-17, can strongly activate neutrophils and drive their recruitment to the site of

infection and thus aid the clearance of bacterial and fungal infections. The importance of
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Th17 cells becomes clear when we take into consideration that individuals with IL-17 defects

suffer from recurring, severe bacterial and fungal infections®.

T follicular helper (Tfh) cells are not generated in response to a specific type of pathogen,
but their differentiation is induced by IL-21 and IL-27, which promote the production of the
transcription faction Bcl-6, leading to homing to B cell follicles in secondary lymphoid
organs®’. Once Tfh cells are located in the follicles, they produce cytokines and co-
stimulatory molecules that aid high affinity antibody generation®. The importance of Tfh
cells is made clear, when we take into account that mice deficient in their generation cannot
produce high affinity antibodies, thus becoming susceptible to a wide range of infectious

agents™.

Tu22 appears to be a novel human T helper cell subset, since production of IL-22 in mice
seems to be restricted in Ty17 cells®®. Generation of Th22 cells has been reported to be IL-6
and TNF-a dependent and the transcription factor aryl-hydrocarbon receptor (AhR) has been

associated with regulating their lineage commitment®*®

. The role of IL-22 in fighting
infections is foggy, since it depends on the pathogen and the type of infection, but it is
reported to promote communication between the immune system and other types of cells,
such as stromal cells, and numerous studies have shown that it is not implicated with

fighting intracellular pathogens“.
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Figure 2: Polarizing cytokines and TCR stimulation of Naive T cells, lead to activation of subset-
specific transcription factors. These transcription factors drive the effector function of the different
subsets by regulating the secretion of subset-specific cytokines. Modified from Kara et. al. 2014*'.
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2.4 Regulatory T cells (Tregs)

The immune system has the power to efficiently and quickly kill invading microorganisms
and aberrant cells, but this ability can be very dangerous when it turns against healthy
tissue. For this reason self-tolerance is achieved at several levels, the first being thymic
selection of T cell populations, but also through several regulatory cell types in the
periphery%.

The main group of regulatory T cells are ones that, in the steady state, express surface
markers such as CD25 and their lineage is governed by the transcription factor Foxp367'7°.
This T cell subset can be divided in thymic derived Tregs (tTregs) and peripherally induced
Tregs (iTregs)71. An important characteristic of Tregs is their ability to suppress effector T
cells in a TCR independent way, meaning that a regulatory T cell with one antigen specificity
can suppress T cells with different antigen specificities (bystander suppression)66. The
important role of regulatory T cells in immune homeostasis becomes evident when we take
into account that mice and humans with Foxp3 defects develop severe autoimmune

phenotypes, such as Scurfy in mice and IPEX syndrome in humans’>73.

In order to achieve their immune suppressive effects, Tregs employ a plethora of
mechanisms. One of them is to block T cell activation by interfering with T cell priming, for
example by using the surface molecule CTLA-4 to inhibit CD28 mediated co-stimulation of
naive T cells by APCs’*. There have also been a lot of reports that Tregs can lyse immune
cells by using a perforin and Granzyme B pathway, similarly to cytotoxic T cells’>. Moreover,
regulatory T cells are able to secrete a wide range of immune suppressive molecules, such as

IL-10, TGF-B, CTLA-4, IL-9, heme oxygenase-1 (HO-1), cAMP, galectins and IL-3%.

2.5 The NF-kB transcription pathway

The NF-kB transcription pathway was discovered more than 30 year ago, when Sen and
Baltimore identified a nuclear factor, binding to the «k light-chain gene in B cells (NF-kB)’®.
Initially, because the affected gene was found in activated B cells and was induced during B
cell maturation, it was thought that its function was related to B cell development. But after
30 years of research it is clear that the pathway is extremely important for biological systems

in general”’.
14



Since its discovery, NF-kB has played a prominent role as a model of inducible transcription
factors. Thus, It has greatly contributed to our understanding of such systems and to how
signaling affects gene expression and cell function’®. Up to now, most of our knowledge
about the pathway originates from two major fields of research, immunology and cancer
biology. However, although knowledge from cancer research is rapidly expanding,
historically a lot of current understanding originated from investigating the role of NF-kB in
regulating the immune response’. It is indeed established that the NF-kB transcription
family is controlling both the innate and adaptive immune response, as well as the
development and maintenance of tissues and cells comprising the immune system79'80.
Additionally, NF-kB regulates various pro-inflammatory genes, such as genes encoding
cytokines and chemokines and genes governing innate immune cell activation, T-cell

differentiation and the inflammasome’*%°.

The NF-kB family of proteins consists of five members, RelA (p65), RelB, c-Rel, p50 and p52%".
They are often referred to as Rel proteins, due to their common characteristic, which is a
300 aminoacid Rel homology domain (RHD) at their N-terminus®!. This domain has three

main functions, the first of which is the ability to bind DNA at a specific, nearly palindromic

76,78,82

DNA sequence in target genes, termed a kB site . The second function of the RHD is

that it grants Rel proteins the ability to form homodimers and heterodimers, which are the

functional units of the pathway. Lastly, the domain contains a binding site for inhibitory
proteins (see 2.6)788182
Despite having the common RHD, Rel proteins can be further subdivided according to the

existence of an additional transcriptional activation domain (TAD) at the C-terminus’3%%%3,

This domain exists in RelA (p65), RelB and c-Rel, conferring their dimers the ability to

enhance transcription of their target genes78'79'82

. However, the last two proteins, p50 and
p52, are generated after cleavage of their precursor forms, p105 and p100, respectively and
lack the TAD. Thus they are able to drive gene transcription when paired with RelA (p65),

RelB or c-Rel, but as homodimers they act as repressors78'79'81'82.
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RelA (P65) ——— 551aa
RelB 4 d | ] 579aa
cRel d 619aa
P100/P52 (NF-kB2) d -i fa) | 899aa
P105/P50 (NF-KkB1) ‘ -1 /@ 969aa

‘ Rel homology domain - Glycine-rich region I Degron motif

‘ Leucine zipper Ankyrin repeat @’) Death domain

e—— JTranscription activation domain l Cleavage site

Figure 1: RelA (p65), RelB, c-Rel, p50 and p52 are the five Rel-homology domain (RHD) proteins that
comprise the NF-kB transcription family. The RHD is located at the N-terminus and contains a nuclear
localization signal (NLS) that allows NF-kB dimers to enter the nucleus. RelA (p65), RelB and c-Rel
contain in their C-terminus a transcriptional activation domain (TAD), which allows them to enhance
target gene transcription. p50 and p52, come from the precursor forms pl05 and p100, after
cleavage at a glycine-rich region between the REL and ankyrin repeat domain. The ancyrin repeat
domain is a characteristic of IkB inhibitor proteins, which allows them to mask the NLS and restrain
NF-kB dimers in the cytoplasm. Adapted from Hayden and Ghosh 2008%".

2.6 NK cells and NF-kB

The NF-kB transcription pathway plays an important role in signaling downstream of NK
receptors. This becomes clear when we take into account that NK cells from patients
deficient for pathway machinery, such as NF-kB essential modulator (NEMO) and inhibitor of

84,85

kB kinase B (IKKB), are defective in IFNy production and cytotoxicity” """ . To this date, only a

few studies have taken place, usually focusing at a single ITAM activating receptor each®¥.
However, since the NK cell requires so many different receptors for activation, investigating
a receptor in a vacuum, may not give dependable information. This is further supported by a
recent study, showing that sole engagement of NKG2D, 2B4 and DNAM-1 is not sufficient for

NF-kB activation, but synergistic signalling of all three is necessarygg.
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2.7 Tyl differentiation and NF-kB

A general introduction into the role and characteristics of Tyl effector T cells was given in
2.3. To get into more detail in the transcriptional pathways that govern Tyl cells, their

differentiation must be more thoroughly discussed.

The first signal leading a naive CD4" T cell into differentiating to the Tyl lineage is T cell
receptor stimulation by antigen presentation, as well as the induction of the transcription
factor STAT1 by IFNy, type 1 interferons and 1L-275%%°. Subsequently, STAT1 induces T-bet
expression and the upregulation of the IL-12 receptor beta-2 chain, which has high affinity

for IL-12, thus sensitizing the cells to this essential Tyl promoting cytokine®"

. In turn, IL-12
signalling leads to production of the transcription factor STAT4, which in conjunction with T-
bet activates the Ifng gene, leading to an autoregulatory feedback loop that further
promotes Tyl differentiation via STAT1%%, |L-2 signalling has also been shown to be

important for this process™”.

NF-kB signaling has been found to be induced downstream of TCR stimulation, showing its
importance from the first stages of T helper differentiation®. It is therefore important for
Tyl differentiation. This is also supported by the fact that when the pathway is blocked in
mice, Tyl responses are strongly dampened®®. Nevertheless, not all NF-kB members affect
Tyl polarization in the same way, showing that NF-kB regulates Ty1 in multiple levels. For
example although both c-Rel-deficient mice and RelB deficient T cells show a defect in Tyl
responses and IFNy production, only RelB achieves this by reducing expression of the master

97.% Also RelA has been shown to bind to highly conserved non-

transcription factor T-bet
coding sequences (CNS) of the Ifng gene and in the case of RelA deficiency IFNy production is

greatly impairedgg.

2.8 Tregs cells and NF-«kB

The NF-kB member c-Rel has been implicated with Treg development through its ability to

transactivate the Foxp3 gene. Deficiency of c-Rel causes impairment in tTreg generation and
17



studies report that its action has to do with binding and demethylating CNS2 of the Foxp3
locus, binding to the promoter and forming a c-Rel-enhansosome, and binding to the CNS3

100-103 " It has also been shown

and inducing Foxp3 via acting downstream of TCR signalling
that constant NF-kB activation, through the NF-kB inducing kinase (NIK), specifically in
Foxp3® cells in mice, leads to Tregs losing suppressing function and an autoimmune
phenotype, which underlines the importance of NF-kB for Treg homeostasis'®*. Moreover, it
has been reported that p65 and c-Rel are crucial for Treg cell development, suppressive
function and molecular identity and that NF-kB/RelA in conjunction with TNFRSF is required

for the differentiation and maintenance of effector Tregs'®>1%.

2.9 Regulation of NF-kB transcription

As was described through this introduction, the NF-kB transcription pathway is extremely
important for Immune responses and homeostasis. But although NF-kB dimers are able to
regulate themselves through the existence of the TAD, more layers of regulation are in place

(see 2.5)8.

A second layer of regulation is the existence of the cytoplasmic IkB proteins, namely IkBa,
IkBB, IkBg, p100 and p105 (Figure 4). These proteins act as inhibitors of NF-kB signalling, by
masking the nuclear localisation signal on the Rel homology domain of NF-kB dimers and
thus, restraining the dimers in the cytoplasm’®. When an activation signal arrives, for
example TNF-receptor signalling, TLR engagement or TCR stimulation, cytoplasmic IkBs, are
phosphorylated by the IkB kinase complex, consisting of IKKa, IKKB and NEMO (IKKy). A
process that leads to their polyubigitinylation and proteasomal degradation®. Then, the NF-
kB dimers are free to translocate into the nucleus and interact with kB sites on the DNA
(Figure 3). The characteristic domain of all IkB proteins is the ankyrin repeat domain (ARD),
composed of 6 to 8 ankyrin repeats (ANK). This domain gives them the ability to bind and
mask the NLS on the RHD®.
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Cytoplasm Cytoplasm

Proteasome

Nucleus Nucleus

Figure 3: Graphical representation of the canonical regulation of the NF-kB pathway. The common
signalling event in NF-kB induction is the activation of the IkB kinase complex, which consists of IKKa,
IKKB and NEMO (IKKy). When an NF-kB activation signal arrives, for example TNF-receptor signalling,
TLR engagement or TCR stimulation, cytoplasmic IkBs (such as IkBa) are phosphorylated by the kB
kinase complex and marked for proteasomal degradation. Subsequently the transcription factor,
here indicated as a p50/p65 heterodimer, is free to translocate into the nucleus and interact with kB
sites on the DNA (left panel). Once in the nucleus, NF-kB can be targeted by atypical IkB proteins such
as Bcl-3, IkBZ and IkBys. (right panel). Modified from Annemann et. al. 2016’

Although the mechanism described above is common for all cytoplasmic IkB proteins and is
termed canonical activation of the pathway, a second non-canonical way exists that involves
p100 and p1051°8. These proteins are special in that, although they have the ankyrin repeat
domain they also possess a Rel homology domain. In the non-canonical activation of the
pathway, p100 and pl105 are phosphorylated directly by IKKa, which leads to their

processing to p52 and p50 respectively®.

Regardless of whether the NF-kB dimers enter the nucleus through canonical or non-
canonical activation, another layer of regulation takes place by the nuclear or atypical kB
proteins. The first of these proteins to be discovered was Bcl3, followed by IkBys, IkB{ and

107

IkBn (Figure 4)™"’. The atypical IkB proteins have been reported to act by regulating dimer
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exchange, stabilizing NF-kB dimers on the DNA and recruiting histone modifying enzymeslos.
Their most interesting characteristic, however, is that they do not act solely as inhibitors of
NF-kB signalling, but can also be enhancers depending on the cell type, signalling conditions

and regulated gene'®”'%,

Cytoplasmic IkBs

IkBa 317aa
kBB 356aa
IkBe 361aa

P100/P52 (NF-kB2) d -1 @fﬂ 899aa
P105/P50 (NF-kB1) ' -i (©)~ 969aa

Nuclear IkBs

Bcl3 446aa
IkB{ s 718aa
IKkKBNS 327aa
IkBn 516aa
> Rel homology domain - Glycine-rich region I Degron motif
PEST Ankyrin repeat /@ Death domain

lTranscription activation domain l Cleavage site

= -

Figure 2: Graphical representation of the IkB proteins, subdivided into cytoplasmic and nuclear
according to their localization. The typical domain of the IkB proteins is the ankyrin repeat domain

(ARD), composed of 6 to 8 ankyrin repeats (ANK). Modified from Annemann et. al. 2016"?.
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2.10 The atypical NF-kB regulator IkBys

IkBns, which is produced by the gene Nfkbid, is the smallest member of the atypical kB

110

family, consisting of only 327 amino-acids . It was first discovered in an investigation of

genes that are induced during clonal selection of T cells in the thymus, and was found to

110

bind to all members of the NF-kB family in vitro™™. Another study has shown that IkBys

111

interacts mainly with p50 and not p65 in RAW macrophages . Also a weak interaction with

112
d

c-Rel in stimulated T cells has been reporte . IkBns is an inducible molecule that acts

downstream of TCR stimulation, LPS stimulation of macrophages, CD40 and IL-10
signalling'** %>,

IkBys is expressed in effector T cell subsets, as well as regulatory T cells**?**11¢ cpa* and
CD8" T cells deficient in IkBys have an in vitro proliferation defect compared to wild type

cells, but the addition of IL-2 or IL-7 in culture has been shown to rescue the

113,114

phenotype . Also, a proliferation defect has been reported in Tyl and Ty17 cells during

in vitro differentiation, as well as reduction in the expression of their signature cytokines,
IFNy and IL-17 respectivelym. But during two different models of induced colitis in mice,
IFNy production was found to be increased instead™****. Also, after Citrobacter rodentium

infection Ty17 cells were severely reduced in IkBys knock out mice and IL-10, IL-17 and GM-

116,117
d

CSF production by T417 was significantly reduce . But although direct regulation of IL-

17 production by IkBys was excluded™’, chromatin immunoprecipitation showed binding of

IKBns in the 1110 gene locus™*®. Moreover, in another study, IkBys has been shown to regulate

114

IL-2 expression via the NF-kB site in the IL-2 locus™ . In the case of regulatory T cells, IkBys

has been found to regulate Foxp3 expression by binding with p50 and c-Rel in the CNS3

112

region of the gene promoter™. This leads to a 50% reduction of peripheral Tregs in IkBys

knockout mice, due to Tregs being retained at the precursor stage during thymic

2

maturation'*2. A role for IkBys in CXCR5 expression during T follicular helper cell

development has also been reported, as a result of IkBys binding to Bcl62.

Besides its important role in T cells, IkBys is also regulating genes in B cells and macrophages.
This is made clear when we take into account that mice, which are deficient in IkBys, do not

form marginal zone B cells and Bl cells, and also they have impaired plasma cell
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115,119

formation . Moreover, these mice have problems in producing specific antibodies and

115
h

make the IgG3 class switch™. Also, IkBys knock out B cell proliferation was impaired upon

119

LPS or anti-CD40 stimulation™. Furthermore, in macrophages and dendritic cells, IkBys has

been shown to inhibit IL-6 and IL-12 expression upon LPS-treatment and IkBys-deficient mice

are highly susceptible to LPS-induced endotoxic shock™"**,

2.11 The Leishmania major infection model

Normally, cutaneous leishmaniasis, caused by Leishmania major, happens when the sandfly

vector, Phlebotomus papatasi, bites the host, transferring a small number of Leishmania

120

major promastigotes into the skin feeding site™". This is followed by infection of the main

target cell type, which is macrophages, but also neutrophils, monocytes and dendritic

121

cells™". Inside the infected cells, Leishmania major promastigotes transform into the

122

replicating form of the amastigote™”. The life cycle of the parasite is complete when a

sandfly bites the infected host, ingesting amastigotes in the process, which leads to more

122

promastigote production in the gut of the fly™*. In rodents and humans, a cutaneous lesion

is formed at the site of infection, that heals over time leaving a small number of active

parasites behind*?

. But in some cases, and because of other Leishmania species, more
serious, non-healing forms of the disease can develop, such as kala-azar and diffuse
cutaneous leishmaniasis*?!. More that 1 million cases of leishmaniasis arise world-wide each
year and the outcome of the disease is of great interest to immunologists, since it depends

on the type and the intensity of the immune responsem.

The Leishmania major infection model was the first case where the relevance of the balance

between Tyl and T2 immune responses was investigated121

. In the model, a Tyl response is
associated with clearing the infection and a Ty2 response with susceptibility. This is because
IFNy activated macrophages are responsible for clearing the infection by producing nitric

123 'something seen not only in mice, where C57BL/6 have a Tyl healing phenotype and

oxide
BALB/c mice a Ty2 response that leads to uncontrollable systemic disease, but also in
humans, where some patients, infected with Leishmania species, develop a healing Tyl
response and some a humoral response with bad prognosislzs. Although recent

developments have revealed that a more complex interplay of cytokine and cell interactions
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are responsible for the outcome of infection, this model remains a great tool for

investigating Tyl and Ty2 responses'** ™%,

In Leishmania major, regulatory T cells have been associated with parasite persistence, and
seem to promote a chronic version of the disease, where a small parasite number remains in

124

the lesion™“". Induction of Tregs can make immune competent mice susceptible to infection

and it can also reactivate a secondary infection, showing that Tregs are important both for

the early and late stages of the infection****%°.

2.12 Aim of the thesis

IkB proteins can determine the course of immune responses via regulating the NF-kB
pathway’®. Among them are the nuclear IkBs, holding the most interest as potential drug
targets, due to their ability to fine tune immune responses by acting as enhancers or

inhibitors of the pathway1°7'108

. In the past years a lot of important roles have been
illuminated for IkBys in T cells, B cells and macrophages (see 2.8), but little is known about its
function in other immune cell types. Also, all studies to date have taken place in mouse
models in which IkBys is deleted in all cells, making it unclear whether observed effects are

direct or a result of cross-play between cell types.

Therefore, the first aim of this thesis was to use a novel reporter mouse model to investigate
the expression of IkBys in a range of immune cells. Then proceed to investigate the function
of IkBns in potentially interesting and novel targets by using conventional, as well as
conditional knock out mice and modern cellular and molecular techniques. Thus, the first

part of the thesis is about the role of IkBysin natural killer cells.

The second aim of the thesis is to expand our understanding of the role of IkBys during Tyl
differentiation. It has been shown that IkBys deficient Ty1 cells are deficient in proliferation
and IFNy production in vitro, and that although IkBys knock out mice have a reduced
regulatory T cell compartment they do not develop spontaneous autoimmunity**?**. Thus it
is was hypothesized that IkBys plays an important role in Ty1. This was investigated by using
a novel inducible knock out mouse model, as well as T cell specific knock out mouse models.

Moreover the in vivo relevance of IkBys was investigated in a relevant Tyl infection model.
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Lastly, the role of IkBys in regulatory T cells was further investigated. Using, conditional
knock out mice, RNA sequencing was performed in an attempt to shed light to how

important IkBys is for effector and naive regulatory T cells.
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3. Materials and methods

3.1 Mouse lines

All mice were bred in specific pathogen free (SPF) conditions at the animal facility of the
Helmholtz Centre for Infection Research (Braunschweig, Germany). All animal infection
experiments were approved by the relevant authority of Sachsen Anhalt (Landesamt fir
Verbraucherschutz) and were performed in collaboration with the lab of Prof. Dr. Andreas
Midller in the Otto von Guericke University of Magdeburg, at the animal facility of the

University.

kabidtmla(EUCOMM)WtSi dlacZ

reporter mice, here referred to as Nfkbid ™, were purchased from the

EUCOMM consortium. Nfkbid™ mice were generated by crossing Nfkbid®®? with FLP

recombinase expressing mice, which led to the excision of the LacZ cassette. The resulting

tm1(cre/ERT2)Tyj/)

mouse line was subsequently crossed to B6.129-Gt(ROSA)26Sor mice in order to

create an inducible knock out mouse line?’.

B6.129/SV-NFKBID™Y) mice, which will be referred to as Nfkbid” were kindly provided by

Prof. Dr. Linda Clayton from the Harvard medical school (Boston, USA)**%4,

Tg(Ncr1-iCre)265 mice were generated by the group of Prof. Dr. Veronika Sexl from the

University of Veterinary Medicine of Vienna (Austria), but were kindly provided to us by Prof.

128

Dr. Ulrich Kalinke from the Medical University of Hannover (Germany) ~". These mice were

crossed to the Nfkbid" line in order to generate a natural killer cell specific knockout mouse.

Knockout mice of this line will in this thesis be referred to as Nfkbid®N™,

B6.129(Cg)-Foxp3™*YFP/erevr /) mice were generated by Prof. Dr. Alexander Rudensky from
the Memorial Sloan Kettering Cancer cancer center, but were kindly provided to us by Prof.

129

Dr. Tim Sparwasser from the Medical University of Hannover (Germany) ". These mice were

crossed to the Nfkbid™ line in order to generate a Foxp3 specific knockout mouse. Knockout

mice of this line will in this thesis be referred to as Nfkbid® 3,

CD4 " mice were generated by the group of Prof. Dr. Dan Littmann at the University of
California, but were kindly provided to us by Prof. Dr. Ulrich Kalinke from the Medical
University of Hannover (Germany)m. These mice were crossed to the Nfkbid" line in order
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to generate a T cell specific knockout mouse™!. Knockout mice of this line will in this thesis

be referred to as Nfkbid“P?.

Table 1: Commonly used buffers and solutions.

Buffer Company Ingredients
Cell culture
PBS Gibco® Paisley UK
IMDM Gibco" Paisley UK
RPMI 1640 Gibco® Paisley UK
HEPES Biochrom-Merck
Fetal Calf Serum (FCS) Biochrom
Sodium-Pyruvate Gibco" Paisley UK
Non-essential amino acids Gibco® Paisley UK
B-Mercaptoethanol Gibco® Paisley UK
Pen/Strep Gibco® Paisley UK
Cell lysis
TPNE Lysis buffer Self made 1x PBS
2 mM EDTA
300mM NaCl (total)
1% Triton X-100
Added before lysis:
0.01 mM PMSF
10 ng/ml SPI
0.8 uM NazVO,
Genotyping PCR
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Biopsy lysis buffer

Western blotting
TBS

1x Running buffer

1x Transfer buffer

5x RSB

SPI

Self made

Self made

Self made

Self made

Self made

Self made

MilliQ H,0

0.45% Nonidet P40
0.45% Tween 20

0.1% Gelatine

50 mM KClI

10 mM Tris HCI

20 mg/ml Proteinase K
(Roche)

13.7 mM NaCl
0.268 mM KCI
24.76 mM TRIS

25 mM Tris, pH 8.0
192 mM glycerol
1% SDS

25 mM Tris, pH 8.0
192 mM glycerol
20% methanol

50 mM Tris, pH6.8

50% glycerol

10% SDS

25% B-mercaptoethanol

0.25 mg/ml bromphenol
blue

100 pg/ml aptinin

100 pg/ml leupeptin
100 pg/ml pepstatin A
100 pg/ml chymostatin
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3.2 Surgical methods and murine cell isolation

3.2.1 Spleen, thymus and pLNs

Mice were culled by CO, suffocation, with utmost attention so that the least amount of
stress was induced. After that, the mice were placed in the surgical area and the fur wetted
with ethanol. The organs were isolated by the use of surgical scissors and forceps and
mashed through a 70 uM cell strainer in a petri dish containing 2 ml of 1x PBS. The flow-
through was collected in a 15 ml falcon tube and the process was repeated two more times,
with addition of fresh PBS. Subsequently the cells were centrifuged at 300 g, 4 °C for 5 min in
an Eppendorf centrifuge 5840R and the supernatant was discarded. Then red blood cells
were lysed by incubating for 2 min at room temperature in ACK buffer (0.15 M NH4CL, 1 mM
KHCO3, 0.1 mM EDTA, pH 7.3). When the incubation was over the ACK buffer was quenched
by addition of 10 times the volume 1x PBS, and the centrifugation step was repeated. Then

the cells were re-suspended in PBS and used for further experiments.
3.2.2 Ear

For isolation of lymphocytes from the ear pinna, the ear was dissected by cutting at the
base, carefully to not damage the tissue. Subsequently the two ventral sheets were torn
apart by using jagged forceps and incubated for 1 h in lysis medium RPMI 1640
(GlutaMAX™) 50 pg/mL Pen/Strep, 1 mg/ml Collagenase A (Sigma Aldrich), 0.5 mg/ml DNase
| (Sigma Aldrich). After the digestion, the solution was filtered through a 70 uM cell strainer
by flushing with 4 ml of 1x PBS. Then, the cells were centrifuged at 300 g, 4 °C for 10 min and
the supernatant was discarded, before they were re-suspended in PBS and used for further
experiments. The lymphocyte isolation from the ear pinna was performed in collaboration
with the group of Prof. Dr. Andreas Miiller at the Otto von Guericke University of

Magdeburg.
3.2.3 Bone marrow

The tibia was removed from the hind leg of mice, using surgical scissors and forceps, after
which the ends were cut and the bone placed in a 500 pL Eppendorf tube with a hole at the
bottom. This tube was placed in a 1.5 mL Eppendorf without a lid, containing 100uL 1x PBS.

Subsequently the tubes were centrifuged at 300 g, 4 °C for 30 seconds in an Eppendorf
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centrifuge 5417R and the bone marrow was re-suspended in 1 ml 1x PBS, before it was used

for further experiments.

3.3 Flow cytometry

For all antibodies and staining reagents used in FACS see table 2. All analysis of FACS data

was performed with FlowJoV10 software.
3.3.1 Extracellular staining

Unless stated otherwise, cell staining took place in round bottom 1.4 ml matrix black tubes
(Thermofisher scientific, USA). Normally, cells were washed with 500 ul PBS pH 7.4 (Gibco®
Life technologies, Paisley UK) by centrifuging at 300 g, 4 °C for 5 min in an Eppendorf
centrifuge 5810R, and discarding the supernatant. Then, cells were stained, where
appropriate, with the LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, (Life technologies, USA)
for 30 mins in the dark, according to manufacturer’s instructions, after which a washing step
was repeated with PBS. Then the samples were incubated with FcBlock (anti-CD16/32, BD)
for 15 mins at 4 °C. Extracellular antibody staining took place for 15 mins at 4 °C in FACS
buffer (2% BSA, PBS pH 7.4, 0.1% NaNs). In the case of CXCR5, the staining was performed

for 20 mins at room temperature before the live dead stain.
3.3.2 Intracellular staining

For Intracellular staining, the Foxp3 staining buffer set was used, (130-093-142, Miltenyi
Biotec GmbH, Bergish Gladbach, Germany). The staining was performed according to
manufacturer’s instructions. Cells were fixed in 1% formaldehyde for 30 mins in 4 °C, after
which the cells were washed with 500 pL Fixation/Permeabilization buffer by centrifuging at
300 g, 4 °C for 5 mins. Then the cells were incubated in 100 pl of antibody working solution
for another 30 mins at 4 °C in the dark. After a last wash with 500 pl Fix/Perm buffer, cells

were re-suspended in Fix/Perm buffer.
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3.3.3 iNos staining

After cells were isolated from the ear, as described in 3.2.2, they were re-suspended in 450
uL of PBS and fixed by adding 450 pL of 4% Formaldehyde (BD) solution and incubated for 1
h at 4 °C. Then they were centrifuged for 5 min at 900 g and 4 °C, the supernatant discarded
and re-suspended in 500 pl Perm/Wash Buffer (BD), of which 400 uL were collected for
staining. Subsequently, the cells were centrifuged again, washed twice with Perm/Wash
buffer (BD) and incubated with FcBlock anti-CD16/32 (BD) for 15 mins at RT. This step is
necessary for preventing unspecific staining due to Fc receptor binding. When the incubation
was over, the washing step was repeated and the cell suspension was incubated with anti-
NOS2 (Santa Cruz) primary antibody for 30 mins at RT. Then the washing process was
repeated and the cells incubated in secondary antibody for 30 mins at RT. Lastly, a 1x wash
with PBS was performed and an incubation with extracellular antibodies for 20 mins at RT
followed. After a final wash with PBS the cells were taken to the flow cytometer. The iNos
staining was performed by the group of Prof. Dr. Andreas Miiller at the Otto von Guericke

University of Magdeburg.
3.3.4 B-galactosidase activity

The activity of the IkBys promotor was visualized in single cells by use of the FluoReporter ®
lacZ Flow Cytometry Kit, (F-1930, Molecular Probes Inc, USA), according to manufacturer’s
instructions. In more detail, cells were loaded with the FDG reagent by the process of
osmotic shock. For the FDG loading at least 5x10° cells per sample in 100 pl FACS staining
medium (PBS, 4% v/v FCS, 10 mM HEPES, pH 7.2), as well as the FDG solution were
incubated for 10 minutes at 37 °C with light stirring (400 rpm). Subsequently 100 pL of FDG
solution were added per sample, followed by an incubation of 2 mins, 37 °C. Then the
loading was stopped by addition of 1.8 ml of FACS staining medium per sample, after which
extracellular staining was performed (as described in 3.3.1). The entire extracellular staining
procedure took place on ice. When inside the cell, FDG is cleaved by B-galactosidase and

fluorescein (FITC) is produced. Which can be visualized by a flow-cytometer.

3.3.5 Staining for cell sorting
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For sorting particular populations of cells from a single cell suspension, a single 15 min, 4 °C

incubation in 1 ml of antibody mix per 10’ total cells was performed in a 15 ml falcon tube.

Then, cells were washed and re-suspended in PBS and passed through a 40 um strainer,

before the sorting took place.

3.3.6 Measurement and sorting

All measurements were performed either in a BD LSR-Fortessa (BD Bioscience), or a BD LSR-II

(BD Bioscience) flow cytometer. Cell sorting was performed either in a BD FACS Aria (BD

bioscience) or a Moflo Il (Beckmann Coulter).

Table 2: Antibodies and reagents for flow cytometry

Fluorescent Assays

Annexin 5
Annexin 5
Blue fluorescent

Reactive Dye

Cell Trace Violet

LacZ fluorescence
Staining kit (M1930)

Antibodies
B220

CD3

CD3

CD3

CD4

Chromophore

APC

FITC

Emmision

450nm

Emmision
450nm
FITC

PercP Cy5.5

PE

FITC

PE-Cy7

Pacific Blue

Clone

RA3-6B2

500A2

145-2C11

145-2C11

RMAA4-5

Isotype

Rat 1gG2a,k

Hamster 1gG2,

K

Hamster I1gG1,

K

Hamster 1gG1,

K

Rat 1gG2a,k

Company

BDpharmigen

Biolegend

Life

technologies

Life
technologies

Molecular
probes

Biolegend

BDpharmigen

BDpharmigen

eBioscience

Biolegend
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CD4

CD4

CD8a

CD8a

CD8a

CD11b

CD11b

CD11c

Fc Block (CD16/CD32)

CD19

CD19

CD19

CD25

CD25

CD27

CDh44

CD44

CD44

PercP Cy5.5

FITC

APC

PercP Cy5.5

FITC

Pacific Blue

PE

APC-efluor780

PercP Cy5.5

APC-Cy7

FITC

FITC

PercP Cy5.5

APC

PE

APC

PE-Cy7

RMA4-5 Rat IgG2a,k
RMA4-5 Rat IgG2a,k
53-6.7 Rat IgG2a,k
53-6.7 Rat IgG2a,k
53-6.7 Rat IgG2a,k
M1/70 Rat 1gG2b,k
M1/70 Rat 1gG2b,k
N418 Hamster, I1gG
2.4G2 Rat, UgG2b
eBiolD3 Rat IgG2a,k
6D5 Rat 1gG2a,k
eBiolD3 Rat IgG2a,k
PC61 Rat IgG1,A
PC61.5 Rat IgG1,A
LG.3A10 Armenian
Hamster I1gG
IM7 Rat 1gG2b,k
IM7 Rat 1gG2b,k
M7 Rat 1gG2b,k

Biolegend

eBioscience

Biolegend

Biolegend

BDpharmigen

Biolegend

BDpharmigen

eBioscience

BDPharmigen

eBioscience

Biolegend

eBioscience

Biolegend

eBioscience

Biolegend

eBioscience

Biolegend

Biolegend

32



CD49b

CD62L

CD107a (LAMP-1)

CD122

CD127

CXCR5

F4-80

Foxp3

GR1

GITR

Granzyme B

IFNy

IFNy

IL-10

IL-4

Ly49A

Ly49C/I

Ly49C/I

FITC

PercP-Cy5.5

Brilliant Violet
421

APC

PE

APC

PE

Alexafluord88

FITC

PE Cy7

Pacific Blue

APC

PE

Brilliant violet
421

PE

APC

APC

PE

Dx5

MEL-14

1D4B

T™M-B1

SB/199

REA215

BMS

FJK-16s

RB6-8C5

DTA-1

GB11

XMG1.2

XMG1.2

JES5-16E3

11B11

Al

REA253

REA253

Rat Lewis
IgM, Kk

Rat IgG2a,k

Rat IgG2a,k

Rat IgG2b,k

Rat IgG2b,k

Recombinant
Human IgG1

Rat 1gG2a,k

Rat 1gG2a,k

Rat 1gG2b,k

Rat 1gG2b,k

Mouse 1gG1, K

Rat I1gG1, «

Rat IgG1, «

Rat IgG2b,k

Rat IgG1, «

Mouse IgG2a,k

Recombinant
Human IgG1

Recombinant
Human IgG1

BDpharmigen

eBioscience

Biolegend

Biolegend

BDpharmigen

Miltenyi Biotec

Biolegend

eBioscience

Biolegend

eBioscience

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Miltenyi Biotec

Miltenyi Biotec

Miltenyi Biotec
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Ly6G PE-Cy7 1A8 Rat IgG2a,k Biolegend
NK1.1 Brilliant Violet PK136 Mouse IgG2a,k Biolegend
421
NK1.1 PE PK136 Mouse IgG2a,x  BDPharmigen
NKp46 Efluor660 29A1.4 Rat IgG2a,k eBioscience
NKp46 PE-Cy7 29A1.4 Rat IgG2a,k Biolegend
PD1 PE J43 Armenian BDpharmigen
Hamster 1gG2,
K
Perforin FITC eBioOMAK-D Rat IgG2a,k eBioscience
Tbet FITC 4B10 Mouse I1gG1, Biolegend
Terl19 FITC TER-110 Rat IgG2b,k Biolegend

3.4 T cell differentiations

34.1T41

CD4" CD62L" CD25 naive T cells were isolated from mouse spleen and peripheral lymph

nodes by cell sorting. Then Tyl differentiation was performed as described before’®. |

n
more detail, 1 x 10° naive CD4" T cells were plated per well in a 24-well-plate in IMDM
culture medium (supplemented with 10% (v/v) fetal calf serum, 50 pg/mL
Penicillin/Streptomycin, 1% (v/v) non-essential amino acids, 1 mM sodium pyruvate, 25 mM
HEPES, 0.05 mM B-mercaptoethanol). On plating, the cells were provided with a Thil
polarizing signal (Table 3). Then, the cells were cultured for 4 and up to 6 days in 37 °C, 5%

CO,, 99% humidity. On day 3, the cells were split 1:1 and new medium was added. For
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measuring IFNy production by differentiated cells, a re-stimulation with PMA (10 ng/mL,
Sigma Aldrich) and ionomycin (1 pg/mL, Sigma Aldrich) for 4 hours was performed. 2 hours
after stimulation, brefeldin A (10 ug/mL, Sigma Aldrich) was also added. Then the cells were
stained for FACS. In the case of inducible IkBys deletions, 1 uM of 4-hydroxytamoxifen was
added to the culture, either on day 2 or day 4. During splitting on day 3, the Tamoxifen

concentration was renewed.
3.4.2iTreg

Similarly to the Ty1 differentiation protocol, CD4" CD62L" CD25  naive T cells were isolated
from spleen and peripheral lymph nodes. Then, 200,000 were plated per well on a 96-well-
plate in RPMI 1640 complete (10% (v/v) fetal calf serum, 50 pg/mL Penicillin/Streptomycin,
1% (v/v) non-essential amino acids, 1 mM sodium pyruvate) medium. Upon plating the cells

12 After 5 days

were provided with iTreg differentiation signal as described below (Table 3)
of incubation in 37 °C, 5% CO, 99% humidity the cells were harvested and prepared for

FACS. Foxp3 was used as a marker to quantify iTreg generation.

Table 3: Signals for in vitro naive T cell differentiation

Name Concentration Clone Company
Into T4l
Leaf purified anti-CD3 2 pug/ml 145-2C11 Biolegend
Leaf purified anti-CD28 2 pug/ml 37.51 Biolegend
anti-1L4 10 pg/ml 11B11 Self-made
IL12 10 ng/ml Recombinant R&D Systems
Into iTregs
Leaf purified anti-CD3 2 pug/ml 145-2C11 Biolegend
Leaf purified anti-CD28 2 ug/ml 37.51 Biolegend
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anti-1L4 10 pg/ml 11B11 Self-made

Porcine TGF-B (2.5,1.5,0.5) Recombinant R&D Systems
ng/ml
IL2 50 ng/ml Recombinant R&D Systems
anti-IFNy 10 pg/ml XMG1.2 Self-made

3.5 Yac-1 Cell line

Yac-1 cells were kindly provided by the group of Prof. Dr. Lothar Jansch at the Helmholtz
Centre for Infection Research. Yac-1 is a mouse T cell lymphoma line that was produced by
injection of the Moloney leukemia virus into newborn mice and can induce a response from

murine NK cells, leading to lysis of the Yac-1 cells™*%.

3.6 Natural Killer cell in vitro functional assays

For all assays, NK cells were sorted by gating on CD3” CD19" NK1.1" Dx5" cells from the
spleen. The culture medium used is always RPMI 1640 complete (10% (v/v) fetal calf serum,
50 pug/mL Penicillin/Streptomycin, 1% (v/v) non-essential amino acids, 1 mM sodium

pyruvate, 0.05 mM B-mercaptoethanol)
3.6.1 Proliferation assay

NK cells were sorted, stained with a 1:1000 dilution of Cell Trace Violet (Life Technologies) in
PBS, according to manufacturer’s protocol and plated at 500,000 cells per well in a 96-well-
plate. Subsequently, they were stimulated with 50 ng/ml IL-2 (R&D systems) and incubated
in 37 °C, 5% CO,, 99% humidity for up to 4 days. Each day, proliferation through cell trace
violet was measured by flow cytometry. For this, the loss of fluorescence in the pacific blue

channel was used as an indicator of proliferation®*>.
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3.6.2 Degranulation assay

NK cells were sorted and co-incubated with Yac-1 cells in a 1:1 ratio. More specifically,
200,000 NK and 200,000 Yac-1 cells were plated per well on a round bottom 96-well-plate. 5
pug/ml Monensin (Sigma Aldrich) and CD107a FACS antibody were added directly into the
culture, in order to stop the CD107a epitope (Lamp-1) from rapidly internalizing. After a
period of 3 hours, the cells were harvested and CD107a expression was measured by flow
cytometry. Yac-1 and NK cells were separated by the use of the NK1.1 marker and a sample

without Yac-1 cells was used as a negative control.
3.6.3 Cytotoxicity assay

NK cells were sorted and were used right away for the resting cell assay or were incubated
for 3 days with 50 ng/ml IL-2 (R&D systems) for the activated cell assay. Then, they were co-
incubated with Yac-1 cells in the desired ratios, for a period of 16 hours for the resting cell
assay and 5 hours for the activated cell assay. A sample treated with 10 uM staurosporin
(Sigma Aldrich) was used as a positive control and a sample without NK cells as a negative
control. After the co-incubation, the cells were harvested and stained with Annexin V, NK1.1

and Blue fluorescent reactive dye (table 2), for determination of Yac-1 killing by the NK cells.

3.7 Leishmania major infections

3.7.1 Infection

All infections were perfomed by Dr. Fu Yan from the group of Prof. Dr. Andreas Miiller at the
Otto von Guericke University of Magdeburg. Mice were infected with 2x10° Leishmania
Major DsRed, or Wt promastigotes. The infection was achieved by intradermal injection in

the ear pinna.
3.7.2 Limiting dilution

After isolation of cells from the ear, as described in 3.2.2, serial dilutions were performed in
M119 medium (Sigma Aldrich) supplemented with 10% heat inactivated fetal bovine serum

(FCS, Sigma Aldrich), 0.1 mM adenine (Sigma Aldrich), 1 mg/ml biotin (Sigma Aldrich), 5
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mg/ml hemin (Sigma Aldrich) and 2 mg/ml biopterin (Sigma Aldrich). The limiting dilutions
were performed by the group of Prof. Dr. Andreas Miiller at the Otto von Guericke

University of Magdeburg.

3.7.3 Preparation of soluble Leishmania major antigen (SLA)

The soluble Leishmania antigen was kindly prepared by the group of Prof. Dr. Andreas Miiller
at the Otto von Guericke University of Magdeburg as has been described in the literature™*.
In more detail, antigen extracts were prepared from promastigote stationary phase parasite
cultures. The parasites were lysed in 50 mM Tris (Carl Roth), 5 mM EDTA (Carl Roth), HCI
buffer with pH 7. The lysis buffer and parasite solution was subjected to three rapid freeze-
thaw cycles and three pulses of 20 seconds and 40 W at a BRANSON 1200 sonicator. Then,
the sample was centrifuged at 5000 g for 20 min at 4 °C to remove debris left from the lysis.
Protein concentration was determined with the BCA assay (Thermo Fisher Scientific) and

aliquots were stored in the -80 °C before further use.

3.8 Western blotting

3.8.1 Cell lysis

For the cell lysis and protein isolation, cells were initially moved into 1.5ml Eppendorf tubes,
after which they were washed once with PBS by centrifuging at 300 g, 4 °C for 5 min in an
Eppendorf centrifuge 5417R, and discarding the supernatant. Then they were re-suspended
in 10 puL TPNE lysis buffer per million cells, by mixing thoroughly with the pipette. Afterwards
the cell suspension was incubated on ice for 25 mins, followed by centrifugation at max
speed for 15 mins at 4 °C. Subsequently, the supernatants were transferred to a new tube

and the pellet was discarded.
3.8.2 Bicinchoninic Acid Assay (BCA)

To determine protein concentrations a Pierce™ BCA Protein Assay Kit (Thermo Fischer

Scientific) was used, according to manufacturer’s instructions. Absorption at 562 nm was
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measured with a M200 microplate reader (TECAN) to determine protein concentration, after
which the samples were incubated at 95 °C for 5 mins in 1x reducing sample buffer (RSB,

Table 1).

3.8.3 Polyacrylamide gel electrophoresis

For protein separation, a 12% polyacrylamide gel (Table 4) was run in 1x running buffer
(Table 1) at 80-100V, using the BioRad Tetra Cell machine. The protein ladder, used for

determining protein size, was the PageRuler™ (Thermo Scientific).
3.8.4 Protein transfer and visualization

After the gel was run, protein was transferred onto a PVDF membrane (GE Healthcare) using
a BioRad Criterion Blotter and 1x Transfer buffer (Table 1). Subsequently, the membrane was
blocked for at least 1 h in block buffer (1xTBS, 5% milk 0.05% v/v Tween20). After the
blocking step, the membrane was incubated overnight at 4 °C and with constant stirring, in
blocking buffer containing primary antibody. On the next day, the membrane was washed 6
times, for 10 minutes each, with wash buffer (1xTBS, 0.05% v/v Tween20), then incubated
with horse radish peroxidase (HRP) conjugated antibody in block buffer for 1 h. After that,
the washing process was repeated and the membrane was developed using ECL Select™

western blotting detection reagent (GE Healthcare). The developing took place either in a

Fusion FX-7 camera (Vilber Lourmat) or with Amersham Hyperfilm™ ECL (GE Healthcare).

Table 4: 12% Polyacrylamide gel recipe

Name Volume for 10 ml

Running gel
dH,0 3.3 ml
30% acrylamide mix (Rotiphorese" Gel 30) 4.0 ml
1.5 M Tris (pH 8.8) 2.5ml
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10% SDS 0.1 ml

10% APS 0.1 ml
TEMED (99% p.a.) 0.004 ml
Stacking gel

dH,0 6.8 ml

30% acrylamide mix (Rotiphorese” Gel 30) 1.7 ml
1.0 M Tris (pH 6.8) 1.25 ml

10% SDS 0.1 ml

10% APS 0.1 ml
TEMED (99% p.a.) 0.01 ml

Table 5: Western blot antibodies.

Target Species Clone Isotype Company

Primary antibodies

IKBns rabbit - Rabbit IgG Self made
B-actin mouse AC-74 IgG2a Sigma Aldrich
o-tubulin mouse DM-1A IlgG1 Sigma Aldrich
GAPDH mouse - IgG2b Protein Tech
BCL-X mouse 7B2.5 IgG1l Merck
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Horse radish peroxidase-conjugated secondary antibodies

Anti-rabbit 1gG goat - - Dianova
Anti-mouse 1gG2a goat - - Biozol
Anti-mouse IgG1 goat - - Biozol
Anti-mouse 1gG2b goat - - Biozol

3.9 Enzyme Linked Immunosorbent Assay (ELISA)

For IL-10 and IFNy ELISAs, the corresponding Duoset® ELISA development system kits were
bought from R&D systems and the experiments performed according to manufacturer’s
instructions. Reagent diluent (0,1% BSA, 0.05% Tween®20 in Tris-buffered saline: 20 mM
Trizma base & 150 mM NaCl, pH 7.2-7.4, 0.2 um filtered) blocking (1% BSA in PBS, pH 7.2-
7.4, 0.2 um filtered), stop (2 N H,S04) and wash (0.05% Tween®20 in PBS, pH 7.2-7.4) buffers
were prepared in house and the assay run in F96 Maxisorp immunoplates (Nunc™). For the
IL-10 ELISA, the Blocking buffer is also the reagent diluent. All antibodies, standards and
streptavidin HRP were included in the kit. In more detail on the procedure, the wells were
initially coated with capture antibody by adding 100 ul of antibody in reagent diluent, using
the working dilution suggested by the kit, and incubating overnight at room temperature. On
the next day, the wells were washed 3 times with ELISA wash buffer and were incubated
with 300 uL of blocking buffer for 2 hours at room temperature. Subsequently, the washing
step was repeated, and a 2 h incubation in RT, with 100 pl of sample and standards took
place. Then, another wash was performed, followed by another 2 hour incubation with
detection antibody, after which the wash was repeated and the wells were incubated for 20
minutes at room temperature with Streptavidin-HRP. After that, 100 pl of substrate solution,
consisting of 1:1 of color reagent A (H,0,, R&D Systems) and color reagent B
(Tetramethylbenzidine, R&D Systems), were added in each well. After another 20 min
incubation at room temperature, the color reaction was stopped with 50 ul of stop solution

and absorbance at 450 nm, with plate correction at 570 nm, was measured at an M200
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microplate reader (TECAN). Standard curves and protein concentration were calculated in

Microsoft Excel™.

3.10 Immunohistological analysis

Immunohistological staining of Foxp3 expressing cells in the mouse ear and draining lymph
nodes, during Leishmania major infections was performed by Dr. Marina Pils from the
histology unit of the Helmholtz Centre for Infection Research (Braunschweig). In more detail,
Paraffin sections were deparaffinized in xylene and rehydrated in graded ethanol series. For
antigen retrieval, slides were placed in a pressure cooker in citratebuffer (pH 7.6).
Endogenous Peroxidase was blocked with 3% H,0,. Subsequently, slides were blocked with

ready to use blocking solution (Zytomed Systems).

Rat anti-Foxp3 monoclonal antibody (eBioscience, clone FJK-16s, order information: 14-
5773-82), diluted 1:50 in antibody diluent from Zytomed Systems was used as first antibody.
As secondary antibody, Goat anti-rat 1gG H+L (KPL, Gaithersburg, Maryland, USA, order
information: 16-16-12) was applied. Subsequently, Streptavidin-HRP-Conjugate (Zytomed
Systems), 3.3’ diaminobenzidine (DAB) Chromogen and substrate buffer (Zytomed Systems)

were added. Counterstaining was performed with hematoxylin (Merck).

3. 11 PCR and agarose gel electrophoresis

Most of the DNA isolation, genotyping PCR and agarose gel electrophoresis for genotyping

was performed by our technician Sabrina Schumann.
3.11.1 Extraction of Eucaryotic RNA or DNA

To extract total RNA from eukaryotic cells, the RNeasy" Mini Kit (Qiagen) was used according

to manufacturer’s instructions. Then RNA concentration was measured by absorption at 260

nm with a Nanodrop 1000 spectrophotometer (peglab). For isolation of DNA from tail

biopsies and ear clippings, in order to perform genotyping PCR, the samples were incubated

in 500 pl biopsy lysis buffer (table 1) at 56 °C with 800 rpm stirring, for approximately 7
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hours. After that, the lysis reaction was stopped by incubating at 95 °C for 5 minutes,

followed by storing of samples in 4 °C.

3.11.2 Genotyping PCR

After PCR-ready DNA was isolated from tail biopsies or ear clippings, a 25 ul genotyping PCR
reaction was performed according to the recipe shown on table 6. The primer sequences
(Table 7) were designed in house or, in case of mouse lines provided by our collaborators,
received together with the mouse line. Then, the oligos were bought in a salt free solution
from Eurofins MWG Operon. The PCR reactions were run on a peqSTAR 96 Universal

thermocycler (peqlab). For an example of a PCR program, see Table 8.
3.11.3 Agarose gel electrophoresis

Size separation of PCR products was performed by electrophoresis of a 2% agarose gel,
containing 10 ul midori green (Biozym) per 100 ml TAE buffer (40 mM Tris Base, 20 mM
acetic acid, 1 mM EDTA, pH 8.5). For running the gel, the electrophoresis chamber
perfectBlue™ (peglab) and the power supply EPS 301 (Amersham Bioscience) were used.
The gel was developed in the Intas gel documentation system and PCR amplicon size was

determined by addition of the GeneRuler™ Low range DNA ladder (Thermo scientific).

3.11.4 First strand cDNA synthesis

cDNA synthesis was performed with 100 ng of isolated total RNA by using the RevertAid™

Premium First strand cDNA Syntesis Kit (Thermo Scientific), according to manufacturer’s
instructions. The oligo-dT primers were used and not the random primer. After the cDNA
synthesis mix was made, by following the protocol, the reaction was run in a pegSTAR 96

Universal thermocycler (peglab).
3.11.5 Quantitative real time PCR (qRT-PCR)

The cDNA produced in the previous step was normally used in 1:5 dilution for the qRT-PCR

reaction. To visualize gene DNA amplification in real time the cyanine dye Sybr Green
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(Roche) was used. This dye is a DNA intercalator that binds double stranded DNA and the
resulting complex can be stimulated at 494 nm, to emit light that can be measured after
each cycle. For the experiments in this thesis, 45 amplification cycles were run in a
LightCycler 96" system (Roche), using the saved “Sybr Green amp melt” program, as
provided by the manufacturer. All primers (Table 7) were designed in house, with the primer
designer software that can be found on the Roche website
(https://lifescience.roche.com/en_de/brands/universal-probe-library.html#assay-design-

center) and were made to span introns so that amplification of genomic DNA is avoided. All

gRT-PCR reactions were 20 pl.

Table 6: Reagents for genotyping PCR

Name Volume Company
DNA template 2 uL
2x Kapa2G Fast ready mix 12.5 uL Kapa biosystems
Forward Primer 1.25 uL
Reverse primer 1.25 uL
MilliQ water at 25ul total -

Table 7: PCR Primers

Genotyping PCR
Nfkbid" Fwd: TCC ATG AGG TAG GGA TGG AGA GTA

Rev: CTC CCA GTG CTG ATATTA CAG GCA
Rev2: TCA AAT AAT GAT GCT CTT GTC TCC




Nfkbid"

Foxp3 wt

Foxp3 Cre

CD4 Cre

Ncrl Cre

qRT-PCR

Ebfl

Pax5

Snx1

Rab8b

Nfkbid

UBC

IL-10

IFNy

Fwd: TCC ATG AGG TAG GGA TGG AGA GTA
Rev: CTC CCA GTG CTG ATATTA CAG GCA
Revl: CCT TCCTCC TAC ATA GTT GGC AGT

Fwd: CCT AGC CCCTAG TTC CAA CC
Rev: AAGGTTCCAGTGCTGTTGCT

Fwd: AGG ATG TGA GGG ACT ACCTCCTGTA
Rev: TCCTTCACT CTGATT CTG GCAATTT

Fwd: ACG ACC AAG TGA CAG CAA TG
Rev: CTC GACCAG TTT AGT TACCC

Fwd: GAC CAT GAT GCT GGG TTT GGC CCA GAT G
Rev: ATG CGG TGG GCT CTATGG CTT CTG

Fwd: CAG GAAACCCACGTGACAT
Rev: CCA CGT TGA CTG TGG TAG ACA

Fwd: GAC GCT GAC AGG GAT GGT
Rev: GGG GAA CCT CCAAGA ATCAT

Fwd: GCC AAC AAG CCT GACAAAC
Rev: GTC ACCCGA GATTCCCACT

Fwd: ACG ACA AAA GACAAG TGT CGA A
Rev: TCCAAAAATTTAATCCCATAGTCAA

Fwd: GGG CTCTTTT CCCATTCTCT
Rev: GGA CAC AAT CCAGCCTGTCT

Fwd: AAG AGA ATC CAC AAG GAATTG AATG
Rev: CAA CAG GACCTG CTG AACACTG

Fwd: TGC CAA GCC TTA TCG GAA ATG
Rev: CCCAGG GAATTCAAATGCTCC

Fwd: ATC TGG AGG AAC TGG CAA AA
Rev: TTC AAG ACT TCA AAG AGT CTG AGG TA

Table 8: Programs for PCR

Time

Genotyping PCR

Temperature Function Cycles

45



5 min 95 °C Initial denaturation

30 sec 95 °C Denaturation
30 sec *°C Annealing 25-32
30 sec 72 °C Elongation
10 min 72°C Terminal elongation -
qRT-PCR
1 minute 95 °C Preincubation 1
10 seconds 95 °C
10 seconds 60 °C Single acquisition 45
10 seconds 72 °C
10 seconds 95 °C
60 seconds 65 °C Continuous acquisition 1
1 second 97 °C

MilliQ water Until 25uL total

*Annealing temperature was always the average of the primers.

3.12 RNA sequencing

RNA isolation was performed with the RNeasy+ Mini Kit (Qiagen) according to manufacturing

instructions. All other steps were performed by the GMAK facility of the Helmholtz Centre

for Infection Research and bioinformatics analysis by Dr. Robert Geffers. In more detail, RNA

integrity was determined by running the sample on the 2100 Bioanalyzer, (Agilent

Technologies). Then, RNA sequencing libraries were generated from 500 ng total RNA by
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using the DynabeadsR mRNA DIRECT™ Micro Purification Kit (Thermo Fisher) to purify the
mRNA, and the ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre), everything
according to mufacturer’s instructions. Subsequently, the libraries were sequenced on and
[llumina HiSeq2500 using the TruSeq SBS Kit v3-HS with an average of 6x10’ reads per
sample. FASTQC (babraham) was used to check the quality of the FASTQ files, after which
Trim Galore (babraham) was used to trim sequencing adapter contamination by removing
reads shorter than 20bp from the FASTQ file. Trimmed reads were aligned to the reference
genome using the open source short read aligner STAR with setting according to log file™>.
Feature counts were determined using the R package Rsubread and data was cleansed by
considering for further analysis only genes that showed counts greater than 5 at least two
times across all samples. Gene annotation was done by the R package bioMaRt and before
starting the statistical analysis, expression data was log2 transformed and normalized to the

136,137

50" percentile . In the end, differential gene expression analysis was calculated by the R

package edgeR and clusterProfiler was used for functional analysis.

3.13 Statistics

All statistics were performed with GraphPad Prism version 5.04. In the case of statistical
significance, with one star is signified a p value smaller than 0.5, two stars mean a p value
smaller than 0.05, three stars a p value smaller than 0.005 and four starts a p value smaller
than 0.0005. The statistical method used was two tailed Mann Whitney test, unless stated

otherwise in the Figure legend.
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4. Results

4.1 The role of IkBysin Natural killer cells

4.1.1: Screening with a novel LacZ reporter mouse for IkBys expresion reveals high

promoter activity in natural killer cells

As was discussed in chapter 2.9. a lot of studies have shed light to the role of IkBysin T cells,
B cells and macrophages but its role in other immune cell types remains largely unknown?’.
In order to identify other immune cell subsets where IkBys could potentially have an

d®% mouse contains

important role, a newly generated reporter mouse was used. The Nfkbi
a LacZ cassette, which is inserted inside the IkBys-encoding Nfkbid gene and expresses 13-
galactosidase under the control of the Nfkbid promoter (Nfkbid being the gene of IkBys).
Nfkbid promoter activity can thus be quantified through the usage of the substrate
fluorescein di-d-galactopyranosidase (FDG) that is cleaved by R-galactosidase, leading to the

release of fluorescein (FITC), which can be measured by flow cytometry.

48



4000 -
Q
(72}
=
@
0
o
16 3000 =1 D kabidLach+
= B Nfkbid**
©
%
o 2000 -
£
L
®
5
8 1000 -
0 T T T T T T T T
0 1 2 4 6 24 48 72  PMA/lono(h)
B
Nfkbid** Nfkbid‘acz*
Hours 0 1 2 4 6 244872 0 1 2 4 6 24 48 72
PMA/lono - + + + + - + + + +
- — -...'— kb
IKBys  40kDa
35kDa
B-actin 45kDa
Figure 5: IkBys promoter activity, visualized by using Nfkbid* mice, correlates with protein

expression. A. Kinetic of Nfkbid promoter activity in total lymphocytes from peripheral lymph nodes,
visualized through FDG staining in flow cytometry after PMA (10ug/ml) and lonomycin (1uM)
stimulation. Two independent experiments with n=1 mouse per experiment are shown as mean
+SEM. B. Kinetic of IkBys protein expression during the experiments shown in A. Of the two
independent experiments performed a representative western blot is shown.

But before the new reporter mouse could be used, it was important to test whether the FITC
signal in FACS correlates with protein production of IkBys, which would show that the mouse

d““ and wild

model is a good reporter. To check if this was true, lymphocytes from Nfkbi
type littermates were isolated and stimulated with PMA and ionomycin for a period of 72 h
(Figure 5). At each time point, some cells were used for flow cytometric analysis of Nfkbid

promoter activity (Figure 5A) and some for IkBys protein expression (Figure 5B). It was found
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that Nfkbid promoter activity peaks 1 h after stimulation (Figure 5A), which correlates with
the appearance of the inducible 35 kDa and 40 kDa bands of the IkBys protein (Figure 5B). It
is of note that IkBys protein expression peaks at the 4 h timepoint (Figure 5B). But from these
results, promoter activity, as visualized by the LacZ reporter, seems to correlate with the

IKBys protein.
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Figure 6: Basal and induced Nfkbid promoter activity can be visualized in CD4" T cells by FACS using
the Nfkbid"*“ mice. A. Basal expression of Nfkbid promoter activity in CD4"* T cells from peripheral
lymph nodes, as visualized by flow cytometry. A representative FACS plot is shown of 2 independent
experiments with n=1 mouse per experiment. B. Induction of Nfkbid promoter activity in CD4" T cells
from peripheral lymph nodes, after stimulation with plate bound aCD3 (10 pg/ml), as visualized by
flow cytometry. A representative FACS plot is shown of 2 independent experiments with n=1 mouse
per experiment.

IkBns in T cells is basally expressed in the steady state and is induced after T cell receptor

107,112,114

stimulation . It was therefore logical to investigate whether it would be possible to

d““ reporter mouse. Indeed, basal Nfkbid

reproduce those results by using the Nfkbi
promoter activity could be seen in CD4" T cells of the reporter mouse, while background
from the staining was very low in the wild type control (Figure 6A). Moreover, when an in

vitro plate-bound aCD3 stimulation took place, a clear induction of promoter activity could
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be seen (Figure 6B). This further confirms that the Nfkbid“®“ mouse line is a good tool for

visualizing Nfkbid activity.
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Figure 7: Nfkbid promoter activity and expression in the mRNA and protein level was detected in
natural killer cells. A. Nfkbid promoter activity in steady state natural killer cells from the spleen. The
graph depicted is representative of two independent experiments with n=1 mouse per experiment.
B. Expression of 1kBys MRNA, relative to the housekeeping gene UBC, in FACS sorted natural killer
cells, CD4" T cells and CD4" T cells stimulated with plate bound aCD3 (4 ug/ml, 3 h). The
measurement method was real time qPCR. The graph shows 3 independent experiments with n=4
pooled mice per experiment as mean +SEM. C. IkBys protein expression in FACS sorted NK cells and T
cells from spleens of wild type and Nfkbid”" mice. T cells were in steady state condition or stimulated
with PMA (10 pg/ml) and lonomycin (1 puM) for 3h. This western blot is representative of 3
independent experiments with n=10 pooled mice per experiment.

Since the Nfkbid"*“ mice were used to confirm existing literature, the next logical step was to
look for basal Nfkbid promoter activity in immune cell subsets. After a screening, performed
through FACS in immune cell populations from the mouse spleen, high promoter activity was
detected in CD3” CD19™ NK1.1" natural killer cells (Figure 7A). In order to confirm that this
finding was translated in all levels, mRNA expression of IkBys was measured, in sorted cells
from wild type mice, by real time gPCR. aCD3 stimulated and resting CD4" T cells were used
as controls (Figure 7B). Interestingly, the ratio of IkBys MRNA copies to UBC was similar in NK
cells and resting CD4" T cells. Additionally, IkBys protein expression was measured in NK cells
from wild type mice by western. CD4+ T cells were once more used as a positive control and
NK cells and T cells from Nfkbid” mice were used as a negative control (Figure 7C). From this
experiment it was shown that basal expression of IkBys protein exists in NK cells and is

expressed at similar level to resting T cells. The band marked with * that appears only in NK
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cells was considered a background band, since it was also seen in the IkBys knockout NK cells

(Figure 7C).

4.1.2: IkBys-deficient natural killer cells show no defect during IL-2-mediated proliferation

and IkBys-deficient mice do not have altered NK cell numbers

IkBns has been associated with T cell and plasma B cell proliferation and marginal zone B cell
development™*1%138 |t was therefore logical to investigate whether IkBys-deficient NK cells
show a defect in proliferation, compared to wild type cells. IL-2 has been shown to mediate
NK cell proliferation®**. Therefore an IL-2-mediated proliferation assay was used. NK cells
were sorted and incubated with IL-2, then proliferation was measured through cell trace
violet. No differences between |kBys-deficient and wild type NK cells were found (Figure 8A).
There was also no difference on day 3, which is when proliferation of NK cells first starts
(Figure 8B). Therefore, there was no proliferation defect for IkBys-deficient NK cells in this in

vitro setting.

52



Pregated on NK1.1*

Unstimulated | ‘1 N/S Nfkbid*'*
Day 0 | ,.2.‘ 5000 _ kabid-/-
2 -
2
T £
= 40001
Q
&
Day 2 2
@ 30001
o
53 2
(=
k]
% 2000
Day 3 o
£
02
€ 1000
£
o
| [¢]
Day 4 ] ; © 0 ;
] Day 3
B Nfkbid™" Cell trace violet
Nfkbid*"*

Figure 8: IkBys-deficient NK cells do not have a proliferation defect after IL-2 stimulation, compared
to wild type NK cells. A. Natural killer cells were FACS sorted from the spleens of Nfkbid”"and wild
type mice, stained with cell trace violet as a proliferation marker and stimulated with IL-2 (50 ng/ml)
for a period up to 4 days. Proliferation was measured through flow cytometry. The histograms shown
are representative of 3 independent experiments with n=8 pooled mice per experiment. B.
Cumulative data on day 3 of A. The graphs shown representative of 3 independent experiments with
n=8 pooled mice per experiment as mean £SEM.

After investigating proliferation, NK cell percentages and numbers were measured in spleen,
peripheral lymph nodes and mesenteric lymph nodes of |kBys-deficient mice. Percentages of
CD3  CD19 NK1.1* CD49b" were not found to differ in Nkfbid” mice (Figure 9A and 9B upper
panel), compared to wild type and also NK cell numbers were not altered (Figure 9B lower

panel). This agrees with existing reports'**.
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Figure 9: Nfkbid”" mice have similar NK cell percentages and numbers to wild type mice. A.
Representative FACS plots ex vivo flow cytometric analysis of NK cells in Nfkbid” and wild type mice.
The percentages shown are median and standard error of graphs depicted on B (upper panel). The
plots are representative of 5 independent experiments with n=2 Nfkbid” and n=2 Nfkbid"* mice per
experiment and shown as mean SEM. B. Cumulative graphs of NK cell percentages and total number
of the same experiments depicted on A. The graphs are representative of 5 independent experiments
with n=2 Nfkbid” and n=2 Nfkbid"* mice per experiment and shown as mean +SEM.

IkBns has been implicated with Treg and marginal zone B cell development and T cell
differentiation’®’. Therefore, it made sense to look into different NK cell development stages
in the bone marrow. More specifically, the CD122" NK1.1* CD11b" Nkp46" more mature
population and the CD122" NK1.1* CD11b Nkp46 precursor cells**® were measured by flow
cytometry. Once again no differences were observed between IkBys.deficient and wild type

mice, showing that IkBysis not regulating this phase of NK cell maturation.
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Figure 10: Nfkbid” mice have similar percentages of NK cell developmental stages in the bone
marrow to wild type mice. A. Representative FACS plots of ex vivo flow cytometric analysis of NK cell
developmental stages in the bone marrow in Nfkbid”"and wild type mice. The percentages shown are
mean #SEM of graphs depicted on B. The plots are representative of 3 independent experiments
with n=2 Nfkbid” and n=2 Nfkbid”* mice per experiment. B. Cumulative graph of percentages of NK
cell developmental stages of the same experiments depicted on A. The graphs are representative of 3
independent experiments with n=2 Nfkbid”"and n=2 Nfkbid"* mice per experiment and are shown as
mean +SEM.
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4.1.3: Natural killer cells from IkBys-deficient mice have in vitro a degranulation defect

compared to wild type, but do not show a cytotoxicity defect

Yac-1 cells can activate NK cells through NKG2D stimulating receptors and are a sensitive

target for NK cell-mediated cell Iysis141

. Thus, the Yac-1 cell line was used to determine
whether IkBys-deficient NK cells are impaired in degranulation and cytotoxicity. For the
degranulation assay, the CD107a (Lamp-1) molecule was measured through FACS. This
molecule is translocated to the membrane during target cell killing and it has been shown to
be a good measure for degranulation and cytotoxicity'*’. During the experiment, co-
incubation of ex vivo isolated NK cells with equal numbers of Yac-1 cells was able to induce
CD107a, while the lack of Yac-1 lead to no induction of CD107a (Figurel1A). When IkBys-
deficient NK cells were compared to wild type controls, a significant reduction of CD107a on

the surface of the knock out cells was observed, both in steady state and in IL-2 matured NK

cells (Figure 11B). This shows that IkBys-deficient NK cells have a degranulation defect.
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Figure 11: IkBys-deficient NK cells have a degranulation defect compared to wild type. A.
representative FACS plots of CD107a staining in NK cells in co-culture with Yac-1 target cells or in
culture without Yac-1. B. Cumulative graphs of CD107a expression of NK cells, FACS sorted from
spleens of Nfkbid”" and wild type mice, in co-culture with Yac-1 target cells. Before starting the co-
culture, NK cells were in the steady state, or pre-cultured in IL-2 (50 ng/ml) for 3 days. Results are
depicted as mean +SEM and are from 3 independent experiments with n=4 Nfkbid”" and n=4
Nfkbid** pooled mice per experiment.
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Since CD107a (Lamp-1) has been associated with autophagy and shown to have a role in
lysosome biogenesisl43, and autophagy has been shown to be crucial for NK cell

20.144 it made sense to check if there is a difference at

development and memory formantion
acidic granules in IkBys-deficient NK cells. For this assay, lymphocytes from mouse spleens
were either stimulated for 3 h with the autophagy inducer rapamycin, the autophagy
suppressor bafilomycin, or not and the amount of acidic granules in the cells was measured
with lysotracker deep red through flow cytometry. As expected, rapamycin treated cells had
a higher than basal (non-treated) mean fluorescence in the lysotracker channel and

bafilomycin treated cell had lower (Figure 12A). When IkBys-deficient NK cells were

compared to wild type, no significant differences were found (Figure 12B).
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Figure 12: IkBys-deficient NK cells have a similar number of acidic granules compared to wild type.
A. Representative plot of Lysotracker deep red fluorescence in NK cells from spleen of Nfkbid” and
wild type mice, after a 3 h treatment with autophagy inducer Rapamycin (1 uM), autophagy
suppressor Bafilomycin (100 nM) or no treatment. The plot is representative of two independent
experiments with n=1 mouse per experiment. B. Cumulative results of experiments depicted in A.
The plot is shown as mean +SEM and is representative of two independent experiments with n=1
mouse per experiment. Results are normalized to Bafilomycin.

Since a degranulation defect was discovered in NK cells from Nfkbid”" mice, the next step

was to investigate if this was translated into a cytotoxicity defect. To achieve this, NK cells

57



from Nfkbid”" and Nfkbid"* mice were co-incubated for 16 h with Yac-1 cells at varying
ratios. Subsequently, Yac-1 cell survival was measured through flow cytometry. The NK cells
were either used straight away after sorting or matured for 3 days in IL-2. Regardless of
whether the NK cells were steady state (Figure 13A) or IL-2 matured (Figure 13B) no
significant differences were observed between IkBys-deficient and wild type NK cells. Only a

small trend of slightly lower cytotoxicity in IkBys-deficient NK cells was seen.
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Figure 13: IkBys-deficient NK cells have similar to wild type cytotoxicity against Yac-1 cells. NK cells
were FACS sorted and incubated with Yac-1 cells for a period of 16 h. Then, cell death and apoptosis
of Yac-1 cells was measured through flow cytometry. NK cells were either directly co-cultured with
Yac-1 cells or pre-cultured with IL-2 (50 ng/ml) for 3 days. A. Representative graph of FACS plots (left
panel) and cumulative results of Yac-1 cell death (right panel). These experiments were performed
with non-activated NK cells. Results are shown as mean +SEM come from 3 independent experiments
with n=4 Nfkbid” and n=4 Nfkbid”* pooled mice per experiment. B. Representative graph of FACS
plots (left panel) and cumulative results of Yac-1 cell death (right panel). These experiments were
performed with activated NK cells. Results are shown as mean #SEM come from 3 independent
experiments with n=4 Nfkbid” and n=4 Nfkbid** pooled mice per experiment.
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4.1.4: Nfkbid"““" mice show a CD4+ and CD8+ T cell inflation in the spleen at 22 weeks of

age, but not high activation of those cells

In order to investigate the role of IkBys selectively NK cells, an NK cell-specific knock out

128 This was achieved by crossing

mouse was generated by use of the Cre-loxp system
Nfkbid™" mice with Ncr1®® mice. Nfkbid*“* mice were firstly characterized by FACS for
irregularities in immune cells in lymphoid organs and, similarly to Nfkbid”" mice, for NK cell
maturation stages in the bone marrow. Once again, no differences were detected between

Nfkbid*“* and Nfkbid™ control mice (Figure 14).
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Figure 14: Nfkbid*"* mice have similar percentages of NK cell developmental stages in the bone
marrow to control mice. A. Representative FACS plots of flow cytometric analysis of NK cell
developmental stages in the bone marrow in Nfkbid®"“" and wild type mice. The percentages are
shown as mean +SEM of graphs depicted on B. The plots are representative of 3 independent
experiments with n=2 Nfkbid""* and n=2 Nfkbid"" mice per experiment. B. Cumulative graph of
percentages of NK cell developmental stages of the same experiments depicted on A. The graphs are
representative of 3 independent experiments with n=2 Nfkbid*“** and n=2 Nfkbid"" mice per
experiment and are shown as mean +SEM.

Although no differences were found in the maturation stages in the bone marrow, when
looking at immune populations of CD4" and CD8" T cells in the spleen, a significantly higher
percentage of these populations was found in Nfkbid*““ mice at 22 weeks of age (Figure

15B). Conversely, the percentage of B cells was reduced, but although total numbers of CD4"
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and CD8" T cells were also significantly reduced, this held not true for B cells (Figure 15A&B).
Therefore, it was concluded that although CD4" and CD8" T cells were inflated in Nfkbid®N*
mice, the B cell percentage was altered only because of the higher percentage of T cells. NK

cell percentages and numbers showed no significant difference (Figure 15A&B).
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Figure 15: 22 week old Nfkbid*““* have a CD4" and CD8" T cell inflation in the spleen compared to
control mice. A. Gating strategy for phenotyping of immune cell subsets through flow cytometry. B.
Cumulative graph of percentages of immune cells in the spleen. Results are shown as mean +SEM
and are from 3 independent experiments with n=2 Nfkbid*"“*and n=2 Nfkbid™" mice per experiment.
C. Cumulative graph of total numbers of immune cells in the spleen. Results are shown as mean
+SEM and are from 3 independent experiments with n=2 Nfkbid*““* and n=2 Nfkbid"”™ mice per
experiment.

Since a T cell inflation was discovered in Nfkbid*"“"* compared to control mice, the activation
status of T cells was also checked in these mice, by staining for CD44 and CD62L markers.
This would indicate whether the mice have developed autoimmunity, which would be one of
the most common explanations for the inflation. After the experiments were performed, it

was found that the percentage of CD44" CD62L activated CD4" and CD8" T cells was not
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different between Nfkbid*““* and control mice (Figure 16A&B). Also the percentage of CD44"
CD62L" central memory CD8" T cells'* was not significantly different (Figure 16A). Therefore,
the inflation of CD4* and CD8" T cells in the spleens of Nfkbid* ! mice is not because of

aberrant T cell activation.
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Figure 16: CD4* and CD8" T cell from 22 week old Nfkbid*"“* do not have a higher activation status
compared to control mice. A. Representative FACS plots of flow cytometric analysis of CD4" and CD8"
T cell activation status in the spleen Nfkbid*““* and control mice. The percentages shown are median
and standard error of all experiments. The plots are shown as mean +SEM and are representative of
3 independent experiments with n=2 Nfkbid*"* and n=2 Nfkbid”" mice per experiment. B.
Cumulative graph of percentages of CD4" and CD8" T cell activation status of the same experiments
depicted on A. The graphs are shown as mean *SEM and are representative of 3 independent
experiments with n=2 Nfkbid*"“* and n=2 Nfkbid™" mice per experiment.

4.1.5: Differential expression analysis of NK cells from Nfkbid*““* and Nfkbid™/" mice,
shows that IkBys suppresses B cell genes and downregulates vesicle transport genes in the

steady state

To shed more light in the role of IkBysin NK cells, RNA sequencing and differential expression
analysis was performed in NK cells, sorted from the spleen of Nfkbid“"“" and Nfkbid™" mice.
This showed that IkBys acts more as a suppressor of genes in NK cells, since most of the
differentially regulated genes were upregulated in its absence (Figure 17A). Among the

genes that are normally supressed by IkBys we surprisingly found a plethora of genes
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associated with B cells, including the two main transcription factors that govern B cell

146 Also, a lot of genes

development and lineage commitment, Ebfl and Pax5 (Figure 17A)
that are implicated with vesicle transport, such as Rab8b'*’ and Snx1*® were found to be
upregulated in IkBys-deficient NK cells, something that could agree with the observed
degranulation defect. Although not all of the differences were statistically significant, the
MmRNA of Ebfl, Pax5, Rab8b and Snxl was found to follow the same trend as in the

differential expression analysis, when results were validated through real time qPCR (Figure

17B).
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Figure 17: Differential expression analysis of NK cells from Nfkbid*“" mice compared to control
mice reveals main role for IkBys as a suppressor in the steady state. NK cells were isolated from
mouse spleens of female Nfkbid®“* and Nfkbid™" by sorting CD3~ CD19" NK1.1* Dx5" cells. A.
Depiction of upregulated (red) and downregulated (green) genes in IkBys-deficient NK cells. The
genes shown are from the ones with the with the smallest false discovery chance. B. Validation of
differential expression analysis results through real time gqPCR. The fold change to housekeeping
gene UBC is shown. Graphs are depicted as mean +SEM and are from 3 independent experiments
with n=4 Nfkbid““* and n=4 Nfkbid"" pooled mice per experiment.
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4.2 The role of IkBysin T cells

4.2.1: IkBysis important for the early phase of Tyl differentiation

IkBns has been shown to be important for Ty1 differentiation, since in vitro differentiated Ty1
T cells show an impairment in IFNy productionlls. However, it is unknown whether IkBys is
needed in the effector stage, for example by directly regulating the Ifng gene, or whether it
is needed in the early stages of differentiation. In order to investigate this, initially the
Nfkbid" reporter mouse was used to visualize Nfkbid promoter activity during Tyl
differentiation (Figure 18A). These experiments revealed that promoter activity during
differentiation slowly rises until it peaks on day 3, at which point it drops a bit and stabilizes

(Figure 18B). This suggests that IkBys is more important for the early stage of differentiation.
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Figure 18: Nfkbid promoter activity during T,1 differentiation peaks on day 3. A. CD4" CD62L" CD25
naive T cells were isolated from mouse spleen and peripheral lymph nodes of Nfkbid“*“* mice and Ty1
differentiation was performed as described in 3.4.1. Every day of the process Nfkbid promoter
activity was measured by flow cytometry. B. Nfkbid promoter activity during Thl differentiation,
visualized by use of the Nfkbid"** mice. Day 0 is an unstimulated sample of naive CD4 T cells and the
rest are samples where a Th1 polarization signal has been given (2 pg/mL plate-bound anti-CD3¢,
2 pg/mL anti-CD28 in suspension, 10 pg/mL anti-IL4 and 10 ng/mL IL12). Data are shown as mean
+SEM (n=3) and are representative of 3 independent experiments with n=1 mouse per experiment.
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To further follow up with this lead, inducible 1kBys knock out mice were created by crossing
Nfkbid™" mice with Rosa26**"™ mice. This allowed conditional, inducible deletion of Nfkbid
through the administration of 4-hydroxitamoxifen (here referred to as tamoxifen). Thus,
depletion of IkBys protein could be performed by treating with tamoxifen in the early or late
stages of differentiation. However, before this was possible, the time between tamoxifen
treatment and completed depletion of IkBys had to be measured. For this reason, CD4* T
cells were sorted, stimulated and treated with tamoxifen and an IkBys protein kinetic assay
was performed by western blot (Figure 19A). Indeed, when CD4+ T cells from Nfkbid™"

CreERT2
Rosa ®

mice were stimulated in vitro and subsequently treated with tamoxifen, complete
loss of IkBys protein expression was observed within 48 h in the inducible IkBys knock-out
CD4+ T cells, while IkBys protein levels remained unaffected in WT control CD4+ T cells

(Figure 19B).
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Figure 19: IKBys protein expression disappears from CD4" T cells from Nfkbid™" Rosa26 "™+ 48h
hours after tamoxifen administration. A. Nfkbid"™”"" Rosa26“°*""* is the cre-only type control,
Nfkbid™™Rosa26“***™* is where the conditional deletion will take place and Nfkbid” is the negative
control for antibody background exclusion. CD4" T cells were FACS sorted and stimulated with anti-
CD3 (2 upg/ml plate bound), anti-CD28 (2 pg/ml in suspension), IL-2 (50 ng/ml) and 4-
hydroxytamoxifen (1 uM) for up to 72h. B. Kinetic of IkBys protein expression in sorted CD4" T cells
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from mouse spleen and peripheral lymph nodes, after tamoxifen administration. This blot is
representative of two independent experiments with n=2 mice per experiment.

After the time required for IkBys depletion was determined, tamoxifen was added in Tyl
differentiation culture either on day 2 or day 4, resulting in complete IkBys depletion by day
4 and 6 post treatment, respectively (Figure 20A). It was observed that both IFNy production
and CD44 expression were significantly reduced in IkBys-deficient CD4" T cells, compared to
the control samples, when IkBys deficiency was induced early on (day 2) during in vitro Thl
differentiation (Figure 20B). In contrast, IFNy production and CD44 expression in Th1 cells
were not affected when tamoxifen was added on day 4, resulting in complete IkBys
deficiency on day 6 of differentiation, which is a time-point of terminally differentiated cells
(Figure 20B). Although T-bet expression was not affected in either setting, these results
suggest that IkBys expression in CD4" T cells is important during the early stages of Th1 cell

differentiation, while its function in terminally differentiated cells appears to be inferior.
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Figure 20: Conditional deletion of IkBys reveals a role at the early stages of T,1 differentiation. A.
CD4" CD62L" CD25 naive T cells were isolated from mouse spleen and peripheral lymph nodes of
NfkbidV™" Rosa26<*"™* (here referred as Cre) and Nfkbid"™ Rosa26“™"** (here referred as Ko)
mice and T,1 differentiation was performed as described in 3.4.1. Day 4 and 6 deletion means that
tamoxifen was added 2 days prior, leading to complete protein depletion on that day. B. Conditional
deletions of Nfkbid during Thl differentiation. Cre is a Nfkbid"V"""Rosa26“***"** sample without
addition of tamoxifen and Cre Tam is the same sample with addition of tamoxifen used as a control.
Ko indicates a tamoxifen treated Nfkbid™"Rosa26“ =%/ sample, where the conditional deletion will
take place. Day 4 and 6 deletion means that tamoxifen was added 2 days prior, leading to complete
protein depletion on that day. Data are shown as mean +SEM (n=3 for T-bet and CD44, n=6 for IFNy)
and are pooled from 6 (IFNy) or 3 (T-bet, CD44) independent experiments with n=1 mouse per
condition (Cre, Ko) per experiment.

4.2.2: Nfkbid*“®® mice have a reduced regulatory T cell compartment and show impaired

Tyl differentiation and iTreg generation in vitro

In order to investigate the role of IkBysin T cells, when it is still expressed in other immune

cells, a T cell-specific knock out mouse line was created. Nfkbid*“®*

dfl/fl

mice were generated by

crossing Nfkbi mice with mice expressing Cre recombinase under the CD4 promoter. This
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led to IkBys being a knockout in all T cells. Sorting of CD4" T cells from the spleen and
peripheral lymph nodes and checking IkBys protein expression, after stimulation with PMA
and ionomycin, proved that the generated mouse line is truly a knockout (Figure 21A).
Similarly to Nfkbid”" mice, the Nfkbid“*“® mouse line did not have aberrant T cell percentages
and numbers in peripheral lymphoid organs (Figure 21B) and also no difference in activated
CD4" T cells was detected, compared to control mice (Figure 21C). Similarly to CD4" T cells,
CD8" T cells were also not altered in percentages and number, and did not show an aberrant

activation status (Data not shown).
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Figure 21: Nfkbid““®* mice have a normal CD4" T cell compartment. A. CD4" T cells were sorted from

spleen and peripheral lymph nodes and stimulated with PMA (10 pg/ml) and lonomycin (1 uM) for

3h. Then expression of IkBys was measured through western blotting. This blot is representative of

two independent experimental repeats with n=1 mouse per experiment. B. CD4" T cell percentages

(left panel) and total numbers (right panel) in spleen and peripheral lymph nodes of Nfkbid“*“®* and
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control mice. The data is shown as mean +SEM and are representative of 3 independent experiments
with n=2 Nfkbid*®* and n=2 Nfkbid™" mice per experiment. C. (left panel) Representative FACS plots
of flow cytometric analysis of CD4" T cell activation status in Nfkbid*®®* and control mice. The plots
are shown as mean +SEM and are representative of 3 independent experiments with n=2 Nfkbid*“®*
and n=2 Nfkbid"" mice per experiment (right panel). Cumulative graph of percentages of CD4" T cell
activation status of the same experiments depicted on A. The graphs are shown as mean +SEM and
are representative of 3 independent experiments with n=2 Nfkbid“*“® and n=2 Nfkbid"" mice per
experiment.

Since a T cell-specific was created, it made sense to check whether previous findings, about
IkBns-deficient naive T cells showing impaired Tyl differentiation'*®, could be confirmed. For
this reason naive CD4* CD62L" CD44™ CD25 were sorted from Nfkbid““® and control mice
and Tyl differentiation was performed in vitro as described in 3.4.1. As expected, IFNy
production from IkBys-deficient T cells was significantly reduced after in vitro differentiation,

compared to control mice, while there was no significant difference in T-bet (Figure 22).
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Figure 22: Naive T cells from Nfkbid*“® mice show a defect during in vitro T,1 differentiation. A.
Representative FACS plot of IFNy expression after Tyl differentiation, performed as described in
3.4.1. The data are representative of 4 independent experiments with n=1 Nfkbid*®* and n=1
Nfkbid™" mice per experiment. B. Cumulative graphs of IFNy and T-bet expression of the experiment
shown in A. The graphs are shown as mean #SEM and are representative of 4 independent
experiments with n=1 Nfkbid“*®* and n=1 Nfkbid™" mice per experiment.
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To further test whether existing literature could be confirmed with the Nfkbid*®* mice, the
Treg compartment was measured by flow cytometry. Nfkbid”" mice have been shown to
possess 50% reduced Foxp3® Tregs in the thymus and peripheral lymphoid organs, compared
to wild type mice'? Nfkbid“®* were similarly found to have significantly reduced
percentages and total cell numbers of Tregs in the thymus, spleen and peripheral lymph

nodes (Figure 23).
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Figure 23: Nfkbid““®® mice have reduced numbers of Tregs in the periphery compared to control
mice. A. Representative FACS plots of flow cytometric analysis of Treg percentages in spleen, thymus
and pLNs of Nfkbid*“® and control mice. The plots are shown as mean +SEM and are representative
of 3 independent experiments with n=2 Nfkbid*®®* and n=2 Nfkbid"”" mice per experiment. B.
Cumulative graph of Treg percentages (upper panel) and total numbers (lower panel) of the same
experiments depicted on A. The graphs are shown as mean *SEM and are representative of 3
independent experiments with n=2 Nfkbid*®* and n=2 Nfkbid"”" mice per experiment.

IkBns-deficient naive T cells were also reported to have impaired iTreg generation'*2. To

investigate whether this holds true for the T cell-specific knockout, naive CD4" CD62L" CD44
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CD25 were sorted from Nfkbid““®* and control mice and iTreg induction was performed in
vitro, as described in 3.4.2. Then, the percentages of Foxp3" cells were visualized with flow
cytometry. As expected, Foxp3® generation from IkBys-deficient T cells was significantly
reduced, compared to control mice, when low amounts (0.5 ng/ml) of TGF-B were used as
the induction stimulus (Figure 24). At higher concentrations of TGF-B, the defect is

compensated by the strong induction stimulus*?.
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Figure 24: Naive T cells from Nfkbid““® mice show a defect during in vitro iTreg differentiation. A.
Representative FACS plot of Foxp3 expression after iTreg differentiation, performed as described in
3.4.2. The data are representative of 3 independent experiments with n=1 Nfkbid*®* and n=1
Nfkbid™" mice per experiment. B. Cumulative graphs of Foxp3 expression of the experiment shown in
A. The graphs are shown as mean £SEM and are representative of 4 independent experiments with
n=1 Nfkbid“*“®* and n=1 Nfkbid"" mice per experiment.
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4.2.3: Nfkbid*“®® mice cope better with Leishmania major infection and have lower

parasite numbers, compared to control mice

The Tyl immune response is very important for clearance of the Leishmania major infection,
and Tregs were implicated with perpetuating the infection, allowing it to become chronic*®,
Therefore, Leishmania major looks like a relevant infection model to investigate the
importance of results described in 4.2.2. in vivo. For this, Nfkbid“*“®* and Nfkbid"™ mice were
infected with 2 million promastigotes of L. major, by subcutaneous injection, in the ear pinna
and the infection was monitored for up to 18 weeks (Figure 25A). When ear thickness was
measured as a marker of disease progression, it was found that although there are not
significant differences until 4 weeks post infection, from the 5" week Nfkbid“®* mice show
significantly smaller ear thickness (Figure 25B), suggesting that IkBys deficiency in T cells is

beneficial for fighting a L. major infection.
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Figure 25: Nfkbid“*“®* mice show better disease progression after Leishmania major infection. A. 8-
14 week old Nfkbid“*®* and Nfkbid"™ mice were infected with 2 million promastigotes of Leishmania
major and disease progression was followed up to a period of 18 weeks. To visualize infected cells
L.m. DSRED was used. B. Ear thickness of infected Nfkbid““®* and Nfkbid"™ mice over a period of 17
weeks. The graphs are shown as mean +SEM and are representative of 2 independent experiments
with n=4 Nfkbid““** and n=4 Nfkbid"" mice per experiment.

iNos produced from innate immune cells, induced by Ty1 cytokines such as IFNy is important
for clearance of L. major parasites’?>. When looking at iNos expression in infected and non-
infected dendritic cells and macrophages at 3 weeks post infection, no significant differences
were detected between Nfkbid““®* and control mice at the site of infection. However, there
was a trend of a higher percentage of iNos producing infected macrophages in Nfkbid*®*
mice (Figure 26A). Moreover, percentages of CD4" T cells, dendritic cells, macrophages and

neutrophils did not show a difference (Figure 26B). However, both the percentages of

infected innate immune cells, visualized in FACS by the use of L. major DSRED, (Figure 26C)
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and total parasite counts in the ear (Figure 26D) were significantly reduced in Nfkbid"<**

mice.
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Figure 26: Nfkbid"“®* mice show smaller L.m. parasite counts and infected innate immune cells in
the ear pinna 3 weeks post infection, compared to control mice. A. Percentages of iNos expressing
dendritic cells and macrophages in the ear pinna, infected or not infected with L.m. at 3 weeks post
infection, as shown by flow cytometry. The graphs are shown as mean +SEM and are representative
of 2 independent experiments with n=4 Nfkbid*®®* and n=4 Nfkbid"”" mice per experiment. B.
Percentages CD4" T cells, dendritic cells, macrophages and neutrophils in the ear pinna at 3 weeks
post infection, as shown by flow cytometry. The graphs are shown as mean #SEM and are
representative of 2 independent experiments with n=4 Nfkbid*®* and n=4 Nfkbid™" mice per
experiment. C. Percentages infected dendritic cells, macrophages and neutrophils in the ear pinna at
3 weeks post infection, as shown by flow cytometry. The graphs are shown as mean +SEM and are
representative of 2 independent experiments with n=4 Nfkbid*®®* and n=4 Nfkbid"" mice per
experiment. D. Total parasite counts in the ear pinna at 3 weeks post infection, as shown by limiting
dilution assay. The graphs are shown as mean +SEM and are representative of 2 independent
experiments with n=4 Nfkbid“*®* and n=4 Nfkbid™" mice per experiment.

To further illuminate the immune response against L. major at 3 weeks post infection, the

draining lymph nodes (cervical) were investigated. Total draining lymph node cellularity was

ACD4
d

not significantly different between Nfkbi and control mice (Figure 27A). Also, the

percentages of CD44" CD62L activated CD4* T cells in spleen and draining lymph nodes were
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not different between Nfkbid*“® and control mice (Figure 27B). These results show that,

ACD4
d

although parasite numbers are reduced in Nfkbi mice at 3 weeks post infection, the

important immune response is not different compared to control mice.

A < 3 weeks p.i. dLNs
= N/S
=
o 6.0,
3 P 0
© 4.0 O
o SkERS
E ° ©
E 2.0 o
=
®
o 0 Al . 'ACD4
= Nfkbid Nfkbid
B 3 weeks p.i.
Pregated on CD4* Foxp3-(dLNs) 50,
Nfkbid"" Nfkbidacos |
| 0 ws s IINfkbia™
30; [] NfkbigACcP4

CD62L

% of CD44* CD62L cells

el I

dLNs Spleen

Figure 27: Nfkbid““®* mice have similar draining lymph node cellularity and CD4" activation status to
control mice 3 weeks post infection. A. Total cellularity of draining lymph nodes 3 weeks post
infection. The graphs are shown as mean +SEM and are representative of 2 independent experiments
with n=4 Nfkbid*®* and n=4 Nfkbid™" mice per experiment. B. (left panel) Representative FACS plots
of flow cytometric analysis of CD4" T cell activation status in Nfkbid““®* and control mice, at 3 weeks
post infection. The plots are shown as mean #SEM and are representative of 2 independent
experiments with n=4 Nfkbid*®®* and n=4 Nfkbid"" mice per experiment. (right panel) Cumulative
graph of percentages of CD4" T cell activation status of the same experiments depicted on the left
panel. The graphs are shown as mean +SEM and are representative of 2 independent experiments
with n=4 Nfkbid““®* and n=4 Nfkbid"" mice per experiment.
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4.2.3: Nfkbid*®®® mice have reduced inflammation 18 weeks post L. major infection,

compared to control mice

Leishmania major infected C57BL/6 mice have lesions that heal, leaving behind a small
persistent population of parasites, that has been reported to persist due to IL-10 signalling

and regulatory T cells'?*!24149

. Therefore, it made sense to investigate the phenotype of the
infection model at a very late time-point of 18 weeks post infection. At that time, draining
lymph nodes from Nfkbid““®* mice were found to be much smaller compared to control mice
(Figure 28A). Indeed total draining lymph node cellularity was significantly decreased in

d®®* mice

Nfkbid“*“®* mice (Figure 28B). Moreover, total parasite counts in the ear of Nfkbi
were significantly lower compared to control mice, and in a lot of mice lower than the

detection limit (Figure 28C).
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Figure 28: Nfkbid"“®* mice have lower draining lymph node cellularity and L.m. parasite numbers
than control mice 18 weeks post infection. A. Draining lymph nodes of Nfkbid*®®* and Nfkbid™" at 18
weeks post infection. B. Total cellularity of draining lymph nodes 18 weeks post infection. The graphs
are shown as mean +SEM and are representative of 2 independent experiments with n=4 Nfkbid*“®*
and n=4 Nfkbid"”™ mice per experiment. C. Total parasite counts in the ear pinna at 18 weeks post
infection, as shown by limiting dilution assay. The graphs are shown as mean *SEM and are

representative of 2 independent experiments with n=4 Nfkbid*®®* and n=4 Nfkbid"" mice per
experiment.

Furthermore, when the activation status of CD4+ T cells in the draining lymph nodes was
investigated at 18 weeks post infection, Nfkbid*®®* mice were found to possess significantly
lower percentages of CD44" CD62L activated T cells, compared to control mice (Figure 29
A&B). Activated T cell percentages in the spleen did not show the same difference (Figure

29B), which could be explained by the localized nature of the infection. The close to normal
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activated CD4" T cell percentages could be suggesting that Nfkbid“*“®* mice have cleared the

infection.
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Figure 29: Nfkbid"“® mice have lower percentages of activated CD4" T cells than control mice 18
weeks post infection. A. Representative FACS plots of flow cytometric analysis of CD4" T cell
activation status in Nfkbid““®* and control mice, at 18 weeks post infection. The plots are shown as
mean *SEM and are representative of 2 independent experiments with n=4 Nfkbid*“®* and n=4
Nfkbid™" mice per experiment. B. Cumulative graph of percentages of CD4" T cell activation status of
the same experiments depicted on A. The graphs are shown as mean +SEM and are representative of
2 independent experiments with n=4 Nfkbid““®*and n=4 Nfkbid™" mice per experiment.

To further investigate whether Nfkbid*“®* have cleared the L. major infection the response to
re-stimulation was measured. This is because it has been reported that IL-10-deficient mice,
or mice where Tregs are depleted, completely clear the parasites and lose the ability to form

a memory response123’149

. To achieve this, lymphocytes from ear, draining lymph nodes and
spleen of infected Nfkbid*“® and Nfkbid™" mice at 18 weeks post infection, were re-
stimulated in vitro with soluble Leishmania antigen. After a period of 3 days, IL-10 and IFNy
expression was measured by ELISA (Figure 30A). Supernatants from the Nfkbid"“®*
lymphocyte culture, did not contain IL-10 and IFNy much higher than the detection limit of

32 pg/ml (Figure 30B&C). In contrast, supernatants from control mice contained high
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amounts of IFNy in lymphocyte cultures from spleen and draining lymph nodes and high
amounts of IL-10 in lymphocyte cultures from ear and draining lymph nodes (Figure 30B&C).
This seems to support the hypothesis that Nfkbid*“® have cleared the infection at the 18

week time point.
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Figure 30: Lymphocytes from Nfkbid"“® mice 18 weeks post infection do not respond to
Leishmania major soluble leishmania antigen stimulation. A. Lymphocytes from Nfkbid*®®* and
Nfkbid™" spleens, draining lymph nodes and ear were incubated with SLA (50 pg/ml) for a period of
three days. Then, supernatants were collected and IFNy and IL-10 was measured by ELISA assay. B.
Cumulative graph of IFNy concentration of the experiments described in A. The graphs are shown as
mean *SEM and are representative of 2 independent experiments with n=4 Nfkbid*®®* and n=4
Nfkbid™" mice per experiment. C. Cumulative graph of IL-10 concentration of the experiments
described in A. The graphs are shown as mean +SEM and are representative of 1 independent
experiment with n=4 Nfkbid*®®*and n=4 Nfkbid™" mice per experiment.
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4.2.4: Nfkbid"““®* mice have reduced Treg percentages in the spleen and draining lymph
node during L. major infection, but higher Treg percentages at the site of infection,

compared to control mice

Since a phenotype that has been associated with regulatory T cells was found in 4.2.3. it was
logical to monitor Treg percentages during infection. It was found that similarly to the steady
state, the percentages of CD4" Foxp3® T cells were significantly reduced in the spleen and

draining lymph nodes of Nfkbid*“®*

mice, compared to control mice, both at 3 weeks and 18
weeks post L. major infection (Figure 31A&B). However, the percentages of CD4" Foxp3™ T
cells in the infected ear were significantly higher in Nfkbid®“®* mice, compared to control
mice, at 3 weeks post infection (Figure 31C). Tregs in the ear 18 weeks post infection were

not possible to be measured, due to the lesion having healed.
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Figure 31: Nfkbid"““® mice have lower percentages of Tregs in dLNs and spleen, but higher in the
ear than control mice during infection. A. Cumulative graph of percentages of Tregs in dLNs and
spleen of Nfkbid“®* and Nfkbid™" 3 weeks post infection. The graphs are shown as mean +SEM and
are representative of 2 independent experiments with n=4 Nfkbid““®* and n=4 Nfkbid™" mice per
experiment. B. Cumulative graph of percentages of Tregs in dLNs and spleen of Nfkbid““®* and
Nfkbid™" 18 weeks post infection. The graphs are shown as mean +SEM and are representative of 2
independent experiments with n=4 Nfkbid*®* and n=4 Nfkbid"”" mice per experiment. C. (upper
panel) Representative FACS plots of flow cytometric analysis of Tregs in the ear of Nfkbid*“®* and
control mice, at 3 weeks post infection. The plots are shown as mean +SEM and are representative of
1 independent experiment with n=4 Nfkbid“*“®* and n=4 Nfkbid"" mice. (lower panel) Cumulative
graph of percentages of Tregs of the same experiment depicted on the upper panel. The graphs are
shown as mean +SEM and are representative of 1 independent experiment with n=4 Nfkbid*“®* and
n=4 Nfkbid™" mice.

d““®* mice at 3 weeks

To further confirm whether Tregs are truly elevated in the ear of Nfkbi
post infection, immunohistochemical staining was performed. Sections of the ear lesion and
the draining lymph node were made and Foxp3" cells (brown) were stained (Figure32A).

Then 10 40x reading frames were selected randomly per mouse and the average number of
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Foxp3” cells was counted (Figure 32B). It is clear that although there is a significantly smaller
number of Foxp3" cells in the draining lymph node of Nfkbid““®* mice, compared to control
mice, there is a significantly higher number of Foxp3® cells in the ear lesion (Figure 32A&B).

This confirms the result shown in Figure 31.
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Figure 32: Nfkbid*®® mice have lower percentages of Tregs in dLNs, but higher in the ear than
control mice during infection. A. Inmuno-histological staining of Foxp3 (brown dots) of the draining
lymph node and ear lesion of Nfkbid*® and Nfkbid™" 3 weeks post infection. The results are
representative of 1 independent experiment with n=4 Nfkbid*®* and n=4 Nfkbid"" mice. B.
Cumulative graph of Tregs numbers of the same experiment depicted on A. 10 40x open reading
frames were selected blindly and average Foxp3® cells were counted blindly per mouse, then each
dot depicts the average for each mouse. The graphs are shown as mean +SEM and are representative
of 1 independent experiment with n=4 Nfkbid“*“®* and n=4 Nfkbid™" mice.
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4.2.5: Nfkbid"“®* mice show signs of an earlier starting immune response to L. major,

compared to control mice

Since a smaller number of L. major parasites was found in Nfkbid““®* mice at 3 weeks post
infection, but no differences were found in immune cell numbers, iNos expression at the site
of infection or percentages of activated T cells in the draining lymph nodes, looking at an
earlier point of the infection seemed sensible. Thus, the 1.5 week post infection time point

ACD4 .
d*®* mice

was investigated. During this, the total draining lymph node cellularity of Nfkbi
was found to be significantly higher than control mice, but the percentages of CD44" CD62L
activated T cells showed no significant difference (Figure 33A). Total parasite counts and
percentages of infected innate immune cells in the ear, also showed no difference between
Nfkbid*®* and Nfkbid™" mice (Figure 33B). When looking at percentages of CD4+ T cells,
dendritic cells, macrophages and neutrophils, a significantly higher percentage of dendritic
cells was found in Nfkbid*“®* mice (Figure 33C left panel). But a smaller percentage of iNos

expressing infected DCs was observed in Nfkbid""*

mice, compared to control mice (Figure
33C right panel). Moreover, when CD4" CD44" CD62L activated T cells were sorted from
spleen, and IFNy and IL-10 mRNA ratios to the housekeeping gene UBC were measured
through RT-qPCR, Nfkbid“*“®* had a significantly higher ratio of IFNy and lower ratio of IL-10,
compared to control mice (Figure 33D). Although the phenotype is not very strong, the
higher draining lymph node cellularity, the DC inflation and the IFNy and IL-10 mRNA

transcription in activated T cells, might suggest that the immune response in Nfkbid““®* mice

is begins faster compared to control mice.
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Figure 33: Nfkbid““®* mice show mild signs of an accelerated immune response at 1.5 weeks post
infection, compared to control mice. A. (left panel) Total cellularity of draining lymph nodes 1.5
weeks post infection. The graphs are shown as mean +SEM and are representative of 1 independent
experiment with n=4 Nfkbid*®* and n=4 Nfkbid™" mice per experiment. (right panel) Cumulative
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graph of percentages of CD4" T cell activation status of the same experiment depicted on the left
panel. The graphs are shown as mean +SEM and are representative of 1 independent experiment
with n=4 Nfkbid“*“®* and n=4 Nfkbid"" mice. B. (left panel) Total parasite counts in the ear pinna at 1.5
weeks post infection, as shown by limiting dilution assay. The graphs are shown as mean +SEM and
are representative of 2 independent experiments with n=4 Nfkbid*®®* and n=4 Nfkbid™" mice per
experiment. (right panel) Percentages infected dendritic cells, macrophages and neutrophils in the
ear pinna at 1.5 weeks post infection, as shown by flow cytometry. The graphs are shown as mean
+SEM and are representative of 1 independent experiment with n=4 Nfkbid*“®* and n=4 Nfkbid""
mice. C. (left panel) Percentages CD4" T cells, dendritic cells, macrophages and neutrophils in the ear
pinna at 1.5 weeks post infection, as shown by flow cytometry. The graphs are shown as mean +SEM
and are representative of 1 independent experiment with n=4 Nfkbid*®®* and n=4 Nfkbid"" mice.
(right panel) Percentages of iNos expressing dendritic cells and macrophages in the ear pinna,
infected or not infected with L.m. at 1.5 weeks post infection, as shown by flow cytometry. The
graphs are shown as mean +SEM and are representative of 1 independent experiment with n=4
Nfkbid*®* and n=4 Nfkbid"" mice per experiment. D. Cumulative graphs of IFNy (right panel) and IL-
10 (left panel) mRNA copies, compared to UBC, of sorted CD4" CD44" CD62L cells from spleen at 1.5
weeks post infection. The graphs are shown as mean £SEM and are representative of 1 independent
experiment with n=4 Nfkbid*“®* and n=4 Nfkbid"" mice per experiment.

4.2.6: Nfkbid“"*** mice have a normal regulatory T cell compartment and do not develop

spontaneous autoimmunity by 8-11 weeks of age

Nfkbid”" mice have reduced numbers of regulatory T cells in the thymus and periphery, due
to IkBys-deficient T regs remaining in the CD4" Foxp3™ CD25" GITR" precursor stage, since

112 |n this thesis it was shown

they are defective in Foxp3 induction during thymic selection
that when Nfkbid is deleted under the CD4 promoter, which leads to deletion before the
precursor stage, the mice still have a reduced Treg compartment (Figure 23). Also, during L.
major infection of Nfkbid*“® mice a Treg-associated phenotype was observed. Therefore, a
Foxp3-specific IkBys knockout mouse line was generated. When characterizing the
Nfkbid® **** mice, no differences were observed in total cellularity of spleen and peripheral
lymph nodes compared to control (cre only) mice (Figure 34A). Moreover, the percentages
and total numbers of CD4" T cells in the spleen and peripheral lymph nodes of Nfkbid® ®
mice were not different, compared to control mice (Figure 34B). This held also true for CD8"

dAFoxp3

T cells (Data not shown) Lastly, when looking at activated T cells, Nfkbi mice also show

no difference to control mice (Figure 34C).
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Figure 34: Nfkbid***** mice have a normal CD4" T cell compartment, compared to control mice.
Total cellularity of spleen and peripheral lymph nodes of 8-11 week old Nfkbid**®* and control mice.
The graphs are shown as mean *SEM and are representative of 3 independent experiment with n=4
Nfkbid**®® and n=4 Nfkbid"“""* Foxp3“® mice per experiment. B. CD4" T cell percentages (left panel)

87



and total numbers (right panel) in spleen and peripheral lymph nodes of Nfkbid“*** and control
mice. The data is shown as mean +SEM and are representative of 3 independent experiments with
n=2 Nfkbid*"® and n=2 Nfkbid"“/"* Foxp3“ mice per experiment. C. (left panel) Representative FACS
plots of flow cytometric analysis of CD4" T cell activation status in Nfkbid“**** and control mice. The
plots are shown as mean +SEM and are representative of 3 independent experiments with n=2
Nfkbid*®® and n=2 Nfkbid"“""* Foxp3“® mice per experiment. (right panel) Cumulative graph of
percentages of CD4" T cell activation status of the same experiments depicted on A. The graphs are
shown as mean +SEM and are representative of 2 independent experiments with n=2 Nfkbid**** and
n=2 Nfkbid"""* Foxp3 mice per experiment.

dAFoxpS

When looking at the Treg compartment, Nfkbi mice show no difference in Foxp3™ T cell

percentages and numbers in the spleen, pLNs or Thymus (Figure 35). This further supports

dAFoxp3

existing literature, since in the Nfkbi mice IkBys is deleted after Foxp3 is expressed,

which happens after the CD4* Foxp3 CD25" GITR' precursor stage™'*.
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Figure 35: Nfkbid*****> mice have similar numbers of Tregs in the periphery, compared to control
mice. A. Representative FACS plots of flow cytometric analysis of Treg percentages in spleen, thymus
and pLNs of Nfkbid*™®** and control mice. The plots are shown as mean +SEM and are representative
of 3 independent experiments with n=2 Nfkbid*>®* and n=2 Nfkbid"“""* Foxp3“® mice per
experiment. B. Cumulative graph of Treg percentages (upper panel) and total numbers (lower panel)
status of the same experiments depicted on A. The graphs are shown as mean #SEM and are
representative of 3 independent experiments with n=2 Nfkbid*™*® and n=2 Nfkbid"“""'* Foxp3“"® mice
per experiment.

To further investigate the role of IkBys in Tregs, effector and naive Tregs were sorted (Figure
36A) from Nfkbid****® and control mice and differential expression analysis was performed.
For sorting of Foxp3" cells YFP was expressed under the Foxp3 promoter. As effector, CD4"
CD25" Foxp3® CD44" CD62L cells were defined and as naive CD4" CD25" Foxp3® CD44
CD62L". Similar to the total percentages of Tregs (Figure 35) effector and naive Treg

percentages were not different between Nfkbid* **** and control mice (Figure 36B).
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Figure 36: Nfkbid“* " mice have similar percentages of effector and naive Tregs in the periphery,
compared to control mice. Effector and naive Tregs were sorted from pooled spleens and pLNs of
Nfkbid®®® and Nfkbid"“""* Foxp3“® mice. For each sample 3 male and 3 female mice were pooled
together. A. Sorting strategy for collection of effector and naive Tregs for RNA sequencing. B.
Percentages of naive and effector Tregs from the sorting depicted in A. The graphs are shown as
mean and are representative of 4 independent experiments with n=6 Nfkbid*™®* and n=6 Nfkbid"/""

Cre

Foxp3~" mice per experiment.

Principal component analysis shows visible differences in differential expression between
Nfkbid“"*** and control mice. As we can see the four groups of samples are nicely separated
in the four corners of the plot and the replicate samples (1,2,3) are clustering together.

Effector Treg samples are as expected closer to each other than to the naive Treg samples.
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59.8% of the differences, in the selected differentially expressed genes, can be explained by
the difference between naive and effector and 10.8% between IkBys knock out and control

(Figure 37).
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Figure 37: IkBys-deficient effector and naive Tregs have strong differences in gene expression
compared to control. Principal component analysis of differentially expressed genes from effector
and naive Tregs from Nfkbid®™®® and Nfkbid"""* Foxp3“® mice. The 500 genes with the smallest false
positive discovery rates were used. The 1,2,3 samples were collected as shown in figure 36 and the A
point is the average of the 3. Each sample is representative of 3 male and 3 female pooled mice.

After gene clustering was performed, in the 500 differentially regulated genes with false

positive discovery rate smaller than 0.05, four distinct gene clusters were found (Figure 38).

Cluster 1 is highly expressed in naive control Tregs and is heavily downregulated in the IkBys-
deficient effector Tregs. When looking at the differences between the same cell type, it is
observed that this cluster contains a lot of signalling genes containing Src homology domains
(SH). For example Tns1 codes for the protein tensin 1, which has been reported to enhance

10 In turn, RhoA has been

RhoA activity by binding DLC-1 through its SH2 homology domain
shown to be required for TCR signalling™®. Tns1 is 3.6 fold downregulated in IkBys-deficient

effector Tregs and 1.4 fold in naive, compared to the control. Another interesting molecule,
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found downregulated in IkBys-deficient Tregs, was Nodl. This gene codes for a pattern
recognition receptor that can sense bacterial fragments and has been reported to co-

operate with TLR2 to enhance TCR mediated activation of CD8* T cells™?

. Interestingly,
Lampl and Snx20 were also found to be downregulated in IkBys-deficient Tregs, which
would match with the NK cell findings. Foxp1 was similarly downregulated in effector Tregs.

This is a transcription factor that regulates induced Treg generation’>>.

Cluster 2 contains genes that are upregulated in IkBys-deficient effector and naive Tregs,
compared to the effector and naive control, respectively. An interesting group of these
genes are those that are implicated in WNT signaling. We see Wnt3 and Tcf7/1, which is not

154

surprising since WNT proteins regulate Tcf transcription factors™". Pak4 has been associated

155

with the WNT pathway by modulating intracellular translocation of B-catenin™. Notably,

canonical Wnt3 signaling has been reported to negatively modulate Treg function and

suppression capacity, while suppression of the pathway elevated it™°e.

Cluster 3 is composed of genes that are highly expressed in control effector Tregs, and
downregulated in IkBys-deficient effector and naive Tregs. This cluster contains genes that
are involved in Ca** signaling. Both Dmd and Ryr2 were heavily downregulated (4 fold and
4.9 fold respectively) in IkBys-deficient effector Tregs, compared to the control. Dmd codes
for the protein Dynein, which has been associated with aberrant calcium, through regulation
of ion channels, although it’s mechanism of action is not yet completely known™’. The
ryanodine receptor (RYR) is a Ca’" channel that facilitates release of calcium from
intracellular stores™®. This receptor is required for anti-CD3 induced T cell proliferation and

IL-2 synthesis™®

. Itpr2 codes for the 1,4,5-triphosphate receptor, type 2, which was reported
to mediate the release of intracellular calcium deposits from the endoplasmic reticulum .
Interestingly, in this cluster Ctla4, Cx3cl1 and Ccr6 were also found to be downregulated in
IkBns knockout effector Tregs. Ctlad is one of the proteins Tregs use to suppress T cells, by

blocking the CD28 co-activation signal161

. The chemokine receptor CCR6 is expressed in
effector Tregs and regulates their migration to inflammatory tissues'®%. Lastly, Cx3c/1 codes
for the unique cytokine fractalkine, that acts as chemoattractant of CX3CR1 expressing cells
(NK cells, DCs, T helper and cytotoxic cells, macrophages) in its soluble form, and as an
adhesion molecule, implicated in T-cell activation, in its membrane bound form®1% cx3cl1

was 6.5 fold downregulated in IkBys-deficent effector Tregs.
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Cluster 4 contains genes that are upregulated in IkBys-deficent Tregs, compared to their
control counterparts. A plethora of cell cycle and proliferation genes are located in this
cluster, some notable mentions would be the serine/threonine kinases Cdk5r1 and Cdk1 that
control cell cycle checkpoints, as well as the aurora kinase B (Aurkb) that controls

167187 Hapinl was also found in this cluster and

chromosome segregation during mitosis
expression of this protein was associated with upregulated WNT signallinglss. Interestingly, a
few genes implicated with T-cell activation and Treg suppressive capacity, such as Runx2,

Runx3 and Icam1, were found in this cluster as well 19171,
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Figure 38: Gene clustering reveals diverse gene expression in IkBys-deficient effector and naive
Tregs compared to the control, forming 4 distinct gene clusters. Gene clustering of the 500
differentially regulated genes with smallest false positive discovery rates (adjusted p value < 0.05).
Blue colour means that the gene is downregulated and red that is upregulated. The clusters are
colour as seen on the left and each sample (1,2,3) is shown in a row as depicted. On the right, a few
representative genes of each cluster are shown.
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5. Discussion

In the past years, a lot of important roles have been illuminated for IkBys in T cells, B cells
and macrophages (see 2.8), but little is known about its function in other immune cell types.
Also, all studies to date have taken place in mouse models in which IkBys is deleted in all
cells, making it unclear whether observed effects are direct or a result of cross-play between
cell types. The purpose of this thesis was to investigate the importance of IkBys in effector
cells of the immune system, and more specifically in NK cells, T cells and Tregs. For this,
classical immunological techniques, such as FACS, were used in conjunction with novel
conditional knock-out and reporter mouse models and cutting edge molecular techniques,
such as RNA sequencing and differential expression analysis. Also, the importance of IkBys in
T cells was investigated in vivo, using the Leishmania major infection model, which is
relevant for investigating Tyl and Treg immune responses. This is because Tyl cells are
necessary for infection clearance and Tregs were associated with suppressing the immune
response, leading to a slower early recovery and establishment of chronic cutaneous

Leishmania m. infection'®,

5.1 IkBys in NK cells is responsible for maintaining T cell homeostasis

Natural killer cells have been shown to regulate the T cell immune response both in
autoimmune and infection contexts'’2. For example, natural killer cells can regulate T cells
indirectly by modulating dendritic cell function. In vitro experiments using human cells have
shown that DCs promote NK cell activity via the production of type | interferon, IL-12 and

TNFa, and subsequently NK cells secrete IFNy and TNFa, through engagement of NKp30,

which further promotes DC maturation”>™">,

Moreover, at the early stages of infection, NK cells migrate into the lymph node in a CXCR3

dependent but CCR7 independent manner and activate T cells directly by providing IFNy176.

Y7 1n the

Also, NK cells have the ability to selectively lyse activated CD8" and CD4" T cells
context of LCMV infection in mice, a lack of NK cells lead to prevention of the chronic form
of the disease. The studies showed that, during the infection, NK cells lyse CD8" and CD4" T

178-180

cells, which lead to reduced CD8" T cell numbers and function . Furthermore, activated

T cells have developed mechanisms to evade NK cell mediated killing. Studies have shown
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that sensing of type | interferons is one of them, since Ifnar-deficient activated T cells were
not able to protect themselves from NCR1-induced NK cell lysis, in contrast to wild type

181,182
cells .

In this study it was found that IkBys-deficient NK cells show reduced CD107a expression after
co-incubation with Yac-1 cells (Figure 11). This shows that NK cells lacking IkBys have a
degranulation defect, since CD107a (LAMP-1) is rapidly transferred to the membrane during

142,183

degranulation and protects the cytotoxic cell from self lysis . Since LAMP-1 comprises a

large percentage of cytolytic granules and has a role in lysosome biogenesis and

%3 the number of acidic granules in wild type and IkBys was investigated, but no

autophagy
differences were found (Figure 12). Also, no difference in NK cell cytotoxicity towards Yac-1
cells was observed (Figure 13). But, results from RNA sequencing and differential expression
analysis, indicated that IkBys-deficient NK cells have genes such as Rab8b and Snxl
downregulated, In comparison to the control (Figure 17). Both of these genes have been

1147148 "which could explain why transportation

implicated in vesicle trafficking inside the cel
of CD107a to the membrane is impaired in IkBys-deficient NK cells. Moreover, Nfkbid®Ne?
mice show an inflation of CD8" and CD4" T cells in the spleen at 22 weeks of age (Figure 15).
However, the T cells do not exhibit an aberrant activation phenotype (Figure 16). This
suggests that NK cells are controlling T cell numbers in the steady state. It has been shown
that NK cells distinguish between activated and resting T cells based on NKG2D signalling,
and selectively lyse activated ones'’”*’*™° Also, Yac-1 killing by NK cells, where a

degranulation defect was observed (Figure 11), is NKG2D mediated**1%*

. So it is possible
that the T cell inflation is observed because IkBys-deficient NK cells fail to control T cell
numbers due to impaired NKG2D signalling. Another possibility is that the observed T cell
inflation is a direct result of NK cells modulating thymic development. However, although an
NK cell population exists in the thymus, they follow a different maturation phenotype

compared to conventional NK cells, and during their development do not express Ncr1 8%,

dANcrl

This would lead to them not being IkBys-deficient in Nfkbi mice.

The degranulation effect and vesicle trafficking in IkBys-deficient NK cells should be further
investigated. This can be done by looking at co-localization of CD107a with perforin and
granzyme B, as well as real time movement of vesicles by using confocal microscopy. Also,

Rab8b and Snx1 knockout NK cell lines can be generated, or the genes can be deleted in
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primary NK cells, with the CRISPR/Cas9 method*®. Then the effect on degranulation can be
compared to IkBys-deficient NK cells. Moreover, to further investigate the T cell inflation, an
in vitro NK cell cytotoxicity assay could be performed with activated T cells as targets. Lastly,
immunophenotyping of thymic NK cells and T cell populations could be performed in

Nfkbid*““* mice, to exclude the possibility that thymic NK cells are affected.

5.2 IkBys may be suppressing B cell developmental pathways in NK cells

NK cells are mainly generated in the bone marrow and originate from a common lymphoid

189

progenitor like many other cells of the immune system™". It has been reported that, in terms

of development, NK cells have more similarities with T cells'®

. Which is also supported by
the fact that a T cell subset exists that has characteristics of both T cells and NK cells, named
NK T cells'®®. In this study it was found that IkBys is expressed in NK cells both on the mRNA
and protein level (Figure 3). This is also supported by a recent study, where RNA sequencing
was used to identify and characterize NK cell subsets in the mouse and human. There, Nfkbid

was frequently appearing as one of the characteristic genes'*2.

Surprisingly, when RNA sequencing and differential expression analysis was performed in
IkBns-deficient and control NK cells, a plethora of genes that are associated with B cells were
found to be upregulated in the knock out (Figure 17). Among those were classical B cell

markers such as CD19, CD79b and CIITA, but also the master transcription factors of B cell

146,193

development Ebfl and Pax5 . Both of these transcription factors are necessary for B cell

lineage commitment, by supressing genes that lead to generation of other immune cells

from the CLP, but also for the production and maintenance of many mature B cell

194,195

types . Moreover, Ebfl-deficient mice lack marginal zone and B1 B cells and have

196

reduced follicular and germinal center B cells™. If we take into account that IkBys-deficient

mice also lack marginal zone and B1 B cells, and also that Ebfl is structurally similar to Rel

13197 it is not improbable that IkBys is regulating Ebf1, either in the protein or RNA

proteins
level. Also, it appears that IkBys is normally suppressing a B cell developmental pathway in

NK cells.

Of course these results need to be further investigated. An immune phenotyping of IkBys-

deficient NK cells could show whether genes like CD19 are expressed on the protein level.

97



Also, co-immunoprecipitation could be performed to see whether IkBys interacts directly
with the Ebfl protein. Additionally, chromatin immunoprecipitation could answer whether

IkBys is regulating the Ebf1 gene.

5.3 IkBys is necessary for the early stages of Ty1 differentiation

It has been shown that the NF-kB family of transcription factors is important for Tyl
differentiation®. For example, it is known that RelA/p65 is recruited to highly conserved,
non-coding sequences on the enhancer region of the Ifng gene. This leads to impaired IFNy
production in Th1 cells when p65 is missing™>. Moreover, it has been speculated that RelA in
conjunction with c-Rel work to drive Ifng transcriptongs. However, both p50 and c-Rel single
deficiency has been shown to be dispensable for Tyl responses, since single deficient mice
have normal IFNy production and T-bet expression®'*®, Thus, different combinations of NF-

kB proteins may be implicated in different T helper differentiation outcomes.

As an extra layer of regulation of the NF-kB pathway, the atypical IkB proteins are also
involved in Tyl responseslos. For example, IkB{ counteracts RelA/p65 activity at the Ifng

locus, which leads to reduced gene activity because of deacetylation of histones at the

199 200,201

locus™. This happens because IkB{ can interact with histone modifying enzymes

202,203

Moreover Bcl-3 can act as a bridge to nuclear co-regulators . Furthermore, although

mice lacking Bcl-3 show an impaired Ty1 response to intracellular pathogens, such as Listeria

monocytogenes and Toxoplasma gondii2°4’2°5, T cell-specific deletion of IkB{ results in

increased IFNy expression *°. Thus, different IkB proteins can have different effects on Tyl

responses.

In the case of IkBys it has been previously reported that deficiency leads to impaired in vitro

114,116

Tyl differentiation, with reduced proliferation and IFNy production . But during two

different induced colitis models in mice, IFNy production was found to be increased

instead*'>*13,

Therefore it remained unknown whether IkBys is important for the
differentiation process or for terminally differentiated Tyl cells. In this study, the results
from the Nfkbid™% mice clearly indicate that IkBys is important at early stages of the Thl

development (Figure 18). It was obvious that when IkBys was deleted at an early point of the
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differentiation process, expression of CD44 and IFNy was significantly reduced, compared to
the control. This effect could not be seen when IkBys was deleted when Ty1 cells were fully
differentiated (Figure 20). However, the expression of the Tyl1-defining transcription factor
T-bet’® was not affected (Figure 20). This is suggesting that IkBys is acting on different

targets, leading to defective Tyl responses.

The induction of the transcription factor STAT1 by IFNy is important for successful

89,90 Moreover, it has been shown that 1127 cells have

amplification of Tyl differentiation
impaired IFN-y production when cultured under Thl-polarizing conditions. This was
attributed to the ability of IL-2 to upregulate the IL12RB2 and IL12RB1 receptors, which are
necessary for Tyl differentiation but are not highly expressed in naive T cells*®’. When
growing under Tyl conditions, naive T cells express large amounts of IL-2 after the initial TCR
stimulation®®®. 1kBys has been shown to bind to the promoter of IL-2 and was implicated in
the upregulation of the cytokine after anti-CD3 and anti-CD28 stimulation. Also IkBys-
deficient T cells have an in vitro proliferation defect that is rescued by the addition of IL-2 in

114
the culture

. Thus, it can be speculated that the reduced IFNy and IL-2 expression in the
absence of IkBys is responsible for impaired Tyl responses. The exact mechanism should be

further investigated.

5.4 IkBys deficiency in T cells leads to better disease outcome of Leishmania

major infection in a Treg-related manner

The common understanding about Leishmania major infection is that a Tyl response is

responsible for clearance, because nitric oxide produced by IFNy-stimulated macrophages is

responsible for parasite kiIIing209

. Conversely, a Ty2 response is associated with a bad
outcome for the disease®™. Following infection, CD4" T cells are recruited to the site of the
infection and although they don’t directly interact with all macrophages, IFNy can act at long

rangem. After the infection has been resolved, immunity to re-infection is established in a

CD4" T cell-mediated way**

. This immunity to re-infection is maintained due to a small
number of persisting parasites at the site of infection. These parasites survive due to an IL-
10-mediated downregulation of the immune response, and their existence leads to the

maintenance of a short-lived, Leishmania major-specific, population of CD4" that can

99



124,213

respond immediately upon re-infection IL-10-deficient mice, both the highly

susceptible Balb/c and resistant C57BL/6 strains, completely clear the infection and in the

process of losing this persisting parasite population, relinquish their immunity to re-

124,214

infection . During Leishmania major infection, IL-10 can be produced by myeloid cells,

124,215,216

Tregs, and conventional T cells . Regulatory T cells have been found in Leishmania

major lesions, both in humans and mice, and after isolation they have been shown to

124,217,218 ‘Natural Tregs from C57BL/6 mice home to the site

possess a suppressive phenotype
of infection in a CCR5 dependent manner and suppress CD4" T cell responses, which
promotes parasite persistence. This leads to CCR5-deficient mice having smaller parasite
loads and a stronger immune response, which results to infection clearance similarly to mice

lacking natural Tregs**>*%.

Nfkbid“*®* mice have a reduced regulatory T cell compartment (Figure 23) and show
impaired iTreg generation (Figure 24) and IFNy production after Tyl differentiation in vitro
(Figure 22). Moreover, it was shown in chapter 5.3 that IkBys is important for the early stages
of Tyl differentiation. Therefore, it was logical to investigate the effect of IkBys deficiency

d®®* mice were infected subcutaneously, a

during Leishmania major infection. When Nfkbi
more favourable disease progression was observed compared to the control. This consisted
of smaller ear thickness over a period of 18 weeks (Figure 25), as well as smaller parasite
numbers at both 3 (Figure 26D) and 18 weeks (Figure 28C) post infection. Moreover, a
significantly smaller percentage of infected dendritic cells, macrophages and neutrophils was
observed at 3 weeks post infection (Figure 26C). This improved response against the
infection suggests that the observed result is because of the regulatory T cell defect, since a
Tyl problem would be expected to result in worse disease progression. Furthermore, at the

ACD4
d

very late timepoint of 18 weeks post infection, it was observed that Nfkbi mice were

mostly parasite free (Figure 28C). Also, the inflammation had largely subsided in infected
Nfkbid®“®* mice, manifesting as smaller draining lymph node cellularity (Figure 28A&B) and

reduced percentages of activated CD4" CD44" CD62L T cells (Figure 29). Moreover,

ACD4
d

lymphocytes from infected Nfkbi mice at 18 weeks post infection, failed to produce IFNy

and IL-10 in vitro after soluble Leishmania antigen stimulation, in contrast to the control

(Figure 30). Because the observed phenotype has been associated with the lack of Tregs and

124,149,219

also with problems in their migration and function , it is logical to conclude that this

is a Treg influenced phenotype.
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Interestingly, when looking at Treg percentages during the infection, they were found to be
reduced in Nfkbid®“®* mice in dLNs and spleen at all examined time-points, but they were
increased in the ear pinna at 3 weeks post infection (Figures 31&32). This could perhaps be
explained by either a functional defect, since increased numbers of Tregs are normally

124,219

associated with worse disease outcome , so although they are increased their

suppressive activity is reduced. Or it is possible that because a faster and stronger immune

ACD4
d

response takes place in Nfkbi mice, the infection is at a different stage, where the

parasite numbers have been lowered (Figure 26D) and the increased Tregs are needed for

221

limiting inflammation-induced damage and tissue repair®". There are indications that the

d“® mice. When investigating the very early time-

early immune response is faster in Nfkbi
point of 1.5 weeks post infection, the draining lymph node cellularity was increased in
Nfkbid®®* mice, showing a stronger immune response (Figure 33A). In addition, a
significantly increased percentage of dendritic cells was observed at the site of infection.
Dendritic cells are the main source of early IL-12 and therefore the initiators of the Tyl
responsem. Most dendritic cells during Leishmania major infection are derived from
inflammatory monocytes that are recruited in the lesion, differentiate into DCs and migrate

22 Thus, it can be speculated that the increased inflammatory

to the lymph node
environment due to the Treg defect in the steady state, could have led to the increased DC
percentages. Moreover, CD4" CD44" CD62L T cells in the spleen were found to be

d®®* mice at the same

harbouring more mRNA of the Ifng and less of the /110 genes in Nfkbi
time point (Figure 33D), supporting the conclusion that there is increased inflammation

early.

Due to extremely low numbers of Tregs in the ear lesion gRT-PCR is very difficult, so a very
good experiment for dissecting their phenotype would be single cell RNA sequencing. Also,
perhaps histological or FACS staining for Treg tissue repair molecules, such as
amphiregulin®®*, in the ear at 3 weeks post infection could shed more light to the data.
Finally, a re-infection with Leishmania major, could be used in order to completely confirm

that Nfkbid““®* mice completely clear the infection at 18 weeks post infection.
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5.5 Differential expression analysis of naive and effector Tregs from
Nfkbid***** mice reveals a more active cell cycle profile, but also functional

deficiency

After a Treg related phenotype was observed during Leishmania major infection (see chapter
5.4), it was logical to investigate the role of IkBysin more depth. For this purpose Nfkbid® 3
mice were generated. Expectedly, the mice did not have a reduced regulatory T cell
compartment (Figure 35) like Nfkbid®* (Figure 23) and Nfkbid”" mice. This agrees with
existing literature, stating that IkBys-deficiency leads to Tregs being stuck in the Foxp3™ CD4"
CD25" GITR" precursor stage'?. Because the deletion in Nfkbid“ > mice happens after that
stage, reduced numbers of Tregs in the periphery are not observed. Moreover Nfkbid®Fo®3
mice did not develop autoimmunity until the age of 8 weeks and no differences in

percentages of effector and naive Tregs were observed between them and control mice

(Figures 34&36).

However, when RNA sequencing and differential expression analysis was performed in

AF . -
d®F" and control mice, apparent differences were

effector and naive Tregs from Nfkbi
observed (Figures 37&38). IkBys-deficient Tregs, both effector and naive, had upregulated a
plethora of genes, such as Cdk5r1, Cdk1 and Aurkb, that control cell cycle checkpoints and

165-167

proliferation . Interestingly, the heat map signature in cluster 4, where these genes are

located, of IkBys-deficient naive Tregs is similar to control effector Tregs.

But, although IkBys-deficient Tregs had a more active cell cycle profile, a lot of genes
associated with release of intracellular calcium, such as Dmd, Ryr2 and Itpr2 were heavily

d>"1381%0 This would suggest that IkBys-deficient Tregs are impaired in their

downregulate
ability to raise intracellular Ca?*. The release of intracellular calcium ions is crucial for T cell
receptor signal transduction, which is required for proper Treg differentiation and
function®”. Moreover, elevation of intracellular calcium is a critical early event in the
activation of several signalling pathways, such as NFAT, NF-kB and JNK and thus determines

. . 22
the final response of an immune cell**®.

Furthermore, WNT signalling was found to be upregulated in IkBys-deficient Tregs. Not only
the Wnt3, gene that forms the basis of the pathway, but also Tcf7/1 and Pak4™****, Elevated

WNT signaling has been linked with reduced Treg suppressive ability**°. In conjunction with
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the downregulation of the suppressive molecule Ctla4 and the chemokine receptor Ccré,

which is responsible for T cell homing to inflamed tissues’ 161,162

, it is obvious that IkBys-
deficient Tregs, both effector and naive, seem to be functionally impaired. This could explain
the phenotype that is observed during the Leishmania major infection experiments (Chapter
5.4), since calcium signalling impairment and WNT signalling are major pathways that are

unlikely to be altered due to the inflammatory context.

Lastly, the transcription factor gene Foxpl was downregulated in IkBys-deficient Tregs. This
could also be revealing a functional deficiency, because Foxp1 has been shown to coordinate
Foxp3 binding to chromatin, thus regulating Treg function and also to be essential for

153,227

preserving an active Foxp3 locus in iTregs . Foxpl-deficiency lead to Tregs having

reduced IL-2 responsiveness and CTLA-4 expression227.

Of course, the RNA sequencing results would need to be validated. This could be done by
performing qRT-RCR of important genes. In addition, in the case of calcium signalling,
elevation of intracellular calcium after TCR stimulation can be measured by flow cytometry.
Finally, the Nfkbid“"®** mice could be infected with Leishmania major in order to better

dissect the role of IkBys-deficient Tregs in the infection model.

5.5 Conclusion

IkBns plays a crucial role in T cell proliferation and function by regulating NF-«kB signalling. In
addition, its ability to act either as an enhancer or suppressor of NF-kB, depending on the
cell type, allows it to fine tune the immune response and thus raises its potential as a future

107,108 Therefore, investigation of the role of IkBys in the immune system is

drug target
important. During this thesis, the expression of IkBys in several types of immune cells was
measured and its role in NK, Tyl and Treg cells was investigated by the use of novel

conditional deletion mouse models.

In NK cells, IkBys appears to be responsible for regulating T cell homeostasis in the steady
state, perhaps by modulating vesicle transport and NKG2D signalling. It may also be
suppressing a B cell developmental gene pathway. This is an interesting phenotype that

should be further investigated.
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In T cells, it was shown that IkBys is necessary for the early stages of Tyl differentiation.
Moreover, mice where IkBys is missing in T cells, cope better with Leishmania major
infection. This appears to be due to a faster early immune response, but also to the ability to
clear the persisting infection at a very late stage. This phenotype has been associated with

149,217,228 1t was shown here, that calcium signalling

IL-10 deficiency or Treg impairment
impairment and WNT upregulation, could be responsible for impaired function of IkBys-

deficient effector and naive Tregs. Also, IkBys was found to regulate IL-10 in Ty17 cells*®®.

The fact that IkBys.deficiency in T cells does not cause autoimmunity but helps with

clearance of Leishmania major raises the potential of IkBys as a pharmacological target.
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7. Table of abbreviations

ADAP Adhesion and degranulation-promoting adapter protein
AhR Aryl-hydrocarbon receptor

ANK Ankyrin repeat

ARD Ankyrin repeat domain

Aurkb Aurora kinase B

cAMP Cyclic adenosine monophosphate

Capn3 Calpain 3

Ccré Chemokine receptor 6

CD Cluster of differentiation

Cdk Cyclin dependent kinase

Ciita Class Il Major histocompatibility complex transactivator
CLP Common lymphoid progenitor

CNS Conserved non-coding sequence

CTLA-4 Cytotoxic T-lymphocyte associated protein 4
Cx3cl1 C-X3-C motif chemokine ligand 1

CXCR5 C-X-C motif chemokine receptor 5

DCs Dendritic cells

dLNs Draining lymph nodes

Dmd Dystrophin

DNA Deoxyribonucleic acid

Ebfl Early B cell factor 1

FACS Fluorescense-activated cell sorting

FCS Fetal calf serum

Foxpl Forkhead box protein 1

Foxp3 Forkhead box protein 3

GATA3 GATA binding protein 3

GM-CSF Granulocyte macrophage colony stimulating factor
Hapinl Haploitin 1

HO-1 Heme oxygenase 1

lcam1l Intercellular adhesion molecule 1

IFNy Interferon gamma

IgA Immunoglobulin A

IgE Immunoglobulin E

IKK | kappa B kinase

Ikzf3 IKAROS family zinc finger 3

IL-10 Interleukin 10

IL-12 Interleukin 12

IL-13 Interleukin 13
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IL-1B
IL-21
IL-22
IL-23
IL-27
IL-4
IL-5
IL-6
IL-7Ra
IL-9
ILCs
iNK
Irak3
ITAM
Itpr2
iTreg
LacZ
Lampl
LCMV
LFA-1
LPS
MHC
MPs
mRNA
MTOC
NF-«kB
Nfkbid
NIK
NK
NK1.1
NKG2D
NKP
NLS
Nod1l
NPs
Pak4
PAMPs
Pax5
PCR
pLNs
PMA
Rab8b
RHD
RLRs

Interleukin 1 beta

Interleukin 21

Interleukin 22

Interleukin 23

Interleukin 27

Interleukin 4

Interleukin 5

Interleukin 6

Interleukin 7 receptor alpha

Interleukin 9

Innate lymphoid cells

Immature natural killer cells

Interleukin 1 receptor associated kinase 3

Immunoreceptor tyrosine-based motif

Inositol 1,4,5-Triphosphate receptor type 2

Induced Treg

Lac operon Z

Lysosomal associated membrane protein 1

Lymphocytic choriomeningitis mammarenavirus

Lymphocyte function agssociated antigen 1

Lipopolysaccharides

Major histocompatibility

Macrophages

Messenger RNA

Microtubule organizing centre

Nuclear factor binding to the k light-chain in B cells

Nuclear factor kB inhibitor delta

NF-kB inducing kinase

Natural killer cells

Natural killer 1.1

Natural killer group 2D

Natural killer precursor

Nuclear localization signal

Nucleotide binding oligomerization domain containing 1

Neutrophils

P21 activated kinase 4

Pathogen associated molecular patterns

Paired box 5

polymerase chain reaction

Peripheral lymph nodes

Phorbol 1-12-myristate-13-acetate

Ras related protein 8B

Rel homology domain

Retinoic acid-inducible gene I-like receptors
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RNA Ribonucleic Acid

RORyT Retinoid-related orphan receptor gamma
Runx3 Runt-related transcription factor 1

Ryr2 Ryanodine receptor 2

SLA Soluble leishmania antigen

SLAM Signalling lymphocytic activating molecule
Snx1 Sortin nexin 1

Snx20 Sortin nexin 20

SPF Specific pathogen free

Spn Sialophorin

STAT Signal transducer and activator of transcription
T-bet T box expressed in T cells

TAD Transcriptional activation domain

Tcf711 Transcription factor 7 like 1

TCR T cell receptor

Tth Follicular helper T cells

TGF-B Transforming growth factor beta

TH Helper T cells

TLRs Toll like receptors

TNF-a Tumor necrosis factor alpha

TNFRSF Tumor necrosis factor superfamily receptor
Tnsl Tensin 1

Treg Regulatory T cells

tTregs Thymic derived regulatory T cells

Ubc Ubiquitin C

wnt3 Wingless type family member 3

Xcrl X-C Motif chemokine receptor 1
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