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Summary

A functional immune system is important to protect the organism against various
pathogens and to induce an adequate response to vaccinations. However, a deregulated
immune system can lead to immune deficiencies, autoimmune diseases, or even cancer.
B and T lymphocytes are the main drivers of adaptive immunity. An important regulator of
their development is the MYC-interacting zinc finger protein 1 (Miz-1). The transcription
factor Miz-1 is highly necessary for adequate T cell development by restricting apoptosis
during V(D)J recombination. However, the importance of Miz-1 in mature T cells is yet not
fully understood.

To provide new insights into the role of Miz-1 for T lymphocytes, mice possessing a
conditional knockout of Miz-1 either in all hematopoietic cells (Vav-Cre x Miz-1"") or
specifically in T cells (CD4-Cre x Miz-1"") were used. As the POZ domain of Miz-1 is
necessary for its transcriptional activity, this domain was targeted by Cre-mediated
deletion in both mouse models. Phenotypical analysis of these mice showed severe
perturbations of the peripheral T cells, resulting in a reduction of mature T cells in several
secondary lymphoid organs. Likewise, this decrease was observed in CD4* as well as in
CD8" T cells.

T cell activation experiments showed that Miz-1 controls proliferation as well as apoptosis
of peripheral T cells. Miz-1 deficiency resulted in a faster proliferation but also an
excessive induction of apoptosis. Furthermore, the process of apoptosis seems to be p53-
independent and induced via the extrinsic apoptosis pathway. Moreover, the p53-
dependent apoptosis caused by y-irradiation was not affected by the functional deletion of
Miz-1 and the susceptibility of Miz-1-deficient T cells to DNA damage did not alter.

Flow cytometry experiments revealed that Miz-1 is a novel regulator of T cell aging, since
young mice possessing a functional Miz-1 deletion exhibited similar distributions of T cell
populations as old control mice. Due to Miz-1 deficiency, the numbers of naive T cells
dropped while frequencies of memory T cells were increased. Thus, Miz-1 is necessary to
maintain the homeostasis of naive and memory T cells in the course of aging. The
observed premature aging signature in young mice that developed due to functional Miz-1

deletion was even more pronounced in old Miz-1-deficient mice.

The obtained results highlight the important role of Miz-1 in peripheral T cell homeostasis
and T cell activation. Furthermore, this thesis improves our understanding of Miz-1 in the
context of immunoaging and the generated data could be helpful for pharmacological

interventions.
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Zusammenfassung

Ein funktionierendes Immunsystem ist wichtig, um den Organismus vor verschiedenen
Krankheitserregern zu schitzen und um eine angemessene Reaktion auf Impfungen
hervorzurufen. Ein dereguliertes Immunsystem kann jedoch zu Immundefizienzen,
Autoimmunerkrankungen und sogar zu Krebs fihren. B- und T-Lymphozyten sind die
Hauptakteure der adaptiven Immunitat. Ein wichtiger Regulator fiir deren Entwicklung ist
das MYC-interagierende Zinkfingerprotein 1 (Miz-1). Der Transkriptionsfaktor Miz-1 ist flr
eine adaquate T-Zell-Entwicklung wichtig, da er die Apoptose wahrend der V(D)J-
Rekombination einschrankt. Die Bedeutung von Miz-1 fur reife T-Zellen ist jedoch noch
nicht vollstandig geklart.

Um neue Einblicke in die Rolle von Miz-1 fir T-Lymphozyten zu gewinnen, wurden Mause
verwendet, welche einen konditionellen Knockout von Miz-1 entweder in allen
hamatopoetischen Zellen (Vav-Cre x Miz-1"") oder spezifisch in T-Zellen
(CD4-Cre x Miz-1"")  aufweisen. Da die POZ-Domane von Miz-1 fir dessen
Transkriptionsaktivitdt notwendig ist, wurde diese Domane in beiden Mausmodellen
gezielt durch eine Cre-vermittelte Deletion entfernt. Die phanotypische Analyse dieser
Mause zeigte schwerwiegende Stérungen der peripheren T-Zellen, was zu einer
Verringerung der reifen T-Zellen in verschiedenen sekundaren lymphatischen Organen
fuhrte. Dieser Ruckgang wurde sowohl bei CD4" als auch bei CD8* T-Zellen beobachtet.
T-Zell-Aktivierungsexperimente zeigten, dass Miz-1 sowohl die Proliferation als auch die
Apoptose von peripheren T-Zellen kontrolliert. Der Verlust von funktionellem Miz-1 fihrte
zu einer schnelleren Proliferation, aber auch zu einer verstarkten Induktion von Apoptose.
AulBerdem scheint der Apoptoseprozess p53-unabhangig zu sein und Uber den
extrinsischen Apoptoseweg induziert zu werden. DarUber hinaus wurde die durch y-
Bestrahlung induzierte, p53-abhangige Apoptose durch die funktionelle Deletion von
Miz-1 nicht beeintrachtigt und die Anfalligkeit von Miz-1-defizienten T-Zellen fur DNA-
Schaden veranderte sich nicht.

Durchflusszytometrische Experimente zeigten, dass Miz-1 einen neuen Regulator der
T-Zell-Alterung darstellt, da junge Mause mit einer funktionellen Deletion von Miz-1
ahnliche Verteilungen von T-Zell-Populationen wie alte Kontrollmause aufwiesen.
Aufgrund der Deletion von Miz-1 sank die Anzahl der naiven T-Zellen, wahrend die
Haufigkeit der Gedachtnis-T-Zellen zunahm. Somit ist Miz-1 notwendig, um die
Homdostase von naiven und Gedéachtnis-T-Zellen im Verlauf des Alterns

aufrechtzuerhalten. Die bei jungen Mausen beobachtete vorzeitige Alterung, die sich
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aufgrund der Deletion von funktionellem Miz-1 entwickelte, war bei alten Miz-1-defizienten

Mausen noch ausgepragter.

Die erzielten Ergebnisse unterstreichen die wichtige Rolle von Miz-1 bei der Homdostase
peripherer T-Zellen und bei der T-Zell-Aktivierung. Daruber hinaus tragt diese Arbeit zu
einem besseren Verstandnis von Miz-1 im Zusammenhang mit der Alterung des
Immunsystems bei und die gewonnen Daten koénnten flr pharmakologische
Interventionen hilfreich sein.

XVI



1. Introduction

1.1 Immune system

The immune system of mammals is a complex host defense entity to protect the organism
against pathogens such as viruses, bacteria, fungi, and parasites, which can cause
severe diseases if not eliminated. To recognize and fight these pathogens, the immune
system comprises innate and adaptive immunity, both being necessary for an entire
defense (Murphy and Weaver, 2018).

The innate or non-specific immune system is the first defense mechanism usually being
activated immediately or within minutes after pathogen exposure. Its recognition and
response against the infection are antigen-independent. In the first place, pathogens
attacking an organism have to overcome anatomical and physiological barriers, for
instance, the epithelium of the skin, a low pH in the stomach, or mucus layers in the
respiratory tract (Turvey and Broide, 2010). After successfully entering these barriers, a
chemical defense exists, for instance, consisting of complement factors, cytokines, and
chemokines (Nauta et al., 2004). The activation of the complement induces a cascade
that leads to pathogen lysis or their opsonization for cellular uptake (Zipfel and Skerka,
2009). The cellular component of innate immunity is composed of several immune cells
that are attracted by cytokines and chemokines (Nauta et al., 2004). Mast cells and
basophils secrete histamine or other inflammatory mediators to induce inflammation
(Borriello et al., 2017). Macrophages and dendritic cells (DCs) express so-called pattern
recognition receptors (PRRs) to sense invading pathogens that possess specific
molecules or defined pathogen-associated molecular patterns (PAMPs). The receptor
family of PRRs includes, for example, toll-like receptors (TLRs) that recognize PAMPs
such as bacterial lipopolysaccharide (LPS) or nucleic acids originating from viruses
(Gordon, 2002; Kawasaki and Kawai, 2014). Receptor activation leads to a subsequent
signaling cascade, which can induce the elimination of pathogenic microorganisms by
phagocytosis or macropinocytosis. The presentation of antigens by innate immune cells
and the production of cytokines activate the adaptive immune system (Murphy and
Weaver, 2018).

In contrast to the innate immune system, adaptive immunity is antigen-specific, the
response starts hours after contact of the host with the pathogen and takes from several
days up to weeks. Activation of the adaptive immune response starts with the presentation
of antigens by antigen-presenting cells (APCs) like DCs. After pathogen uptake and

digestion, APCs present them as antigens on their cell surface to activate the adaptive
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immune system. The mediators of adaptive immunity can be classified into B and
T lymphocytes, both being characterized by the expression of highly variable and specific
receptors on their surface. This variability of the so-called B cell receptors (BCRs) and
T cell receptors (TCRs) is a result of a random rearrangement of gene segments (somatic
recombination) and it is important to recognize antigens with a high specificity.
Lymphocytes get activated upon antigen recognition and differentiate to execute their
effector functions. B cells become plasma cells and produce soluble antibodies, similar to
the BCR on their surface, to neutralize the antigens. The effector functions of T cells after
antigen encounter are more diverse and will be discussed in the following chapter. An
important feature of the adaptive immune system is the immunological memory. Memory
cells exist for the Band T cell lineage and they exhibit a faster, stronger, and more
effective response after a potential reinfection (Bonilla and Oettgen, 2010; den Haan et
al., 2014; Murphy and Weaver, 2018).

1.2 T lymphocytes

1.2.1 Development of T cells

T lymphocytes undergo a complex process of maturation to assure an adequate pathogen
response (Figure 1). Similar to cells of the bloodline, T cells develop from multipotent and
self-renewing hematopoietic stem cells (HSCs) that are placed in the bone marrow. After
the generation of multipotent progenitors (MPPs), they leave this niche and undergo
multiple differentiation steps during their migration to the thymus. The thymus is a central
lymphatic organ where T cells are generated. It declines with age and consists of 4
compartments of which the cortex is the place where T cell development starts and the
medulla where this maturation terminates (Aspinall et al., 2010; Koch and Radtke, 2011;
Porritt et al., 2003).

Early lymphoid progenitors (ELPs) enter the thymus via the bloodstream and develop into
early thymic progenitors (ETPs) (Allman et al., 2003; Igarashi et al., 2002). These ETP
cells belong to the double-negative (DN) 1 compartment, which is characterized by the
absence of the surface markers cluster of differentiation (CD) 4 and CD8. Moreover, these
cells are negative for the expression of CD25 and positive for CD44 (CD257, CD44")
(Godfrey et al., 1993; Porritt et al., 2004; Shortman and Wu, 1996).

Importantly, developing thymocytes are highly dependent on signaling via the NOTCH1
receptor that is expressed on their surface. Binding to NOTCH ligands, which are

expressed on thymic epithelial cells (TECs), and the activation of the intracellular



NOTCH?1 signaling cascade are important for the commitment to the T cell lineage and
determination of the T cell fate (Felli et al., 1999; Radtke et al., 1999; Wilson et al., 2001).
However, deregulated signaling via NOTCH1 can contribute to the development of T cell
acute lymphoblastic leukemia (T-ALL) (Ellisen et al., 1991; Pear et al., 1996). Another
important regulator of early T cell development is the cytokine interleukin (IL)-7 and the
downstream pathway activated by its binding to the respective IL-7 receptor a-chain
(IL-7Ra). The expression of IL-7Ra is, in turn, transcriptionally regulated by NOTCH1
(Bolotin et al., 1996; Gonzalez-Garcia et al., 2009; von Freeden-Jeffry et al., 1997).

By receiving signals from the thymic environment, DN1 cells progress to differentiate into
DN2 cells that are defined by CD44* and CD25* surface expression (Godfrey et al., 1993).
The DN2 compartment can be further subdivided into the early DN2a subset with a high
expression of CD117 (c-kit) and the late DN2b cells with an intermediate expression of
CD117 (Godfrey et al., 1992; Masuda et al., 2007). While DN2a cells can still give rise to
other cell lineages, for instance, DCs, cells in the DN2b stage have lost their potential to
develop into DCs (Masuda et al., 2007; Moore and Zlotnik, 1995). These cells continue to
differentiate into cells of the DN3 stage, which is characterized by a CD44" and CD25*
surface expression profile (Godfrey et al., 1993). This DN3 stage is further subdivided into
DN3a cells possessing a low expression of CD27 and DN3b cells expressing high levels
of CD27 (Taghon et al., 2006). The transition from DN3a to DN3b depends on functional
signaling through the pre-TCR, which is composed of the rearranged TCR B-chain and a
non-rearranged pre-TCR a-chain (Falk et al., 2001; Taghon et al., 2006; von Boehmer,
2005). This process is controlled at the B-selection checkpoint and will be discussed in
more detail in the next chapter. Cells progress from the DN3b stage to the DN4 stage,
which is characterized by a CD44- and CD25" surface expression pattern (Godfrey et al.,
1993). Developing T cells continue their maturation in the thymus by upregulating the
surface markers CD4 and CD8, and therefore become double-positive (DP) cells (Ceredig
et al., 1982; Wilson et al., 1989). At this stage, rearrangement of the a-chain of the TCR is
initiated. Afterward, the a-chain is expressed on the surface together with the (-chain,
both forming the newly assembled af TCR (Malissen et al., 1992; Nikolic - Zugic and
Moore, 1989; Petrie et al., 1993). In the last step of thymic development, DP cells commit
either to the CD4 lineage as CD4 single-positive (CD4 SP; CD4*, CD8) cells, or to the
CD8 lineage as CD8 SP (CD4', CD8") cells (Fowlkes et al., 1985; Germain, 2002).
Several selection processes assure an appropriate binding of the functional TCR and
eliminate auto-reactive cells. Finally, T cells upregulate the sphingosine-1-phosphate
receptor 1 (S1P4), which leads to an egression of mature T cells from the thymus and

homing to the periphery (Matloubian et al., 2004).
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Figure 1: Overview of T cell development and T cell-mediated immunity.

T cell development takes place in the thymus and starts with an early thymic progenitor
(ETP) that belongs to the double-negative (DN) 1 population, further developing into the
DN2 and DN3 population. Here, the B-selection checkpoint assures proper rearrangement
of the T cell receptor (TCR) B-chain, forming a pre-TCR (bicolored) with a non-rearranged
TCR a-chain. Cells then progress through DN4 and become double-positive (DP) by the
upregulation of CD4 and CD8. They are further characterized by the expression of the
mature aff TCR (single-colored). Commitment to either CD4 single-positive (CD4 SP) or
CD8 SP cells is the last developmental step in the thymus. Several positive and negative
selection processes assure proper TCR binding and check for auto-reactiveness.
Unprimed, naive T (Tn) cells then migrate to the periphery where they check for matching
antigens, presented on antigen-presenting cells (APCs). T cell-mediated immunity starts
with antigen recognition, followed by clonal expansion of the T cells and the differentiation
into effector T (Terr) cells. These cells show a fast and efficient response to the pathogen.
After antigen clearance, a contraction phase is initiated where a substantial amount of
cells undergo apoptosis. A small subset of memory T (Twm) cells survive, forming the
immunological memory of the T cell lineage. Adapted from (ElTanbouly and Noelle, 2021;
Kaech et al., 2002; Koch and Radtke, 2011).



1.2.2 Selection mechanisms of T cells

T cell development needs to be tightly regulated to assure adequate T cell responses to
antigens and simultaneously prevent reactions to self-antigens. Thus, several checkpoints
and selection mechanisms exist to control the developmental processes. T cells execute
effector functions via the TCR, which is located on the cellular surface. The antigen-
binding a- and B-chains of a TCR form a complex that is associated with invariant chains
of the CD3 complex, involved in intracellular signaling. Cells with these receptors are
called ap T cells and form the major part of the T cell lineage (Murphy and Weaver, 2018).
Their development will be described in the following. Another small group is formed by the
so-called yd T cells, characterized by a TCR that is composed of a y- and a &-chain.
These cells develop from the same progenitor in the thymus as ap T cells do, but they
exhibit differences in their maturation (Ciofani et al., 2006; Petrie et al., 1992). Importantly,
yo T cells are transcriptionally programmed in the thymus, meaning that discrete subsets
can acquire effector functions already in the thymus (Mufioz-Ruiz et al., 2017).

The TCR of ap T cells is generated in several steps, starting with deoxyribonucleic acid
(DNA) rearrangement of the B-chain predominantly in the DN3 stage (Godfrey et al.,
1994; Masuda et al., 2007). The process of somatic rearrangement of the chain gene
segments is called V(D)J recombination. Firstly, diversity (D) and joining (J) segments are
rearranged together. Later, variable (V) segments are added (Chi et al., 2020; Nemazee,
2000). This process starts with the cleavage of DNA by the recombination activating
genes 1/2 (RAG1/2) at recombination signal sequences (RSSs). Consequently, a hairpin
structure is formed (McBlane et al., 1995; Roth et al.,, 1992). A complex of DNA-
dependent protein kinase (DNA-PK) and Artemis binds and resolves this hairpin (Ma et
al., 2002). To increase the diversity of the TCR, random nucleotides are added by
members of the polymerase family Pol X such as the terminal deoxynucleotidyl
transferase (TdT) (Lieber et al., 1988). Subsequently, DNA ends are joined by the non-
homologous end joining (NHEJ) repair process including the enzymes Ku70, Ku80, DNA
ligase IV, and the X-ray repair cross complementing 4 (XRCC4) (Critchlow et al., 1997;
Gu et al., 1997; Nussenzweig et al., 1996; Schatz and Swanson, 2011; Taccioli et al.,
1993). The process of rearrangement induces cell-intrinsic DNA breaks that have to be
tolerated by developing T cells. The successfully rearranged B-chain of the TCR binds a
surrogate a-chain, pTa, forming a pre-TCR with CD3 on the surface of DN3 cells (von
Boehmer, 2005). The adequate TCR rearrangement is controlled at the so-called
B-selection checkpoint at the transition of DN3a to DN3b cells. Signaling via the pre-TCR
is required to pass through this checkpoint for the development into DN4 cells and the

induction of proliferation (Falk et al., 2001; Koch and Radtke, 2011). The rearrangement of
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the a-chain subsequently leads to the expression of a mature TCR on DP cells. This is
accompanied by expression of the co-receptor proteins CD4 and CD8 that facilitate
enhanced binding to major histocompatibility complex (MHC) molecules (Koch and
Radtke, 2011).

All nucleated cells express MHC I, which presents intracellular antigens of these cells. In
contrast, MHC 1l is found on B cells, DCs, and macrophages, exposing extracellular
antigens to the immune system (den Haan et al., 2014). Developing T cells interact with a
complex consisting of self-antigens and MHC class | or Il molecules that are presented on
cortical epithelial cells in the cortex of the thymus. The avidity between these interactions
determines the further development of T cells. If signaling upon the TCR engagement with
the complex is not strong enough, these cells do not receive proper survival signals to
sustain viability and die (Klein et al.,, 2009). Thus, during this positive selection step,
interactions with self-peptide-MHC complexes are crucial for T cell survival (Kisielow et
al., 1988; MacDonald et al., 1988; von Boehmer et al., 1989). In contrast, the negative
selection checks for high-affinity interactions between T cells and self-antigen-
MHC complexes to remove auto-reactive T cells. On the contrary, T cells with an
intermediate avidity to these complexes and an appropriate level of signaling via the TCR
get positively selected, which assures their further maturation (Klein et al., 2009; Stritesky
et al., 2013).

At the end of these selection processes, DP cells have to commit either to the CD4 or the
CD8 lineage by silencing the transcription of one of these two co-receptors (Elimeier et al.,
1999; Hostert et al., 1997; Sawada et al., 1994). The CD4 molecule can bind pan-MHC
class Il complexes and CD4 SP cells are considered T helper (Tw) cells. On the contrary,
CD8 binds pan-MHC class | complexes and CD8 SP cells are regarded as cytotoxic
T lymphocytes (CTLs) (Germain, 2002). The committed SP T cells migrate to the medulla
of the thymus where they undergo a second wave of negative selection. They encounter
once again a high variety of self-antigens and high-affinity interactions induce cell death to
avoid the development of auto-reactive T cells (Koch and Radtke, 2011; Kurd and Robey,
2016; Stritesky et al., 2013).

1.2.3 Receptor signaling in T cells

Signaling via the TCR ensures proper maturation and is necessary for executing
responses to pathogen infestation. The TCR is a heterodimer composed predominantly of
a- and B-chains that are transmembrane receptors with extracellular and intracellular
domains. This heterodimeric complex can attach to peptides that are bound by MHC, but

it is unable to transduce the incoming signals, as it lacks signal-transducing activity
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(Ngoenkam et al., 2018). Therefore, the TCR is associated with a CD3 complex, which
consists of y-, 8-, two e-polypeptide chains, and mostly two -chains. All CD3 polypeptides
possess so-called immunoreceptor tyrosine-based activation motifs (ITAMs), which get
phosphorylated during activation and induce signal transduction (Gaud et al., 2018). This
process requires the interaction of the co-receptors CD4 or CD8 with the appropriate MHC
molecule, thereby bringing the intracellular receptor-associated lymphocyte-specific
protein tyrosine kinase (LCK) into close proximity to the TCR (Barber et al., 1989; Burgess
et al., 1991). Its kinase domain gets auto-phosphorylated and in turn, phosphorylates the
CD3-based ITAMs (Barber et al., 1989; Danielian et al., 1989). The phosphorylation sites
of ITAMs build a platform for the SH2 domain-containing zeta-chain-associated protein
kinase 70 (ZAP70), which gets activated by a conformational change and by
phosphorylation (Chan et al., 1992; lwashima et al., 1994). ZAP70 activates the linker for
activation of T cells (LAT) through phosphorylation, which subsequently acts as a
signaling hub, recruiting multiple adaptor proteins and activating several downstream
pathways (Bunnell et al., 2000; Zhang et al., 1998). Adaptors, for instance, growth factor
receptor-bound protein 2 (GRB2) or phospholipase C-y (PLC-y), bind to these docking
sites and allow various signaling responses (Sieh et al., 1994; Zhang et al., 2000).
Overall, 3 major signaling pathways get activated. On the one hand, PLC-y gets
stimulated, leading to a calcium influx from the endoplasmic reticulum (ER) into the
cytoplasm (Zhang et al., 2000). Elevated calcium levels induce, via binding to calcineurin,
the shuttling of the nuclear factor of activated T cells (NFAT) to the nucleus, where it
initiates the transcription of target genes (Jain et al., 1992; Shaw et al., 1988). On the
other hand, the mitogen-activated protein kinase (MAPK) pathway, as well as the nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB) pathway, get activated,
leading to the expression of specific target genes (Coudronniere et al., 2000; Finco et al.,
1998; Gaud et al., 2018; Liu et al., 2015). The activation of these pathways results in
proliferation, production of cytokines, and gain of T cell effector functions (Rudd, 2021).
Another important feature of TCR activation is the recruitment and phosphorylation of
Vav1, a guanine nucleotide exchange factor (GEF) that is under physiological conditions
expressed in hematopoietic cells (Han et al., 1997; Katzav et al., 1989). Activation of Vav1
induces the reorganization of the cytoskeleton, which is required for the stabilization of the
immunological synapse (Schuebel et al., 1998; Villalba et al., 2001). Furthermore, co-
stimulatory signals that are required for T cell activation and proliferation are provided by
the surface receptor CD28. Ligand binding to this homodimeric complex entirely activates
the T cells and protects them from undergoing cell death or from going into a state of
anergy, where they are resistant to further stimulation (Beyersdorf et al., 2015; Jenkins
and Schwartz, 1987; Lai and Tan, 1994; Tan et al., 1993).

7



1.2.4 T cell-mediated immunity

Unprimed T cells circulate through the blood and the secondary lymphoid organs until
they recognize a matching antigen, which is presented as a complex of peptide and MHC
molecule on the surface of APCs. After encountering a matching antigen, the T cells get
activated via the TCR. However, a further co-stimulatory signal of the APC is necessary to
assure survival and proliferation of the T cell (den Haan et al., 2014; Jenkins et al., 1991).
The process of antigen recognition is called priming of naive T cells and it is followed by a
clonal expansion phase. Activated T cells further differentiate into effector T (Tere) cells
that show a fast and efficient response. Several Terr cells exist and their lineage
commitment is controlled by specific cytokines and a complex regulatory network (Broere
and van Eden, 2019; Wang et al., 2015).

CD4* T helper cells are important for establishing and maximizing the immune response.
Based on the production of signature cytokines, they can be divided into several
subgroups of effector cells. Tu1 cells mainly produce interferon y (IFN-y), IL-2, and tumor
necrosis factor a (TNF-a) to support macrophages that are encountered by pathogens,
activate CD8" T cells and stimulate B cells for the production of opsonizing antibodies.
Th2 cells produce mainly the interleukins IL-4, IL-5, IL-6, IL-10, and IL-13 to support mast
cells eliminating extracellular pathogens, and to stimulate immunoglobulin G (IgG), IgA,
and IgE antibody production by B cells (Broere and van Eden, 2019; Mosmann and
Coffman, 1989). Tu17 cells play a role in autoimmunity and are important for an effective
immune response against extracellular bacteria by producing key effector cytokines such
as IL-17A and IL-17F (Harrington et al., 2005; Luckheeram et al., 2012; Park et al., 2005).
Furthermore, T follicular helper (Trn) cells and regulatory T (Treg) cells have been
identified. Trx cells regulate humoral immunity by supporting B cells to produce antibodies
and perform isotype switching (Breitfeld et al., 2000; Schaerli et al., 2000). Trec cells
maintain peripheral tolerance and help to avoid autoimmunity by negatively regulating the
immune response (Groux et al., 1997; Sakaguchi et al., 1995; Sharma and Rudra, 2018).
On the contrary, CD8* CTLs induce cytotoxicity after adhering to their target cells by
releasing cytolytic effector molecules such as granzymes or cytokines into the
immunological synapse. Granzymes are a family of cell death-inducing serine proteases
and are released with the pore-forming molecule Perforin, which can induce membrane

permeabilization of the target cell (Cassioli and Baldari, 2022; Jenne and Tschopp, 1988).



1.2.5 T cell memory

A unique characteristic of the adaptive immune system is the ability to create an
immunological memory, an important feature used for vaccinations against various
pathogen-derived diseases. Following antigen contact, lymphocytes differentiate into
effector cells during the clonal expansion phase. After clearance of the infection, effector
cells undergo a contraction phase, whereby most cells die due to apoptosis. However,
about 5-10 % of the effector cells survive this selection process and mature into memory
cells (Figure 1) (Pepper and Jenkins, 2011; Pepper et al., 2010; Sallusto et al., 2004).
These cells are long-lived and self-renewing. They can rapidly proliferate and re-acquire
effector functions upon a second encounter with the same antigen (Fearon et al., 2001;
Graef et al., 2014; Rutishauser and Kaech, 2010). Memory cells occur for both, the B and
T cell lineage, although memory T cells (Tm) are more heterogenic. They exist for the
CD4* and CD8" T cell compartments and each is composed of three main subgroups. The
first one comprises the central memory T (Tcwm) cells, which can recirculate through the
lymph node and have the potential to differentiate into effector cells. Effector memory T
(Tem) cells migrate to the site of inflammation and quickly exhibit effector functions
(Sallusto et al., 1999). The last big group is composed of the tissue-resident memory
T (Trm) cells that reside in non-lymphoid tissues where they exert their functions
(Gebhardt et al., 2009; Steinbach et al., 2018).

Twm cells differ from naive and effector cells in gene expression profiles, surface markers,
and immune responses. An important molecule to distinguish between the different
subpopulations represents the cell adhesion molecule L-selectin, also called CD62L. It is
expressed on naive T cells and enables them to enter the lymph node to find a cognate
antigen. CD62L expression on naive T cells is necessary for tethering to the endothelial
venules (Bradley et al., 1994; Geoffroy and Rosen, 1989). The surface marker CD44, a
glycoprotein for cell adhesion, is absent on naive cells but highly expressed on memory
and effector T cells (Budd et al., 1987; Mackay et al., 1994). The expression profiles of
both markers, CD62L and CD44, can be used to distinguish between Tcw and Tewm cells.
As Tcwmcells can still recirculate, they express the homing factor CD62L and the activation
marker CD44. On the other hand, high CD44 levels but a lack of CD62L expression
characterize the Tewm cell population (Baaten et al., 2012; Sallusto et al., 1999).



1.3 Survival and death of T lymphocytes

1.3.1 Pathways of T cell apoptosis

The survival of T lymphocytes is dependent on multiple signals the cells receive. The main
drivers are signals via the TCR, co-stimulatory molecules (such as CD28), adhesion
molecules, cytokines (such as IL-2), and other pro- or anti-apoptotic molecules (Krammer
et al., 2007). Apoptosis, the programmed cell death (Kerr et al., 1972), is important at
several stages during the life of Tcells. It is involved in processes such as the
development of T lymphocytes in the thymus, TCR repertoire selection, removal of
activated T cells, and T cell homeostasis (Brenner et al., 2008).

Apoptosis can either be activated via the extrinsic or the intrinsic apoptosis pathway.
Extrinsic apoptosis induction starts with the binding of pro-apoptotic factors such as Fas
ligand (FasL, also known as CD95L) to a cell-death receptor such as Fas (also known as
CD95). Consequently, complex formation of the death-inducing signaling complex (DISC)
is induced. This complex includes Fas-associated protein with death domains (FADD),
which is recruited to the receptor, and the pro-caspases 8 and/or 10 (Boldin et al., 1995;
Chinnaiyan et al., 1995; Kischkel et al., 1995; Krammer et al., 2007). The intrinsic
pathway, on the contrary, can be triggered by several stimuli such as DNA damage,
cytokine deprivation, or TCR stimulation and its initiation is dependent on the
permeabilization of the outer mitochondrial membrane. The balance between pro- and
anti-apoptotic factors of the B cell lymphoma 2 (BCL-2) family is the main driver of this
apoptosis pathway (Reed, 2000). The BCL-2 family can be divided into 3 groups,
depending on structural characteristics. The first group contains the BCL-2 homology (BH)
domains 1-4 and its members, such as BCL-2 and induced myeloid cell leukemia 1
(MCL-1), have anti-apoptotic activity. The members of the second group, such as BCL-2-
associated protein X (BAX) and BCL-2 homologous antagonist/killer (BAK), possess the
domains BH1-3 and exhibit pro-apoptotic properties. The last group of this family consists
of BH3-only proteins like BH3-interacting domain death agonist (BID), which executes pro-
apoptotic functions (Brenner et al.,, 2008; Lam et al., 1994; Reed, 1997). Crosstalk
between the extrinsic and intrinsic pathways is possible by the cleavage of BID into
truncated BID (tBID) (Li et al., 1998; Yin et al., 1999). During the intrinsic apoptosis
initiation, the permeabilization of mitochondria leads to the release of cytochrome c, which
binds the apoptotic protease-activating factor 1 (APAF-1). These molecules form the so-
called apoptosome, recruit pro-caspase 9 molecules and induce apoptosis (Li et al., 1997;
Zou et al., 1997; Zou et al., 1999).
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In both activation pathways, inactive forms of cysteine proteases that cleave after an
aspartate residue (caspases) get activated and cleave components of the cell. These
catalytically inactive forms are called pro-caspases or zymogens. Apoptosis is activated
by the cleavage of initiator caspases, whose catalytic domain is initially blocked.
Proteolytic activation converts these pro-caspases into active caspases with the
presentation of the catalytic domain. Subsequently, they can cleave effector caspases,
which digest the cell after being activated. Initiator caspases differ between both apoptosis
pathways. Caspase 9 (part of the apoptosome) initiates the intrinsic pathway whereas the
extrinsic pathway starts with caspase 8 or 10. Both pathways have the effector caspases
3, 6, and 7 in common (Krammer et al., 2007; Kuida et al., 1998; Varfolomeev et al.,
1998). The process of apoptosis is accompanied by the formation of apoptotic bodies and
the ftranslocation of phosphatidylserine (PS) from the inner to the outer plasma
membrane. The exposed PS enables the recognition by phagocytic cells. The protein
Annexin V binds to PS after externalization and can therefore be used as a marker for
apoptosis (Fadok et al., 1992; Kerr et al., 1972; Vermes et al., 1995). Other cell death
mechanisms of T cells include the caspase-independent pathway. One example is the
activation of cathepsins, which are proteases located in lysosomes (Jaattela and Tschopp,
2003; PeriSi¢ Nanut et al., 2014).

1.3.2 A role for p53 in survival and death

An important regulator of T cell survival and death is p53. The tumor suppressor p53, also
known as the guardian of the genome, (human: TP53 (tumor protein 53), murine: TRP53
(transformation-related protein 53)) is a transcription factor (TF) that activates but also
represses genes involved in various processes, among them, proliferation, DNA repair,
senescence, and apoptosis (DeLeo et al., 1979; Fields and Jang, 1990; Kruiswijk et al.,
2015; Lane and Crawford, 1979). p53 possesses discrete domains to execute its function
as a regulator of gene expression. It is composed of two amino (N)-terminal
transactivation domains (TADs), a proline-rich domain, a DNA-binding domain (DBD), an
oligomerization domain (OD), and a carboxy (C)-terminal domain (CTD). The latter is a
target of many post-translational modifications (PTMs) (Ko and Prives, 1996; Sullivan et
al., 2018). Protein stability of p53 is regulated by different E3 ligases of which mouse
double minute 2 (MDM2; human: HDM2 (human double minute 2)) plays a pivotal role by
linking poly-ubiquitin chains to lysine (K) at position 48 and, thus, labeling it for
proteasome-mediated degradation (Haupt et al., 1997; Kubbutat et al., 1997; Niazi et al.,

2018). In unperturbed cells, MDM2 targets p53 for constant turnover, while cellular stress

11



like DNA damage induces phosphorylation of p53, enabling it to evade degradation (Shieh
et al., 1997).

The TF p53 possesses pro-survival as well as anti-survival functions. The pro-survival
activity of p53 regulates many DNA repair factors directly or enables repair mechanisms
by the induction of cycle arrest, mainly through activation of the negative cell cycle
regulator p21 (also known as CIP1, or WAF1; encoded by the gene Cdkn1a) (el-Deiry et
al., 1993; Mohammadzadeh et al., 2019; Stlrzbecher et al., 1996). By exerting its anti-
survival activity, p53 can initiate the induction of apoptosis via the intrinsic as well as the
extrinsic pathway (Yonish-Rouach et al., 1991). As a regulator of the extrinsic apoptosis
induction, p53 can induce the expression of genes encoding for Fas or death receptor 5
(DR5) (Owen-Schaub et al., 1995; Wu et al., 1999). On the contrary, direct targets of p53
are genes encoding for BAX, p53 up-regulated modulator of apoptosis (PUMA), and
NOXA (Latin for damage), linking p53 function also to the intrinsic pathway of apoptosis
(Miyashita and Reed, 1995; Nakano and Vousden, 2001; Oda et al., 2000).

1.3.3 DNA damage response

All cells of the organism, including T lymphocytes, are frequently exposed to genotoxic
stressors leading to DNA damage and this requires p53 to maintain genome integrity
(Williams and Schumacher, 2016). p53 is a central effector molecule of the DNA damage
response (DDR) pathway, which is an important control mechanism to protect the
genome. The DDR pathway detects damage, signals its occurrence to the repair
machinery, and induces repair pathways (Delia and Mizutani, 2017). Accumulating
evidence suggests that low doses of genotoxic stress have beneficial effects, while high
doses are known to be harmful, a dose-response phenomenon called hormesis
(Calabrese, 2005; Magdefrau et al., 2019). Genotoxic stressors can be diverse. To name
only a few, ultraviolet (UV) light, ionizing radiation, certain chemicals, and reactive oxygen
species (ROS) can cause damage to the DNA (Chatterjee and Walker, 2017).

Depending on the type of DNA damage, specific repair signaling pathways get activated.
The formation of double-strand breaks (DSBs) can be recognized by the MRE11-RAD50-
NBS1 (MRN) complex. It binds the lesion and builds a platform for the kinase ataxia
telangiectasia mutated (ATM), which is a key regulator of DDR (Lee and Paull, 2005;
Suzuki et al., 1999). Once ATM gets activated, it consequently stimulates a wide spectrum
of downstream effectors, e.g., checkpoint kinase 2 (CHK2), breast cancer 1 (BRCA1), and
p53 (Figure 2) (Chaturvedi et al., 1999; Chehab et al., 2000; Gatei et al., 2000). One of
the first PTMs induced after genotoxic stress is the phosphorylation of histone variant
H2AX at serine (S) 139, termed yH2AX (Chatterjee and Walker, 2017; Rogakou et al.,
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2000; Rogakou et al., 1998). This modification can be used as a DNA damage marker and
is necessary for the recruitment of DNA repair factors to the side of the lesion (Paull et al.,
2000). On the contrary, DNA single-strand breaks (SSB) trigger activation of ataxia
telangiectasia and RAD3-related (ATR), another key regulator of DDR. These DNA
lesions are bound by replication protein A (RPA) and recruit ATR-interacting protein
(ATRIP), which directly interacts with ATR. The kinase ATR signals the damage to
downstream effectors, for instance, checkpoint kinase 1 (CHK1) and p53 (Awasthi et al.,
2015; Cortez et al., 2001; Tibbetts et al., 1999; Zou and Elledge, 2003). Both DDR
pathways are tightly interconnected and effectors control the induction of cell cycle arrest,
DNA repair, or apoptosis (Smith et al., 2010).

Similar to the repair signaling pathways, distinct repair mechanisms exist for different
types of DNA lesions (Figure 2). SSBs such as a damaged base induce base excision
repair (BER), while base mismatches trigger mismatch repair (MMR). Bulky adducts
induce nucleotide excision repair (NER) that is either transcription-coupled (TC-NER) or
acting throughout the global genome (GG-NER) (Williams and Schumacher, 2016). On
the contrary, DSBs are repaired by homologous recombination (HR). This repair process
is restricted to the S phase, where DNA is replicated and sister chromatids can be used
as a template. Another repair mechanism of DSBs is NHEJ, a rather error-prone
mechanism, which plays a critical role during V(D)J recombination (Burma et al., 2006;
Williams and Schumacher, 2016).
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Figure 2: Overview of the DNA damage response pathway.

Genotoxic stressors such as ultraviolet (UV) light, irradiation (IR), or reactive oxygen
species (ROS) can trigger DNA damage. The DNA damage response (DDR) ensures the
integrity of the genome by detecting, signaling, and repairing these damages. One of the
first events of DDR is the phosphorylation of the histone variant H2AX at serine (S) 139
(yH2AX), serving as a docking site for repair factors. Depending on the type of DNA
lesion, the kinases ataxia telangiectasia mutated (ATM) or ataxia telangiectasia and
RAD3-related (ATR) get activated and phosphorylate (P) several downstream effectors,
e.g., checkpoint kinase 1 (CHK1), checkpoint kinase 2 (CHK2), or p53. The transcription
factor p53 can induce cell cycle arrest or apoptosis by the expression of several target
genes. Different types of DNA lesions are repaired by specific repair mechanisms,
including base excision repair (BER), nucleotide excision repair (NER), mismatch repair
(MMR), or homologous recombination (HR). Adapted from (Magdefrau et al., 2019).

1.4 The transcription factor Miz-1

1.4.1 Biochemistry of Miz-1

An important interaction partner of p53 as well as a regulator of its activity in developing
T cells is the TF MYC-interacting zinc finger protein 1 (Miz-1) (Miao et al., 2010;
Rashkovan et al., 2014). Originally, Miz-1 was discovered in a yeast two-hybrid screen as
a partner protein of the cellular myelocytomatosis oncogene (c-MYC) (Peukert et al.,
1997). The domain structure of the TF c-MYC comprises, among others, a basic helix-
loop-helix (bHLH) domain and a leucine zipper (LZ). Both are important for dimerization
and DNA binding (Conacci-Sorrell et al., 2014).
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The murine gene Zbtb17 (zinc finger and BTB domain-containing 17) encodes for the
protein Miz-1, which consists of 794 amino acids (Peukert et al., 1997; Schulz et al.,
1995). Miz-1 is composed of a Broad complex, Tramtrack, Bric a brac/poxvirus and zinc
finger (BTB/POZ) domain located at the N-terminus and 13 C-terminal zinc fingers (ZnFs)
of the Co-Hz-type (Peukert et al., 1997; Schulz et al., 1995). The interaction with c-MYC
was mapped between ZnF 12 and 13 of Miz-1, which build an a-helical structure that
binds to the bHLH domain of c-MYC (Figure 3) (Peukert et al., 1997). The conserved
POZ domain induces dimerization of Miz-1 monomers, followed by the formation of
homotetramers (Stead et al., 2007). In addition, heterotetramerization of Miz-1 is possible
by binding other POZ domain-containing factors like B cell ymphoma 6 (BCL-6) (Phan et
al., 2005). Oligomerization of Miz-1 is required for its stable association with chromatin,
assuring its function as a transcriptional regulator (Herold et al., 2002; Kosan et al., 2010).
However, direct DNA binding is performed by ZnF motifs. N-terminal ZnFs are needed to
scan the DNA for the consensus sequence, while C-terminal ZnFs perform DNA binding
itself (Barrilleaux et al., 2014; Bédard et al., 2017). Miz-1 associates to initiator (INR)
regions of core promoters that contain a conserved sequence element (Staller et al.,
2001; Wolf et al., 2013). However, binding to multiple independent motifs is possible, as

other DNA consensus sequences are known for Miz-1 (Barrilleaux et al., 2014).
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Figure 3: Structure and functions of Miz-1.

The upper panel shows the protein domains of the transcription factor MY C-interacting
zinc finger protein 1 (Miz-1). It consists of an N-terminal Broad complex, Tramtrack, Bric a
brac/poxvirus and zinc finger (BTB/POZ) domain, necessary for multimerization with Miz-1
itself or other POZ domain-containing factors. Miz-1 contains also 13 zinc finger (ZnF)
domains, some of which are important for its DNA binding capacity. An important
interaction partner of Miz-1 is the cellular myelocytomatosis oncogene (c-MYC) and the
interaction surface is mapped between ZnF 12 and 13 of Miz-1. The lower panel shows
two functions of Miz-1 in regulating gene expression. In complex with the co-activators
p300 or nucleophosmin (NPM), it activates the transcription of target genes encoding for
cell cycle regulators such as p21 and p15. High intracellular c-MYC levels induce
transcriptional repression by Miz-1 through their interaction and the replacement of the co-
activators. Co-repressors, e.g., DNA methyltransferase 3A (DNMT3A) or several histone
deacetylases (HDACSs), are recruited and gene expression is repressed. Adapted from
(Moroy et al., 2011).

1.4.2 Functions of Miz-1

Depending on the availability of co-factors, the TF Miz-1 can act as a transcriptional
activator or repressor. Co-activators, such as the histone acetyltransferase (HAT) p300 or
nucleophosmin (NPM), are required for the concerted activation of transcription (Figure 3)
(Staller et al., 2001; Wanzel et al., 2008). Transcriptional activation by Miz-1 is a c-MYC-
independent process. On the contrary, high intracellular levels of c-MYC induce its binding

to Miz-1 and trigger transcriptional repression by co-activator replacement and the
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recruitment of DNA methyltransferase 3A (DNMT3A) or histone deacetylases (HDACs)
(Brenner et al., 2005; Seoane et al., 2002; Staller et al., 2001; Varlakhanova et al., 2011).
Importantly, the expression and interaction of Miz-1 and c-MYC are highly relevant in
tumorigenesis (Ross et al., 2019; van Riggelen et al., 2010). The TF c-MYC can also form
a heterodimer with MYC-associated factor X (MAX), leading to transcriptional activation of
target genes in a Miz-1-independent process (Blackwood and Eisenman, 1991). MAX and
¢c-MYC bind the DNA at so-called enhancer (E)-boxes with CACGTG as a consensus
sequence and use several co-regulators for sufficient transcriptional regulation (Eilers and
Eisenman, 2008).

Physiological levels of Myc are crucial for executing lots of cellular functions, for instance,
cell growth, proliferation, differentiation, and metabolism (Eilers and Eisenman, 2008).
However, an aberrant expression of Myc in maturating lymphocytes can lead to malignant
transformation and lymphomagenesis (Adams et al., 1985; Kora¢ et al., 2017; Langenau
et al., 2003). As the expression and interaction of Miz-1 and c-MYC is highly relevant in
tumorigenesis (Ross et al., 2019; van Riggelen et al., 2010), MYCV*%P was generated to
study the role of their interaction. This variant of c-MYC carries a point mutation at position
394 from valine (V) to aspartic acid (D) and it is deficient in binding Miz-1 (Gebhardt et al.,
2006; Herold et al., 2002; Wu et al., 2003). Interestingly, transgenic MYCV3%4P mice show
a delay in the onset of lymphomagenesis (van Riggelen et al., 2010). Moreover, the lack
of functional Miz-1 impairs lymphoma development induced by the oncogenic activity of
c-Myc (Ross et al., 2019).

Besides complex formation with c-MYC, other inhibitory interactions of Miz-1 can be seen
with co-repressors like BCL-6 or growth factor independent 1 (GFI-1) (Basu et al., 2009;
Phan et al., 2005). The most prominent targets of Miz-1 are genes encoding for the
negative cell cycle regulators p21 and p15, the anti-apoptotic factor BCL-2 or homeobox
(Hox) genes (Patel and McMahon, 2007; Seoane et al., 2002; Staller et al., 2001;
Varlakhanova et al., 2011).

Miz-1 protein is ubiquitously expressed during mouse embryogenesis, demonstrating its
importance for embryonic development. A complete knockout (KO) of Miz-1 induces early
embryonic lethality at embryonic day (E) 7.5 due to severe defects during gastrulation
(Adhikary et al., 2003). This observation revealed the necessity of mouse models with a
conditional KO of Miz-1 by using Cre/loxP systems. Transgenic mice were generated
where exons 3 and 4 of Zbtb17, encoding for the POZ domain of Miz-1, are flanked by
loxP sites (fl) (Kosan et al., 2010). Cre-mediated recombination allows for the specific
POZ domain deletion at the genomic level, resulting in a truncated form of Miz-1 termed

Miz-14P09Z As Miz-12P0Z js impaired in stable chromatin binding, the transcriptional function
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of Miz-1 is consequently disrupted (Herold et al., 2002; Kosan et al., 2010; Wanzel et al.,
2008). Tissue-specific Cre expression revealed various functions of Miz-1, for example in
the central nervous system where it regulates autophagy. Miz-1 was shown to maintain
the autophagic flux and, thus, prevents neurodegeneration (Wolf et al., 2013).
Furthermore, the use of another Cre recombinase revealed an important function of Miz-1
in keratinocytes, controlling hair follicle proliferation and differentiation (Gebhardt et al.,
2007). A critical role in keratinocytes was also observed during skin tumorigenesis. The
expression of Miz-1479Z restricted tumor growth in chemically induced, Ras-dependent
tumors concomitant with altered p21 levels (Hoénnemann et al., 2012). Moreover, Miz-1
was shown to exert an important role in the suppression of LPS-induced inflammation in
the lungs. Here, phosphorylation of Miz-1 at S178 was necessary to repress the gene
CCAAT/enhancer-binding protein delta (Cebpd), an amplifier of inflammation (Do-
Umehara et al., 2013).

Besides its important role in transcriptional regulation, Miz-1 controls cytoplasmic
signaling pathways in a transcription-independent manner without the necessity of the
POZ domain. Miz-1 is associated with the c-Jun N-terminal kinase 1 (JNK1), a kinase
activated by the pro-inflammatory cytokine TNF-a. Activation of JNK1 needs the K63-
linked polyubiquitination of TNF receptor-associated factor 2 (TRAF2), which is selectively
inhibited by Miz-1 (Liu et al., 2012; Liu et al., 2009). Upon TNF-a stimulation, K48-linked
polyubiquitination of Miz-1 is induced by the E3 ligase Mule (Yang et al., 2010). This leads
to the subsequent proteasomal degradation and, thus, Miz-1-mediated suppression of
JNK1 activation is relieved (Liu et al., 2012; Liu et al., 2009).

1.4.3 Miz-1 in hematopoiesis

The importance of Miz-1 in hematopoiesis is demonstrated by severe developmental
defects of hematopoietic cells lacking functional Miz-1 (Kosan et al., 2014; Kosan et al.,
2010; Saba et al., 2011b). Miz-1 is expressed in lymphoid organs such as the thymus and
the spleen, but also in B and T lymphocytes (Kosan et al., 2010). A critical role of Miz-1
during early hematopoiesis was discovered using a Vav-Cre transgene for the POZ
domain deletion of Miz-1 in all hematopoietic cells. B lymphocytes lacking functional Miz-1
show a developmental block during the transition from pre-pro B cells to pro B cells
(Kosan et al.,, 2010). Similarly, T lymphocytes lacking functional Miz-1 exhibit
developmental defects at the ETP/DN1/DN2 stage and the DN3 stage of differentiation,
leading to a strong reduction of thymic cellularity (Saba et al., 2011a; Saba et al., 2011b).
Early development of lymphocytes relies on IL-7/IL-7R signaling to assure proliferation
and survival (Corfe and Paige, 2012; Offner and Plum, 1998). Within this pathway, Miz-1
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represses the suppressor of cytokine signaling 1 (SOCS1) and therefore allows the IL-7-
mediated activation of Janus kinase (JAK) (Kosan et al., 2010; Saba et al., 2011b).
Thereafter, activated JAK phosphorylates signal transducer and activator of transcription 5
(STATS), leading to an IL-7-dependent expression of target genes such as BCL-2
(Chetoui et al.,, 2010; Jiang et al., 2005). The upregulation of BCL-2 by Miz-1 is
indispensable for early lymphocyte survival as cells lacking functional Miz-1 exhibit
increased apoptosis (Kosan et al., 2010; Saba et al., 2011b).

In developing B and T cells, physiological genome alterations occur during V(D)J
recombination to produce a large repertoire of antigen receptors (Nemazee, 2000). As
DNA damage and the activation of p53 can lead to apoptosis, it has been speculated
whether a strong p53 induction needs to be regulated during V(D)J recombination (Dujka
et al., 2010; Rashkovan et al., 2014). Interestingly, Miz-1-deficient DN3 T cell precursors
exhibit an enhanced p53 response with upregulation of genes encoding for p21, PUMA,
and NOXA (Saba et al.,, 2011a). Further analysis revealed that Miz-1 regulates p53
function and this is mediated via the ribosomal protein L22 (RPL22). Miz-1 activates the
expression of Rpl22 that in turn suppresses the translation of p53 mRNA to restrict p53-
dependent induction of apoptosis (Rashkovan et al., 2014).

Moreover, Miz-1 also controls early developmental steps of erythropoiesis, observed by
decreased red blood cells in mice lacking functional Miz-1. Stress-induced erythropoiesis
upon hemolysis was impaired in Miz-1-deficient mice, which points to a role of Miz-1 in

stress response pathways (Kosan et al., 2014).

1.4.4 Miz-1 in stress response pathways

Cells encounter various stress signals affecting cell fate decisions. Interestingly, Miz-1
was shown to have several implications for the regulation of stress responses (Herold et
al., 2002; Miao et al., 2010; Wanzel et al., 2005). Stress signals, for instance, mitogenic
stimuli, activate the tumor suppressor alternative reading frame (ARF; human: p14ARF,
murine: p19%F), which stabilizes the tumor suppressor p53 (Kamijo et al., 1998; Vousden
and Lu, 2002; Zindy et al., 1998). Both, ARF and p53 were found to interact with Miz-1 by
competing for its binding (Miao et al., 2010). A complex of Miz-1 and p53 suppresses p53-
mediated functions as its DNA-binding domain is blocked through this interaction (Miao et
al., 2010). ARF binding to Miz-1 releases the TF p53 and enables target gene expression,
indicating the impact of Miz-1 on the outcome of the p53 response (Miao et al., 2010).
Miz-1 can also interfere with p53 function after the induction of physiological DNA
damage, which occurs during somatic recombination. By activating Rp/22 expression

through Miz-1, translation of p53 mRNA is negatively regulated and apoptosis restricted
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(Rashkovan et al., 2014). An additional function of the ARF and Miz-1 interaction was
elucidated, showing that ARF can disrupt the interaction of Miz-1 with the coactivator
NPM. ARF facilitates the sumoylation of Miz-1 and promotes the repressive Miz-1/c-MYC
complex formation (Herkert et al., 2010).

Another regulator of DDR is the topoisomerase II binding protein 1 (TopBP1). AKT
phosphorylates TopBP1, which allows its binding to Miz-1 in unperturbed cells (Herold et
al., 2002; Liu et al., 2006; Yamane et al., 2002). This complex formation disables Miz-1 to
activate target genes like Cdkn1a (Herold et al., 2002; Liu et al., 2006). UV exposure
restricts the expression of TopBP1 and releases Miz-1 from the interaction, leading to the
upregulation of Cdkn1a and cell cycle arrest induction (Herold et al., 2002). By c-MYC
binding to Miz-1, target genes are repressed, allowing the cell to recover from UV-
mediated cell cycle arrest (Herold et al., 2002). Interestingly, Miz-1 recruits a fraction of
cellular TopBP1 to chromatin, preventing its degradation and making it accessible for
DDR (Herold et al.,, 2008). Thus, Miz-1 is part of the ATR-dependent DDR pathway
(Herold et al., 2008).

After DNA damage, gene expression repertoire has to adapt to fulfill the new demands of
the cell. This switch is, among others, realized by AKT kinase-mediated phosphorylation
of Miz-1 at position S428 after DNA damage (Wanzel et al., 2005). This PTM enables the
interaction of Miz-1 with the phospho-binding protein 14-3-3n, leading to inhibition of Miz-1
function by blocking its DNA-binding domain (Wanzel et al., 2005). Hence, Miz-1 has two
functions after DNA damage: Firstly, it activates genes such as Cdkn1a, but later it
represses these targets (Wanzel et al., 2005). Interestingly, the cell fate decision between
cell cycle arrest and apoptosis is realized by c-MYC (Seoane et al., 2002; Vousden,
2002). Complex formation of Miz-1 with c-MYC represses the gene encoding for p21 and
blocks its induction by p53, favoring apoptosis induction after induced DNA damage
(Seoane et al., 2002; Vousden, 2002).
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Aim of the thesis

Protection of the host against pathogens needs innate and adaptive immunity, whereas
the latter is dependent on functional T and B lymphocytes. An important factor for
lymphocyte development is the transcription factor Miz-1. Mice lacking the POZ domain of
Miz-1 in early hematopoietic progenitor cells display several perturbations during T cell
development in the thymus accompanied by developmental blocks and high levels of
apoptosis. However, a potential role of Miz-1 in mature, peripheral T cells remains elusive

and was, therefore, an aim of this thesis.

For this purpose, immune phenotyping of several T cell populations from secondary
lymphoid organs of Miz-1-deficient mice (Vav-Cre x Miz-1"") should be performed by
using flow cytometry. The mentioned function of Miz-1 in lymphocyte development was
discovered in this mouse model, which possesses a Vav-Cre-dependent functional
deletion of the Miz-1 POZ domain. However, this deletion is already present early during
T cell development, thereby affecting progenitor T cells, and also in other immune cells
such as B cells. Thus, another mouse model with a T cell-specific deletion should be
generated (CD4-Cre x Miz-1"), After evaluating the efficiency of the POZ domain
deletion, immune phenotyping should also be performed using this mouse model.
Furthermore, functional analysis of Miz-1-deficient T cells should provide insights into the
role of Miz-1 in T cell function. Cell cycle and apoptosis should be examined after the
isolation and activation of peripheral T cells. Furthermore, following activation of these
T cells, gene expression of Miz-1 target genes or genes relevant for apoptosis should be

analyzed to gain a better understanding of the role of Miz-1 in T cell function.

Because Miz-1 is known to have several implications in stress response pathways, it
should be investigated whether it plays a role during the DNA damage response in T cells.
After applying y-irradiation to Miz-1-deficient T lymphocytes, apoptosis rates, as well as
gene expression analysis, should be performed and compared to controls. To study the
potential role of Miz-1 in the process of DNA repair, Comet assays ought to be conducted

after DNA damage induction by y-irradiation.

The immune system is not exempted from alterations occurring due to aging and multiple
age-related changes in T cells are known. In sum, these alterations to immune cells lead
to a higher vulnerability of the elderly to infectious diseases. Thus, immune phenotyping of

Miz-1-deficient T cell populations should also be performed in an aged mouse cohort.
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Here, flow cytometry analysis should be utilized to investigate the role of Miz-1 for aged

T lymphocytes.

Taken together, the results of this thesis ought to gain a broader understanding of the

function of Miz-1 for peripheral T cell homeostasis, T cell activation as well as aging.
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2. Materials

2.1 Mice strains

Wild-type (WT) and genetically engineered mice strains (Table 1) were housed under
specific-pathogen-free (SPF) conditions in the Experimental Biomedicine Unit at the
University of Jena (Bioinstrumentenzentrum, Winzerlaer Strasse 2, 07745 Jena). Breeding
of mice was carried out according to the registration number 02-053/16. Maintaining of
mice was conducted in compliance with the European guideline 2010/63/EU. Mice were

sacrificed by cervical dislocation or CO- inhalation, depending on the scientific question.

Table 1: List of mice strains.

Strain/Allele Symbol Source

C57BL/6JR;j Janvier Labs

(wild-type)

Commd10 T9(Vavi-icre)A2Kio The Jackson Laboratory

(Vav-Cre) (de Boer et al., 2003)

Tg(Cd4-cre)1Cwi The Jackson Laboratory

(CD4-Cre) (Lee et al., 2001)

Zbtb17 tmiCksn The Jackson Laboratory

(Miz-17/m) (Gebhardt et al., 2007; Kosan et al., 2010)
2.2 Chemicals

Table 2: List of chemicals.

Chemical Source

Agarose Merck KGaA

Albumin Fraction V (bovine serum albumin, BSA) Merck KGaA

Ammonium chloride (NH4Cl) Carl Roth GmbH

Boric acid (H3BO3) AppliChem GmbH
1-Bromo-3-chloropropane Merck KGaA

Bromophenol blue SERVA Electrophoresis GmbH
Carboxyfluorescein succinimidyl ester (CFSE) Thermo Fisher Scientific Inc.
4’ 6-Diamidino-2-phenylindole (DAPI) Merck KGaA
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Dimethyl sulfoxide (DMSO)

Merck KGaA

Ethanol

Carl Roth GmbH

Ethidium bromide

Carl Roth GmbH

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth GmbH

Gelatine

Carl Roth GmbH

Gentamicin solution

Merck KGaA

Glycerol Carl Roth GmbH
Glycine AppliChem GmbH
Hydrogen chloride (HCI) Carl Roth GmbH
2-Hydroxyehtyl agarose Type VII Merck KGaA
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid Merck KGaA

(HEPES)

Isopropyl alcohol

Carl Roth GmbH

Magnesium chloride (MgCl,) Merck KGaA
2-Mercaptoethanol Carl Roth GmbH
Milk powder Saliter
N-Lauroyl sarcosine sodium salt Merck KGaA
Nonidet P40 (NP-40) Carl Roth GmbH
Phosphate-buffered saline (PBS) Merck KGaA
Potassium dihydrogen orthophosphate (KH2PO.) Merck KGaA

Potassium chloride (KCI)

Carl Roth GmbH

Propidium iodide (PI)

Carl Roth GmbH

Sodium bicarbonate (NaHCO3) solution (7.5%)

Merck KGaA

Sodium chloride (NaCl)

Carl Roth GmbH

Sodium dodecyl sulfate (SDS), pellets

Carl Roth GmbH

Sodium hydroxide (NaOH) solution, 1N

Carl Roth GmbH

Sodium phosphate dibasic hydrate (Na:HPO4 x 2H,0)

Merck KGaA

Trichloromethane (CHCIs)

Carl Roth GmbH

Tris(hydroxymethyl)aminomethane (TRIS)

Carl Roth GmbH

Tween®20

Carl Roth GmbH

Xylene cyanole

SERVA Electrophoresis GmbH
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2.3 Reagents, kits, and enzymes

Table 3: List of reagents, commercial kits, and enzymes.

Reagent

Source

Annexin V Apoptosis Detection Kit

Thermo Fisher Scientific Inc.

Anti-mouse CD3 (Ultra-LEAF™ Purified), Clone 17A2

BioLegend Inc.

Anti-mouse CD28 (Ultra-LEAF™ Purified), Clone 37.51

BioLegend Inc.

Direct-zol™ RNA MiniPrep

Zymo Research

DNase |

Merck KGaA

dNTP-Mix (10 mM)

Thermo Fisher Scientific Inc.

EasySep™ Mouse T cell Isolation Kit

STEMCELL™ Technologies

EasySep™ Mouse CD4* T cell Isolation Kit

STEMCELL™ Technologies

EasySep™ Mouse CD8* T cell Isolation Kit

STEMCELL™ Technologies

ECL (enhanced chemiluminescence) Western Blotting

Substrate (Pierce)

Thermo Fisher Scientific Inc.

Fetal calf serum (FCS)

Merck KGaA

First Strand cDNA Synthesis Kit

Thermo Fisher Scientific Inc.

GeneRuler DNA Ladder Mix

Thermo Fisher Scientific Inc.

GlycoBlue™ Coprecipitant

Thermo Fisher Scientific Inc.

PageRuler™ Prestained Protein Ladder

Thermo Fisher Scientific Inc.

PowerUp™ SYBR® Green Master Mix

Thermo Fisher Scientific Inc.

Proteinase K

Thermo Fisher Scientific Inc.

RiboLock, RNase Inhibitor

Thermo Fisher Scientific Inc.

RNAPure™, peqGOLD

VWR International Ltd.

RNase A

Thermo Fisher Scientific Inc.

Roswell Park Memorial Institute (RPMI)-1640 medium

Merck KGaA

Roti®-Nanoquant

Carl Roth GmbH

Taq DNA Polymerase

produced in-house, Kosan

group

TRI Reagent®

Merck KGaA
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2.4 Antibodies

Table 4: List of antibodies for flow cytometry.

Specificity Conjugate Clone Host Source
CD4 FITC RM4-5 Rat BioLegend Inc.
CD8a PE 53-6.7 Rat Thermo Fisher
Scientific Inc.
CD11b FITC M1/70 Rat BioLegend Inc.
CD44 APC IM7 Rat Thermo Fisher
Scientific Inc.
CD45R/B220 APC RA3-6B2 Rat Thermo Fisher
Scientific Inc.
CcDe2L PerCP-Cy5.5 MEL-14 Rat Thermo Fisher
Scientific Inc.
CD90.2 APC-Cy7 30-H12 Rat BioLegend Inc.

APC - allophycocyanine, FITC - fluorescein isothiocyanate,

PerCP-Cy5.5 - peridinin-chlorophyll-protein complex-Cyanine5.5.

Table 5: List of antibodies for Western Blot.

PE - phycoerythrin,

Specificity Clone Host Source
Cleaved Caspase 8 Polyclonal Rabbit Cell Signaling
(Asp 387) Technology Inc.
GAPDH Polyclonal Rabbit Merck KGaA
Phospho-H2A.X (Ser139) | JBW301 Mouse Merck KGaA
PUMA Polyclonal Rabbit Cell Signaling
Technology Inc.
p21 F-5 Mouse Santa Cruz
Biotechnology
a-Tubulin B-5-1-2 Mouse Merck KGaA
HRP-linked anti-mouse Polyclonal Goat Merck KGaA
HRP-linked anti-rabbit Polyclonal Goat Merck KGaA

Asp — aspartic acid, GAPDH - glyceraldehyde-3-phosphate dehydrogenase, HRP -

horseradish peroxidase, PUMA - p53 up-regulated modulator of apoptosis, Ser — serine.
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2.5 Primers

Table 6: List of primers for genotyping.

Primer Sequence 5’-3’ Product
Miz-1_P1 GTATTCTGCTGTGGGGCTATC wt: 277 bp
Miz-1_P2 GGCTGTGCTGGGGGAAATC fl: 327 bp
Miz-1_P3 GGCAGTTACAGGCTCAGGTG APOZ: 209 bp
CD4-Cre_For CCTGGAAAATGCTTCTGTCCGTTT 300 bp
CD4-Cre_Rev | ACGAACCTGGTCGAAATCAGTGCG

IMR0336 ATAGGTCGGCGGTTCAT 548 bp
IMR0337 CCCGAGTATCTGGAAGACAG

mRag1.1 GCTGATGGGAAGTCAAGCGAC 295 bp
mRag1.3 GGGAACTGCTGAACTTTCTGTG

mVav1.2 GTCACAAAAGAGGAAGTGGTG 490 bp
Cre11 TCCCTGAACATGTCCATCAGG

fl — flanked by loxP sites (floxed), WT — wild-type.

Table 7: List of murine primers used for qRT-PCR.

Gene Forward Primer 5°-3’ Reverse Primer 5’-3’

Actb CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA
(B-Actin)

Bbc3 TTCTCCGGAGTGTTCATGC TACAGCGGAGGGCATCAG
(PUMA)

Bcl2 TCGCTACCGTCGTGACTTC AAACAGAGGTCGCATGCTG
(BCL-2)

Bcl2l4 TGTTTGCTGATGGCAACTTC GATCAGCTCGGGCACTTTAG
(BAX)

Cdkn1a GACAAGAGGCCCAGTACTTC TAGAAATCTGTCAGGCTGGT
(p21)

Pmaip1 CAGATGCCTGGGAAGTCG TGAGCACACTCGTCCTTCAA
(NOXA)

BAX - BCL-2-associated protein X, BCL-2 - B cell lymphoma 2, PUMA - p53 up-regulated

modulator of apoptosis.
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2.6 Consumables and devices

Consumables, such as 15 ml and 50 ml conical tubes, cell culture plates and flasks, as
well as pipette tips, were purchased from Greiner Bio-One International GmbH. Round
bottom tubes for flow cytometry and 1.5 ml reaction tubes were purchased from Sarstedt
Inc. Syringes were used from BD Bioscience Inc. and needles were purchased from B.

Braun Melsungen AG.

2.7 Software

Table 8: List of used software.

Software Source

BD FACSDiva™ v8.0.1 BD Biosciences Inc.
CometScore™ v1.5 Tritek Corp

FlowJo® 9.9.6 FlowJo, LLC
FusionCapt Advance™ 17.04 Vilber Lourmat GmbH
ModFit LT™ v4.1 Verity Software House
NIS Element AR v4.5 Nikon Corporation
Photoshop® CS6 Adobe Inc.

Prism 8.0.0 GraphPad Software Inc.
StepOne™ v2.3 Life Technologies
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3. Methods

3.1 Cell culture methods

3.1.1 Isolation of primary T cells

Isolation of splenic cells was performed by using spleens of young and old mice. After
sacrificing mice, spleens were collected, covered in PBS, and passed through a 70 ym
strainer for generating single-cell suspensions. A centrifugation step at 700 g for 5 min
followed and the supernatant was aspirated. Cells were resuspended in RCL buffer and
incubated for 5 min at room temperature (RT) for erythrocyte lysis. The reaction was
stopped with ice-cold PBS and a second centrifugation step was applied (700 g, 5 min).
For isolation of primary T cells, pelletized splenic cells were resuspended in PBS
supplemented with 1% FCS and isolation was done by using the EasySep™ Mouse T cell
Isolation Kit. According to the manufacturer’s protocol, T lymphocytes were isolated via
negative selection using biotinylated antibodies directed against non-T cells. Therefore,
the antibody cocktail was added to the single-cell suspension and incubated for 10 min at
RT to enable antibody binding. Afterward, streptavidin-coated magnetic particles were
added for 2.5 min and the tube containing the mixture was placed for another 2.5 min into
the EasySep™ magnet. Primary T cells were poured off into a fresh tube while all non-
T cells were retained in the magnet. Also, CD4* and CD8" T cells were isolated by using
the EasySep™ Mouse CD4* T cell Isolation Kit and the EasySep™ Mouse CD8* T cell
Isolation Kit, respectively.

Isolation of cells from lymph nodes was performed as described for spleens but with an
erythrocyte lysis step of 2 min only. For isolation of thymocytes, thymuses were
resuspended in RCL buffer for 5 min. Peripheral blood collection was done by cardiac
puncture post-partum. The blood was transferred into EDTA-containing tubes. Erythrocyte
lysis of blood was performed twice, each with a 5 min incubation time and with PBS

washing steps in between.

RCL buffer: 8.3 g/l ammonium chloride, 0.01 M Tris-HCI (pH 7.4)

3.1.2 Cultivation of primary T cells

For T cell cultivation, isolation was performed under sterile conditions. After negative

isolation, cells were resuspended in RPMI-1640 medium with particular supplements. For
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proper activation of T cells, optimal concentrations of anti-CD3 and anti-CD28 antibodies
were determined. 12-well plates were pre-coated overnight with anti-CD3 (5 pg/ml) diluted
in PBS. The next day, PBS was aspirated and plates were washed once with PBS.
T lymphocytes were seeded in a 12-well plate at a density of 10° cells per 1 ml of medium
and anti-CD28 (2 yg/ml) was added for a complete activation. Cells were grown in
incubators under sterile conditions with 5% CO, and at 37 °C until harvested for

subsequent experiments.

T cell medium: RPMI-1640, 10 % (v/v) FCS, 0.5% (v/v) gentamicin, 10 mM
HEPES, 50 uM B-mercaptoethanol

3.1.3 Irradiation experiments

Depending on the scientific question, isolated T cells were irradiated to induce DNA
damage. For this purpose, the Gammcell GC40 irradiation chamber at the FLI Jena was
used. Cells were exposed to 2 Gy of y-radiation, before further cultivation at 37 °C

followed.

3.2 Molecular biology methods

3.2.1 DNA isolation and genotyping

For DNA isolation, tail biopsies of mice were mixed with 50 ul DNA isolation buffer and
0.5 pl Proteinase K (20 mg/ml) and incubated overnight at 56 °C. Afterward, Proteinase K
was inactivated for 5 min at 95 °C followed by a centrifugation step (12,000 g, 5 min) to
remove cell debris and hairs. The supernatant contained the extracted DNA. For the DNA
isolation from cells, about 1-5 x 108 cells were used and the same procedure was applied.
Polymerase chain reaction (PCR) was used to amplify genomic regions of interest. For
this purpose, 2 pl of DNA was mixed with 1x PCR buffer, 0.25 uyl Taq polymerase, 0.25 pl
dNTP mix (10 mM), and the respective primers (Table 6) in a total volume of 25 pl. In
genotyping PCRs, primer pairs were included to specifically detect altered genomic
regions as well as to amplify WT genes as a control. PCR runs were performed in
thermocyclers from Biometra with conventional PCR programs and 35 amplification
cycles. Afterward, a DNA loading buffer was added to the PCR products, and samples
were loaded onto a 2 % (w/v) agarose gel with 0.5 ug/ml ethidium bromide. Separation of

PCR products was performed in an electrophoresis chamber filled with 1x TBE buffer at
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100 V. A DNA ladder was included in every electrophoresis run. Visualization of fragments

was performed under UV light due to intercalation of the dye ethidium bromide into DNA.

DNA isolation buffer: 1X PCR buffer, 0.05 % (v/v) Tween®20, 0.05 % (v/v) NP-40

PCR buffer (1X): 10 mM Tris (pH 8.3), 50 mM KCI, 1.5 mM MgClz, 0.001 % (w/v)
gelatine

DNA loading buffer: 50 % (v/v) glycerol, 250 mM EDTA (pH 8.0), 2 mg xylene cyanole

TBE buffer (1X): 89 mM Tris, 89 mM boric acid, 2 mM EDTA (pH 8.0)

3.2.2 RNA isolation

For isolating RNA of T lymphocytes, the cells were lysed in TRI Reagent® and 100 ul of
1-Bromo-3-chloropropane was added per 1 ml of TRI Reagent®. For improved visibility of
the RNA during isolation steps, 1 ul of GlycoBlue™ Coprecipitant (15 mg/ml) was added.
Samples were shaken vigorously, followed by a centrifugation step for 15 min at 12,000 g
and 4 °C. The upper phase was transferred into a fresh tube and the same volume of ice-
cold 2-propanol was added. The samples were stored overnight at -20 °C and centrifuged
the next day for 10 min at 12,000 g and 4 °C. The supernatant was aspirated, the pellet
washed in 1 ml of 75 % ethanol and samples spun down for 3 min at 12,000 g and 4 °C.
The supernatant was removed and the washing step with ethanol was repeated.
Afterward, the supernatant was removed entirely and the pellet was allowed to air dry for
3 min. RNA was dissolved by adding RNA-free water to the pellet followed by an
incubation step for 1 min at 55 °C. The concentration and purity of RNA were measured

using the NanoDrop™ 2000c device (Thermo Fisher Scientific Inc.).

3.2.3 Reverse transcription and quantitative real-time PCR

For DNA digestion, 1 ug of RNA was treated according to the manufacturer’s protocol
with deoxyribonuclease (DNase) | and 0.25 pul ribonuclease (RNase) inhibitor for 20 min.
Afterward, RNA was reversely transcribed into complementary DNA (cDNA) by using the
First Strand cDNA Synthesis Kit according to the manufacturer’s protocol. A combination
of oligo (dT)1s and random hexamer primers was used for cDNA priming. Yielded cDNA

was diluted in water in a 1:10 ratio.

Gene expression was analyzed using the quantitative real-time PCR (qRT-PCR)
technique. For this, Power SYBR® Green PCR Master Mix was combined with cDNA and
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specific primer pairs (each 200 pmol) in a MicroAmp™ Fast Optical 96-well reaction plate
(Applied Biosystems), sealed with a MicroAmp™ Clear Adhesive Film (Applied
Biosystems). The run was performed in a QuantStudio 3 PCR system (Thermo Fisher
Scientific Inc.) with an initial denaturation step for 10 min at 95 °C. A two-step cycling
protocol was applied with elongation and annealing at 60 °C for 40 cycles. Samples were
run in triplicates and a negative control was included for every amplicon. Also, melting
curves for each primer pair were generated in every run. Quantification of gene
expression was analyzed using the comparative AACt method and Actb (B-Actin)

messenger RNA (mMRNA) was used for normalization.

3.3 Protein biochemistry methods

3.3.1 Preparation of cell lysates

For protein isolation, T cells were centrifuged for 5 min at 700 g and washed once in PBS.
After another centrifugation step, the supernatant was entirely removed and the pellet was
lysed in cell lysis buffer supplemented with a protease inhibitor cocktail (PIC) for 30 min
on ice. For entire cell lysis, samples were sonicated for 3 min, followed by centrifugation
for 10 min at 12,000 g. The supernatant containing the proteins was transferred into a
fresh tube and stored at -20 °C or used immediately for further analysis. Protein
concentration was measured using the Roti®-Nanoquant solution according to the
manufacturer’s protocol. For calculations, a standard curve was generated using different
BSA concentrations. 50 ug of each sample was mixed with 6X Laemmli buffer to a final

concentration of 1X and boiled afterward at 95 °C for 5 min.

Cell lysis buffer: 1 M Tris (pH 7.5), 1 M NaCl, 0.5 M EDTA, 10 % (v/v) NP-40
Laemmli buffer (6X): 35 % (v/v) B-mercaptoethanol, 350 mM Tris-HCI (pH 6.8), 30 % (v/v)
glycerol, 10 % (w/v) SDS, 0.25 % (w/v) bromophenol blue

3.3.2 SDS-PAGE and Western Blot

Separation of proteins was performed by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) using a discontinuous Tris-buffer system. For this, the protein samples were
loaded onto gels consisting of a 10-12 % (v/v) polyacrylamide/bisacrylamide separating
gel, covered with a 5 % (v/v) stacking gel. In every gel run, a PageRuler™ Prestained

Protein Ladder was included to estimate the molecular weight of the proteins of interest.
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Electrophoresis was done in electrophoresis chambers filled with 1X SDS running buffer
and separation proceeded at 70 V (stacking gel), followed by 100 V (separation gel).

Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane, which was
activated in ethanol beforehand. The gel and the membrane were placed between sheets
of Whatmann® chromatography paper and soaked in 1X Towbin buffer. The Western Blot
was performed in a blotting chamber filled with 1X Blotting buffer for 1.5 h at 150 mA per
gel. After the protein transfer, the membrane was washed firmly in PBS-T. To block non-
specific binding to the membrane, it was incubated in a 5 % (w/v) solution of non-fat dry
milk powder (Saliter) dissolved in PBS-T for 1 h at RT. Afterward, the membrane was
incubated with the primary antibody in 2 % (w/v) non-fat dry milk solution in PBS-T
overnight at 4 °C. The next day, the membrane was washed 3 times for 10 min in PBS-T
and incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody for
1 h at RT. Again, 3 washing steps in PBS-T for 10 min each were applied. Visualization of
the proteins was done using ECL Western Blotting Substrate and the Fusion Solo 4S
system (Vilber Lourmat) with the FusionCapt Advance 17.04 software (Vilber Lourmat).
For further analysis of proteins on the same membrane, a step-wise detection was applied

by using primary antibodies of different host species.

SDS running buffer (10X): 2.5 M glycine, 250 mM Tris, 1 % (w/v) SDS

Towbin buffer (10X): 1.92 M glycine, 250 mM Tris

Blotting buffer (1X): 1X Towbin buffer, 20 % (v/v) ethanol

PBS (10X): 1.37 M NaCl, 27 mM KCI, 80 mM Na:HPO4 x H20, 14 mM
KH2PO4

PBST-T (1X): 1X PBS, 0.05 % (v/v) Tween®20

3.4 Functional assays

3.4.1 Flow cytometry analysis and cell sorting

Detection and quantification of different cell populations were performed by using the flow
cytometry approach. For immune cell phenotyping, cell suspensions were washed in PBS
and centrifuged for 5 min at 700 g. The pellet was resuspended in PBS and staining with
the according fluorophore-coupled antibodies (0.1 ug each) was performed for 10 min on
ice and in the dark. After another washing step in PBS, cell suspensions were
resuspended in PBS and stained with DAPI at a final concentration of 0.1 ug/ml to

exclude dead cells. Analysis was done using the LSRFortessa™ system (BD Biosciences
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Inc.) and data were acquired with the BD FACSDIVA™ v8.0.1 (BD Biosciences Inc.).
Fluorescence of the respective antibodies, as well as forward scatter (FSC, size), and side

scatter (SSC, granularity) signals were recorded.

For the separation of certain cell populations, fluorescence-activated cell sorting (FACS)
was performed at the Core Facility Flow Cytometry, FLI Jena with the help of Katrin
Schubert. Cell suspensions were therefore stained as stated previously, resuspended in
0.5 % (w/v) BSA in PBS, and stained with DAPI before analysis. Sorted cell populations

were collected and instantly used for further approaches.

3.4.2 Apoptosis assay

Detection of apoptotic cells was done using the Annexin V Apoptosis Detection Kit
(Thermo Fisher Scientific Inc.). Annexin V binds to phosphatidylserine (PS), which
translocates to the outer membrane when cells undergo apoptosis. According to the
manufacturer’s protocol, cell suspensions were stained with 5 ul Annexin V-FITC in 1X
Annexin V staining buffer for 15 min in the dark at RT. A centrifugation step for 5 min at
700 g followed and cells were washed once in 1X Annexin V staining buffer. For analysis,
cells were resuspended in 1X Annexin V staining buffer and 2 ul Pl Staining Solution was
added to distinguish between dead and apoptotic cells. Afterward, samples were directly

measured in the flow cytometer.

3.4.3 Cell cycle analysis

The cell cycle distribution of T lymphocytes was analyzed using the dye PI, which is
known to intercalate into DNA. Single-cell suspensions were washed once in PBS and
centrifuged for 5 min at 700 g. The pellet was resuspended in 1 ml ice-cold 70 % (v/v)
ethanol while shaking and stored overnight at -20 °C. The next day, 1 ml of PBS was
added and another centrifugation step (5 min, 700 g) was applied. The pellet was
resuspended in 390 yl PBS mixed with 5 yl RNase A (10 mg/ml) and 5 pl Pl (2.5 mg/ml).
Incubation at 37 °C for 20 min followed before samples were analyzed directly at the flow

cytometer.
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3.4.4 Proliferation assay

To track CD4* or CD8" T lymphocyte proliferation, 5 x 10° negatively isolated cells were
resuspended in PBS with 5 % (v/v) FCS. Next, 0.5 yl CFSE (10 mM) was added and
samples were mixed thoroughly and incubated for 5 min at RT in the dark. In total, 3
washing steps in PBS/FCS were applied with centrifugation steps for 5 min at 700 g.
Afterward, cells were resuspended in T cell medium, counted, and seeded in 12-well
plates. T cell activation and cultivation were done in 12-well plates pre-coated with anti-
CD3 (2 yg/ml). Anti-CD28 (2 ug/ml) was added directly to the medium. For 4-5 days, cells
were harvested every 24 h, followed by flow cytometry to monitor CFSE intensity. As the
fluorescent dye is equally distributed to daughter cells, the fluorescent intensity can be
examined in the flow cytometer to gain information about the number of cell divisions.
Data analysis was performed using the software ModFit LT™ v4.1 (Verity Software

House).

3.4.5 Comet assay

Comet assays were performed to examine the repair capacity of T cells after IR exposure.
For this approach, a 1 % (w/v) agarose (Type VII, low-melting) solution was prepared,
frosted microscope slides were covered with 800 pl of this solution and air-dried overnight.
On the second day, an alkaline lysis buffer was freshly prepared, the agarose solution
was heated up and placed in a water bath at 43 °C. After IR was applied to the cell
suspensions (300.000 cells per 1ml medium), challenged cells were either directly used
(time point zero) in a Comet assay or were left for a certain time at 37 °C to repair the
induced DNA breaks. Next, 30 yl of the sample was mixed with 120 pl PBS. 500 pl of the
agarose solution was added and 350 ul of this mixture was rapidly pipetted onto the pre-
coated microscope slides. An incubation step for agarose gelling of exactly 3 min on ice
followed before the microscope slides were incubated in the alkaline lysis buffer overnight
at4 °C in the dark.

On the third day, slides were carefully washed 3 times for 10 min each by submerging
them into rinsing buffer. Afterward, the slides were placed into a leveled electrophoresis
chamber filled with rinsing buffer. Electrophoresis was conducted at 25V for 18 min.
Slides were neutralized by rinsing them several times with 400 ml of water. Staining was
performed with 1 ml of Pl (2.5 mg/ml) solution per slide for 20 min in the dark. Another
rinsing step was performed with 400 ml of water to remove the excess dye. Analysis of the
comet tails was done using the fluorescence microscope Nikon ECLIPSE Ti and the NIS

Element AR v4.5 (Nikon Corporation) software. Every condition was imaged and at least
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50 comets per slide were analyzed by using the Comet Score™ software (Tritek Corp) to

calculate Tail Moments.

Lysis buffer: 1.2M NaCl, 026 M NaOH, 100mM EDTA, 1% (w/v)
N-lauroylsarcosine sodium salt
Rinsing buffer: 0.03 M NaOH, 2 mM EDTA (pH 8.0)

3.5 Statistical analysis

Statistical analysis was performed using Prism software version 8.0.0 (Graphpad Software
Inc.). Unless stated differently, results were expressed as arithmetic mean + standard
deviation (SD). P values were calculated using either the Student's t-test or two-way
analysis of variance (ANOVA), depending on the number of compared groups.

Significance was determined at P < 0.05 and is indicated in the figures.
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4. Results

4.1 The influence of Miz-1 deficiency on T cell populations in the Vav-Cre x Miz-1%

mouse model

4.1.1 Targeting strategy at the Zbtb17 locus

The transcription factor Miz-1 is an important regulator of hematopoiesis (Mordy et al.,
2011). Saba and colleagues showed that Miz-1 plays a crucial role in early T lymphocyte
development (Saba et al., 2011b). However, little is known about the function of Miz-1 in
mature T cells, so this thesis aims to uncover a possible role of Miz-1 in mature
T lymphocytes. Since the complete deletion of Miz-1 induces early embryonic lethality
(Adhikary et al., 2003), the Vav-Cre x Miz-1"" mouse model was utilized to achieve a
conditional knockout (Kosan et al., 2010). As the POZ domain of Miz-1 is essential for
binding target gene promoters, Vav-Cre-mediated recombination was used to delete the
transcriptionally relevant POZ domain of Miz-1 in all hematopoietic cells (Kosan et al.,
2010). To achieve a conditional deletion of Miz-1 in transgenic mice, exons 3 and 4,
encoding the POZ domain, are flanked by loxP sites (floxed, fl) on the Zbtb17 (Miz-1)
locus, resulting in a truncated Miz-1279Z protein (Supplemental Figure 29). Adult mice,
carrying the Zbtb17"" alleles but lacking the Cre transgene, do not show phenotypic
differences to C57BL/6 mice and were therefore used as control mice (Kosan et al.,
2010).

4.1.2 Functional Miz-1 deletion results in a decline in peripheral T cell populations

To examine whether the loss of the Miz-1 POZ domain influences peripheral T cell
populations, splenic cells of control and Miz-1-deficient mice were analyzed by flow
cytometry. B and T cell populations were distinguished by the expression of lineage-
specific surface markers. Adult mice showed a slight but not significant reduction in T cell
(CD90.2*, B220") frequencies from 40 % in controls to 31 % in Miz-1-deficient mice
(Figure 4A). However, absolute numbers of mature T cells of the spleen were strongly
reduced by the Miz-1 POZ domain deletion to about 10 % of control mice (Figure 4B).

To assess the impact of Miz-1 on T cells in aged mice, two different age cohorts were
analyzed. Classification of these cohorts was done according to the suggestions of the

Jackson laboratory (Flurkey et al., 2007). Hence, 18 months old mice were regarded as
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aged or old animals, whereas young mice between 2 and 4 months were termed as adult
or young.

Analysis of the aged mouse cohort revealed no big differences in T cell frequencies of old
control mice (31 %) and old Vav-Cre x Miz-1"" mice with 27 % (Figure 4A). Aged control
mice possessed cell numbers of 1.3 x 107 T cells per spleen while old Miz-1-deficient mice
had only 0.1 x 107 splenic T cells (Figure 4B).

The strong decline in peripheral T cells due to the loss of functional Miz-1 points to an
important role of Miz-1 in the maintenance of the peripheral T cell pool in young and old

mice, however, this effect does not increase with age.
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Figure 4: Loss of functional Miz-1 declines splenic T cells.

Splenocytes of control and Vav-Cre x Miz-1"" mice were analyzed with flow cytometry to
compare T cell populations in adult (2 - 4 months) and aged (18 months) mouse cohorts.
Antibodies against CD90.2 and B220 were utilized for staining lineage-specific surface
markers. T cells (CD90.2%, B220") were pre-gated on living cells (DAPI") after debris
exclusion by FSC/SSC scattering. Depicted are (A) T cell percentages as mean + SD and
(B) absolute numbers of splenic T cells as mean + SD. P values were calculated using
unpaired Student’s f-test. Data are representative of at least 3 independent experiments.

To examine whether the loss of functional Miz-1 affects the composition of T cell subsets,
negatively isolated T cells from spleens of adult control and Vav-Cre x Miz-1"" mice were
analyzed by flow cytometry. The two major T cell populations, CD4* T helper (Tw) cells
and CD8* cytotoxic T lymphocytes (CTLs), were distinguished by the expression of the
surface markers CD4 and CD8, respectively (Figure 5A). In adult mice, loss of the Miz-1
POZ domain reduced Ty cell (CD4*, CD8") frequencies from 57 % in controls to 25 %
(Figure 5B). On the contrary, CTLs (CD4-, CD8") displayed no significant change in
percentages with 37 % in controls and 32 % in Miz-1-deficient mice (Figure 5B).

Absolute numbers of CD4* T cells decreased substantially from 7.6 x 10° Ty cells in adult
control mice to 0.5x10%° Tu cells in Vav-Cre x Miz-1"" mice (Figure 5C). Likewise,

absolute numbers of CD8* T cells declined dramatically from 5.0 x 10° CTLs in control
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mice to 0.7 x 10° cells in Vav-Cre x Miz-1"" mice (Figure 5C). Of note, a population of
unknown origin (CD4-, CD8") occurred in splenic T cells of Vav-Cre x Miz-1"" mice after

T cell enrichment by negative isolation against non-T cells (Figure 5A).
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Figure 5: Miz-1 controls T cell subset composition of CD4* and CD8* T cells.

Splenic T cells of control and Vav-Cre x Miz-1"" mice were analyzed with flow cytometry
using antibodies against CD4 and CD8. T cells of adult (2 - 4 months) mice were isolated
by negative separation prior to flow cytometry analysis. (A) Representative plots of adult
control and Vav-Cre x Miz-1"" mice after T cell enrichment are shown. Numbers adjacent
to gates indicate the percentages of CD4* (CD4*, CD8") and CD8"* T cells (CD4-, CD8") of
the corresponding experiment after FSC/SSC debris exclusion. 3 independent
experiments were conducted. (B) T cell subset composition of CD4* and CD8* cells after
FSC/SSC debris exclusion is depicted as mean £ SD. (C) Corresponding absolute
numbers of these T cell subsets per spleen are shown as mean + SD. Unpaired Student’s
t-test was used to calculate P values indicated in the diagrams. If variances were unequal,
unpaired Student’s t-test with Welch’s correction was applied. Data are representative of
3 (B, C) independent experiments.

The impact of Miz-1 on the distribution of T cell subsets was also examined in the aged
mouse cohort. Flow cytometry plots illustrate the influence of the Miz-1 POZ domain
deletion on the ratio of CD4" and CD8" cells in the spleen of aged mice (Figure 6A). The
splenic CD4* compartment remained unaffected in aged control and Miz-1-deficient mice
and comprised less than 20 % (Figure 6B). Also, the frequency of CD8" cells changed
only slightly from 12 % in controls to 8 % in old Miz-1-deficient mice (Figure 6B).
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In addition, aged Vav-Cre x Miz-1"" mice showed an insignificant reduction in absolute
numbers of Ty cells to 8 % of control littermates (Figure 6C). Likewise, absolute numbers
of CTLs declined insignificantly to about 7 % of control mice (Figure 6C). However, it
should be noted that high variations within the aged cohort arose.

The obtained results show a substantial influence of Miz-1 on the T cell subset
composition of CD4* and CD8" cells, with differences between the different age cohorts.
Overall, a severe reduction of absolute numbers of Ty cells and CTLs was observed in
Miz-1-deficient mice in accordance with the massive drop in peripheral T cells in the

Vav-Cre x Miz-1"" mouse model.
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Figure 6: Miz-1 depletion affects CD4* and CD8"* cells in aged mice.

Splenocytes of aged (18 months) control and Vav-Cre x Miz-1"" mice were analyzed by
flow cytometry using antibodies against CD4 and CD8. (A) Representative flow cytometry
plots show splenic cells derived from aged mice. Percentages of CD4* (CD4*, CD8") and
CD8* cells (CD4,, CD8") of the represented experiment are indicated as numbers
adjacent to gates. Cells were pre-gated on living cells (DAPI') after FSC/SSC debris
exclusion. 5 independent experiments were executed. (B) Frequencies of CD4* and CD8*
cells after FSC/SSC debris exclusion and pre-gating on living cells (DAPI") are shown as
mean = SD. (C) Corresponding absolute numbers of these populations in the spleen are
depicted as mean + SD. Unpaired Student’s f-test was used to calculate P values
indicated in the diagrams. If variances were unequal, unpaired Student’s f-test with
Welch’s correction was applied. Data are representative of 5 (B) or 3 (C) independent
experiments.
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4.1.3 Loss of functional Miz-1 and aging decline the naive T cell pool

To further examine the impact of Miz-1 on distinct T cell populations, central memory T
(Tem) cell, effector memory T (Tem) cell as well as naive T cell distributions were studied
by flow cytometry. In addition to antibodies for CD4 and CD8, cells were co-stained with
antibodies against the activation marker CD44 and the T cell homing factor CD62L to
phenotypically distinguish the following subsets: naive T cells (CD44"°, CD62L"), Tcm cells
(CD44" CD62L"), and Tewm cells (CD44", CD62L"). These populations were analyzed for
the CD4* and the CD8* compartment, respectively. All analyses were performed for
control and Miz-1-deficient mice of both age cohorts.

Analysis of these T cell populations and their distribution in the CD4* compartment is
shown for adult Vav-Cre x Miz-1"" mice as well as for control mice (Figure 7A). Naive
CD4* T cell frequencies had a 2.5-fold reduction in Vav-Cre x Miz-1"" mice compared to
controls (Figure 7B). Tcwm cells of the CD4* compartment were not changed in adult Miz-1-
deficient mice. However, 4-fold increased Tewm cell frequencies were observed in the
absence of functional Miz-1 relative to controls (Figure 7B).

Absolute numbers of naive, Tcy as well as Tew cells had an overall decline in the CD4*
compartment of adult Miz-1-deficient mice compared to controls (Supplemental
Figure 30A). The observed reduction in absolute cell counts is presumably reasoned in

the overall decrease of mature T cells due to loss of functional Miz-1.
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Figure 7: Miz-1 deficiency increases CD4* effector memory T cell frequencies.

Splenic T cells of adult (2 — 4 months) control and Vav-Cre x Miz-1"" mice were used to
analyze the distribution of naive (CD44", CD62L"), central memory (Tcw; CD44M
CD62L"), and effector memory T cells (Tem; CD44", CD62L") within the CD4*
compartment. The antibodies CD4, CD8, CD44, and CD62L were used to distinguish
these subsets by flow cytometry. T cells were enriched by negative selection before
staining. Debris was excluded via FSC/SSC scattering. (A) Representative plots depict
the distribution of T cell subsets in adult mice after FSC/SSC debris exclusion. Numbers
next to gates indicate the percentage of these subsets of the corresponding experiment.
In total, 4 independent experiments were performed. (B) Frequencies of cell populations
pre-gated on CD4* T cells are shown for adult mice as mean £ SD. P values were
calculated using unpaired Student’s f-test. Results were obtained from 4 independent
experiments.

Aging is known to have a strong influence on the immune system, which is displayed, for
instance, by a decline of naive T cells with age (Nikolich-Zugich, 2014). To investigate the
effect of the loss of functional Miz-1 in aged mice, splenic single-cell suspensions of the
old cohort were analyzed. As described above, the distinct T cell populations of the CD4*
compartment were examined for aged Vav-Cre x Miz-1"" mice as well as for control
littermates by flow cytometry (Figure 8A). The corresponding percentages within the
CD4* compartment showed a 9-fold reduction of naive T cells from 31 % in controls to
only 3.6 % in aged Miz-1-deficient mice, whereas minor changes within frequencies of Tcwm
cells were observed (Figure 8B). The Tem cell population was increased from 62 % in
controls to 91 % due to Miz-1 deficiency (Figure 8B). Of note, absolute numbers of the
CD4" Tewm cell population were decreased due to Miz-1-deficiency in the old mouse cohort

compared to old control mice (Supplement Figure 31A).

42



CD4* cells of aged mice

Aged mice
P=0.0359
i —
Control Vav-Cre x Miz-1%f 100 -
i e Control
cD4 .

80 4 m Vav-Cre x
464 75 75 45 F’,ﬂl‘m Miz-1%

—
g 60

7 ®
- .

45.5 86.6 20 4 P=0.0313

1
ol = 2 N %
TCM

naive

40

% of CD4* cells

CD44

Figure 8: Miz-1 deficiency results in depletion of naive CD4" T cells in aged mice.

Splenocytes of aged (18 months) control and Vav-Cre x Miz-1"" mice were used to
analyze the distribution of naive (CD44", CD62L"), central memory (Tcm; CD44M
CD62L"), and effector memory T cells (Tem; CD44", CD62L") within the CD4*
compartment. CD4, CD8, CD44, and CD62L antibodies were used to distinguish these
subsets by flow cytometry analysis after debris exclusion via FSC/SSC and pre-gating on
living cells (DAPI"). (A) Representative plots depict the distribution of T cell subsets within
the CD4* compartment of aged mice. Numbers indicate the percentage of T cell subsets
in the gate of the corresponding experiment. In total, 5 independent experiments were
carried out. (B) Frequencies of cell populations pre-gated on CD4* T cells are shown as
mean + SD. A Grubbs test (a=0.05) did not detect any outliers. P values were calculated
using unpaired Student’s f-test. If variances were unequal, unpaired Student’s t-test with
Welch’s correction was applied. Data are representative of 5 independent experiments.

Likewise, the CD8" T cell compartment was analyzed for the distribution of naive, Tcw,
and Tewm cell populations in adult Vav-Cre x Miz-1"" and control mice (Figure 9A). The
naive T cell pool decreased highly significantly from 80 % in controls to only 16 % in adult
Miz-1-deficient mice, whereas Tcm cells increased from 16 % in controls to 78 % in
Vav-Cre x Miz-1"" mice (Figure 9B). Tem cells constituted only a small fraction within the
CD8" compartment and remained unchanged in adult Miz-1-deficient mice (Figure 9B).
Absolute numbers in adult mice showed a decline of naive and Tem cells, while Tcw cells
were not altered in Vav-Cre x Miz-1"" mice in regard to control mice (Supplemental
Figure 30B).
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Figure 9: Deletion of functional Miz-1 increases CD8"* central memory T cells.

Splenic T cells of adult (2 — 4 months) control and Vav-Cre x Miz-1"" mice were negatively
isolated and analyzed by flow cytometry for naive (CD44'"°, CD62L"), central memory (Tcw;
CD44" CD62L"), and effector memory T cell (Tem; CD44", CD62L") populations within
the CD8* compartment. Staining was performed with an antibody mixture for the surface
markers CD4, CD8, CD44, and CD62L. (A) Representative plots depict the distribution of
the analyzed T cell subsets in adult mice and numbers adjacent to gates refer to
frequencies of cells in the represented experiment. 4 independent experiments were
executed. (B) Percentages of naive, Tcw and Tewm cells pre-gated on CD8" cells are shown
as mean = SD. P values were calculated using unpaired Student’s t-test. Data are
representative of 4 independent experiments.

Flow cytometric analysis of the old mouse cohort depicts the distribution of naive, Tcw,
and Tewm cell populations in the CD8" compartment (Figure 10A). Old Miz-1-deficient mice
showed only 5.0 % of naive T cells compared to 46 % in control mice (Figure 10B). The
Tem cells increased strikingly from 33 % in controls to 80 % in aged Miz-1-deficient mice,
while Tem cells were not changed in old Vav-Cre x Miz-1"" mice (Figure 10B). Unlike the
substantial enrichment of Tcu frequencies in the CD8* compartment, the corresponding
absolute numbers evinced no increase in old Miz-1-deficient mice with respect to controls

(Supplemental Figure 31B).
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Figure 10: Functional Miz-1 deletion depletes naive CD8* T cells in aged mice.

Splenocytes of aged (18 months) control and Vav-Cre x Miz-1"" mice were analyzed by
flow cytometry for naive (CD44'"°, CD62L"), central memory (Tcm; CD44M, CD62L"), and
effector memory T cell (Tem; CD44", CD62L") populations within the CD8* compartment.
Splenic cells were stained with an antibody mixture for CD4, CD8, CD44, and CD62L.
Beforehand, debris exclusion by FSC/SSC scattering and pre-gating on living cells (DAPI")
was performed. (A) Plots showing the distribution of T cell subsets in aged mice with the
related frequencies of cells in the indicated gates of the represented experiment. In total, 5
independent experiments were conducted. (B) Percentages of naive, Tcm and Tem
populations after pre-gating on CD8" cells are shown by mean + SD. Grubbs test (a=0.05)
was performed and two outliers were detected, which were excluded for statistical
analysis and graphic visualization. P values were calculated using unpaired Student’s t-
test. If variances were unequal, unpaired Student’s t-test with Welch’s correction was
applied. Data are representative of 5 independent experiments.

Taken together, Miz-1 deficiency influences ratios of naive and memory T cells compared
to control mice. The loss of the Miz-1 POZ domain induces a strong decline in the naive
T cell population in adult as well as in aged mice, pointing to enhanced activation of
T cells in Vav-Cre x Miz-1"" mice. Consequently, frequencies of Tcw and Tem cells are

increased, with differences in the CD4" and CD8* T cell compartments.
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4.2 Phenotyping of the T cell compartment in the CD4-Cre x Miz-1"" mouse model

4.2.1 Thymic development is not perturbed using CD4-Cre-mediated recombination
of the Miz-1 POZ domain

A strong decline in absolute numbers of mature T cells was observed in the Vav-Cre x
Miz-1"" mouse model. To overcome this limitation, Miz-1"" mice were crossed with
transgenic mice expressing the Cre recombinase under the control of a CD4 minigene
(CD4 enhancer, promoter, and silencer sequences) to achieve a T cell-specific deletion
(Sawada et al., 1994). The following experiments presented in this thesis were carried out
using CD4-Cre x Miz-1"" mice and the terms Miz-12P9% Miz-1 deficiency or loss of
functional Miz-1 are from here on used to refer to this mouse model only.

To investigate thymic T cell development in this new mouse strain, thymocytes of adult
control and Miz-1-deficient mice were analyzed by flow cytometry using antibodies against
CD4 and CD8. Flow cytometry analysis in Figure 11A depicts the typical distribution of
developing T cells in the thymus: double-negative (DN; CD4-, CD8"), double-positive (DP;
CD4*, CD8"), CD4 single-positive (CD4 SP; CD4*, CD8), and CD8 single-positive
(CD8 SP; CD4-, CD8*) cells. Miz-12P°Z mice showed the same distribution of thymic cell
populations as observed in control mice (Figure 11A & B). Furthermore, absolute
numbers of total thymocytes were unaffected due to Miz-1 deficiency by using the CD4-
Cre recombinase (Supplemental Figure 32).

To monitor the efficiency of the conditional POZ domain deletion of Miz-1 mediated by the
CD4-Cre transgene, thymic T cell subsets mentioned above were sorted by fluorescence-
activated cell sorting. DNA isolation and a subsequent genomic PCR followed. A mixture
of three primers was used to distinguish between full-length Zbtb17 (with loxP sites) and
the truncated Zbtb1747° locus (Miz-12P°?) (Supplemental Figure 29). The expression of
the CD4-Cre commences in thymocytes during the transition from DN to DP T cell
progenitors (Lee et al., 2001). The PCR fragment at a height of 327 bp, present in all
analyzed thymic cell populations of control mice, refers to the undeleted Zbtb17" locus
including the loxP-flanked region of the POZ domain (Figure 11C). In the DN population
of Miz-1279Z mice, an additional faint band at 209 bp was observed, indicating the deletion
of the POZ domain-encoding exons. However, in DP cells of Miz-127%Z mice, an almost
complete deletion of these exons could be detected. The genomic PCR of the CD4 SP
population resulted in a single band, referring to the complete deletion of the floxed
segment in Miz-1-deficient mice. Surprisingly, the CD8 SP subset of Miz-12P°? mice
showed, besides a band for Zbtb17°F°4, a band for the floxed Zbtb17 allele, indicating an
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incomplete deletion of the Miz-1 POZ domain-encoding exons in the CD8 SP cell
population (Figure 11C).

As further validation of the CD4-Cre x Miz-1"" mouse model, the efficiency of Miz-1
deletion was examined also in mature T cells. Therefore, DNA of splenic T cells from
control and Miz-12P°Z mice was isolated and the PCR on the genomic Zbtb17" locus was
performed. T cells of control mice displayed one PCR fragment at 327 bp referring to the
undeleted Miz-1 (Figure 11D). Splenic T cells of Miz-127%2 mice showed a strong PCR
signal indicative of the truncated Miz-127°% and a weaker band referring to residual Miz-1

protein, pointing to an incomplete deletion (Figure 11D).
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Figure 11: Thymic T cell development is not perturbed in CD4-Cre x Miz-1%" mice.

(A-B) Thymocytes of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-12792) mice
were analyzed by flow cytometry using CD4 and CD8 antibodies. (A) Numbers adjacent to
gates indicate percentage of double-negative (DN; CD4-, CD8"), double-positive (DP;
CD4*, CD8"), CD4 single-positive (CD4 SP; CD4*, CD8), and CD8 single-positive
(CD8 SP; CD4:, CD8") cells of the represented experiment. Cells were pre-gated on
FSC/SSC and on living cells (DAPI) to exclude debris and dead cells. 5 independent
experiments were performed. (B) Frequency of DN, DP, CD4 SP, and CD8 SP thymocyte
subsets after pre-gating on living cells (DAPI"). Statistical significance is indicated as
P values and was calculated using unpaired Student’s t-test. Mean + SD is shown. (C)
Using fluorescence-activated cell sorting, the following subsets of thymocytes were
obtained using CD4 and CD8 antibodies: DN, DP, CD4 SP, and CD8 SP cells. DNA of
these populations from adult control (Miz-1"") and Miz-127%Z mice was isolated. Next,
conditional POZ domain deletion was tested by PCR using specific Miz-1 primers (see
Supplemental Figure 29). Bands at 327 bp represent the loxP-flanked segment encoding
the POZ domain at the locus of Zbtb17" and the 209 bp fragment refers to the deletion of
the POZ domain-encoding exons after Cre recombinase activity. A heterozygous mouse
(Miz-1"2P0Z) was used as a positive control and water was used as a negative control. (D)
Negatively isolated T cells from spleens of adult control (Miz-1") and CD4-Cre x Miz-1""
(Miz-14P92) mice were used for DNA isolation and genotyped by PCR for the deletion
efficiency of the exons encoding the POZ domain of the Zbtb17" (Miz-1) locus as
described in (C). A heterozygous mouse (Miz-174P02) was used as a positive control. Data
are representative of 5 (B), 3 (D), and 2 (C) independent experiments.

4.2.2 Miz-1 deficiency and aging influence peripheral T cell populations

Flow cytometry approaches were used to study distributions of T cell populations in
CD4-Cre x Miz-1"" mice. Splenocytes of adult control and Miz-127%? mice were analyzed
by using antibodies for the T cell marker CD90.2 and the B cell marker B220
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(Figure 12A). Mature T cells in the spleen were significantly reduced from 31% in control
mice compared to 22 % in adult Miz-1-deficient mice (Figure 12C). In addition, peripheral
T cell populations from blood were significantly decreased from 29 % to 13 % due to Miz-1
deficiency, while T cells in LNs declined insignificantly from 79 % in control mice to 67 %
in CD4-Cre x Miz-1"" mice (Supplemental Figure 33).

Next, the function of Miz-1 for the peripheral T cell pool was also studied in aged mice.
The same experimental setup of flow cytometric analysis was performed in adult as well
as in aged mice. By assessing peripheral T cell populations of old control and old
Miz-12P%Z mice (Figure 12B), a reduction of T cells from 23 % in controls to 16 % in old
mice with the Miz-1 POZ domain deletion was identified (Figure 12C). Interestingly, T cell
percentages of old control mice (23 %) were comparable to T cell frequencies of young
Miz-1-deficient mice (22 %) (Figure 12C).

Analysis of absolute T cell numbers in adult mice revealed a reduction from 2.2 x 107 cells
in controls to 1.3 x 107 in Miz-127%? mice (Figure 12D). However, aged Miz-1-deficient
mice showed a slight but not significant reduction in peripheral T cells relative to aged
controls (Figure 12D).

Overall, the results support the hypothesis of an important role of Miz-1 in the

maintenance of the peripheral T cell pool.
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Figure 12: Reduction of splenic T cells is caused by Miz-1 deficiency and by aging.

Splenocytes of adult (2 — 4 months) or aged (18 months) control and CD4-Cre x Miz-1%f
(Miz-124P92) mice were analyzed by flow cytometry using antibodies against CD90.2 and
B220 to distinguish between T and B cells, respectively. Populations were pre-gated on
living cells (DAPI") after FSC/SSC debris exclusion. (A-B) Representative plots show the
distribution of T cells (CD90.2%, B220) and B cells (CD90.2", B220") after pre-gating on
living cells (DAPI") for (A) adult and (B) aged mice. Numbers adjacent to gates indicate
population frequencies of the representative experiments. (C) T cell frequencies of adult
and aged control and Miz-127%Z mice after pre-gating on DAPI- cells are depicted as mean
+ SD. Grubbs test (a=0.05) was performed and one outlier in (C) was excluded from the
diagram and for statistical analysis. (D) Adult and aged mice were analyzed for absolute
numbers of T cells in the spleen. Mean + SD is shown. P values were calculated using
two-way ANOVA (post-hoc Fisher’'s LSD). Data are representative of at least 5
experiments.

Due to the reduction of T cells in the periphery of Miz-127%Z mice, the ratios of Tn cells and
CTLs in the spleen of young and old mice were examined by flow cytometry. Two distinct
populations for CD4* Ty (CD4*, CD8) and CD8" CTLs (CD4", CD8*) were observed for
adult (Figure 13A) or aged (Figure 13B) control and Miz-127%Z mice. In the adult cohort,
splenic CD4* T cells of Miz-1-deficient mice were unaffected compared to controls, while
CD8" T cells declined significantly from 36 % in controls to 30 % in Miz-147%2 mice
(Figure 13C).

More importantly, Ty cells and CTLs had an overall decrease in absolute numbers due to

Miz-1 deficiency. In the adult mouse cohort, Th cells declined 2-fold with 1.5 x 107 cells in
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controls and 0.7 x 107 cells in Miz-147%2 mice (Figure 13E). CTLs displayed as well a
2-fold decrease due to Miz-1 deficiency (0.9 x 107 in controls to 0.4 x 107 in Miz-14P0Z
mice) (Figure 13E).

Analysis of the old mouse cohort showed a decline of the CD4* compartment from 44 % in
controls to 30 % in Miz-127%2 mice and an enrichment of the CD8* compartment from
49 % in controls to 58 % in Miz-1-deficient mice (Figure 13D). Accordingly, Miz-1
deficiency in the old mouse cohort declined absolute numbers of the CD4" population
from 3.5 x 10° cells in controls to 1.4 x 108 (Figure 13F). Absolute numbers of the CD8*
population were insignificantly decreased in the aged mouse cohort from 4.0 x 108 in
controls to 2.6 x 10° in Miz-127%? mice (Figure 13F).

Summarizing these results, a decline in absolute numbers of CD4* and CD8" T cells was
observed due to the Miz-1 POZ domain loss and ratios between Ty cells and CTLs

showed alterations in Miz-12P%Z mice.
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Figure 13: CD4* and CD8"* T cell numbers are altered due to loss of functional Miz-1.

Depicted are representative plots of splenic CD4* and CD8* T cell subsets of (A) adult
(2 — 4 months) or (B) aged (18 months) control and CD4-Cre x Miz-1"" (Miz-12P%Z) mice.
Subsets were analyzed by flow cytometry using CD4, CD8, and CD90.2 antibodies.
Populations were pre-gated on CD90.2* T cells. FSC/SSC gating for debris exclusion and
pre-gating on living cells (DAPI?) was done prior to T cell gating. Numbers adjacent to
gates indicate percentages of CD4* T cells (CD4*, CD8") and CD8"* T cells (CD4-, CD8")
of the represented experiments. At least 5 independent experiments were conducted.
(C-D) Mean + SD of CD4* and CD8" T cell frequencies of (C) adult and (D) aged mice are
presented. Each data point represents one analyzed mouse. Quantifications of absolute
numbers of T cell subsets of (E) adult and (F) aged mice in the spleen are shown. Graphs
depict mean + SD. Unpaired Student’s t-test was used to calculate P values indicated in
the diagrams. If variances were unequal, unpaired Student’s t-test with Welch’s correction
was applied. Data represent 6 (D, F), 5 (C) or 4 (E) independent experiments.
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4.2.3 Miz-1 deficiency and aging influence memory T cell populations

As reported in 4.1.3, analysis of the Vav-Cre x Miz-1"" mouse model provided evidence of
how aging as well as Miz-1 deficiency influence the ratio of naive and memory T cells.
Thus, this question was addressed likewise in the CD4-Cre x Miz-1"" mouse model. The
CD4* and CD8" T cell compartments were studied separately in the spleen of control and
Miz-14P9Z mice by using flow cytometry.

The distribution of naive, Tcw and Tewm cells in the CD4* compartment is depicted for young
(Figure 14A) and old (Figure 14B) mice. In adult Miz-127%? mice, the T cell populations of
the CD4* compartment were unaffected relative to controls with naive T cells comprising
around 80 %, Tcwm cells approximately 5 %, and Tewm cells about 20 % (Figure 14C).

Old control mice had naive T cell frequencies of 41 % and this was reduced to 20 % in
aged Miz-1-deficient mice (Figure 14D). Frequencies of Tcm cells in old mice were not
changed due to Miz-1 deficiency relative to controls, while the Tem cell compartment
increased from 48 % in old controls to 69 % in aged Miz-127°? mice (Figure 14D). Worth
mentioning are high variances between data points within populations that occur as a
result of aging.

Absolute numbers displayed an overall decrease of cell populations in the CD4*
compartment due to loss of functional Miz-1. In the adult cohort, the naive compartment
was reduced from 1.1 x 107 in controls to 0.5 x 107 in Miz-12P°% mice, Tcwm cells decreased
as well in Miz-1-deficient mice (6.4 x 10° to 3.8 x 10°) and the Tem compartment was
unaffected with less than 3.0 x 10° cells (Figure 14E).

Aged control mice possessed 1.5 x 106 naive T cells and the loss of functional Miz-1 lead
to a further decrease, resulting in 0.3 x 10° naive T cells in aged mice only (Figure 14F).
In the old mouse cohort, Tcm cells had a 3-fold decline in Miz-1-deficient mice relative to
controls and the Tem cell compartment was characterized by a decrease from 1.6 x 10° in
controls to 0.9 x 108 in CD4-Cre x Miz-1"" mice (Figure 14F).

Summarizing the observations made in the CD4* compartment, absolute numbers of
naive CD4* T cells decline in adult as well as in aged Miz-127°% mice compared to control

mice.
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Figure 14: Miz-1 deficiency and aging decline the CD4" naive T cell pool.

Flow cytometry analysis of splenocytes from (A) adult (2 — 4 months) and (B) aged (18
months) control and CD4-Cre x Miz-1" (Miz-127°%) mice. Plots illustrate memory T cell
populations by the expression of CD44 and CD62L within the CD4* T cell compartment
(CD4*, CD8, CD90.2*) of the representative experiments. Naive (CD44"°, CD62L"),
central memory (Tcw; CD44" CD62L"), and effector memory T cells (Tem; CD44M,
CD62L") were distinguished by their respective surface marker expression. FSC/SSC
scattering was used for debris exclusion and populations were pre-gated on living cells
(DAPI). Numbers in quadrants refer to the frequencies of cells within these gates of the
represented experiments after pre-gating on the CD4* population. At least 5 independent
experiments were carried out. (C-D) Corresponding percentages of CD4* naive and
memory T cell subsets in (C) adult and (D) aged mice are shown for all analyzed
experiments as mean + SD. Each symbol refers to one individual mouse. Grubbs test
(a=0.05) did not detect any outliers. Analysis of absolute numbers of CD4* T cells in
spleens of (E) adult and (F) aged control and Miz-127%Z mice is depicted. Diagrams show
mean + SD. P values were calculated using unpaired Student’s t-test. If variances were
unequal, unpaired Student’s t-test with Welch’s correction was applied. Data are
representative of 6 (D, F), 5 (C), or 4 (E) independent experiments.
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The influence of Miz-1 deficiency on the balance between naive and Tw cells was also
investigated within the CD8" compartment and naive, Tcw, and Tewm cell subsets are
depicted for adult (Figure 15A) and aged (Figure 15B) mice.

In the adult mouse cohort, frequencies of naive T cells dropped from 86 % in controls to
75 % in Miz-1-deficient mice (Figure 15C). Tcwm cells doubled from 11 % to 22 % due to
Miz-1 deficiency, while Tem cells did not change (about 3 %) (Figure 15C).

In aged mice, the naive T cells declined significantly from 42 % in controls to 17 % in
Miz-1-deficient mice (Figure 15D). Tcwm cells increased from 32 % in old controls to 63 %
in old Miz-127%Z mice while Tew cells were not changed (less than 20 %) (Figure 15D).

In adult mice, absolute numbers of naive T cells in the CD8" compartment revealed a
decline from 8.0 x 108 in controls to 3.0 x 10® in Miz-12P°? mice (Figure 15E). Absolute
numbers of CD8"* Tcwm cells and CD8* Tewm cells were unaffected due to Miz-1 deficiency in
adult mice with about 1 x 108 and 1 x 10° cells, respectively (Figure 15E).

In aged mice, the CD8* naive T cell compartment comprised only 1.8 x 10° cells in
controls and this declined further to 0.4 x 10° naive T cells in aged Miz-127%2 mice
(Figure 15F). On the contrary, absolute numbers of CD8" Tcwm cells were unaffected in the
aged cohort due to Miz-1 deficiency (Figure 15F). Old Miz-147%Z mice showed a reduction

in absolute numbers of CD8" Tewm cells to 50% of control mice (Figure 15F).
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Figure 15: Miz-1 deficiency increases frequencies of CD8" memory T cells.

Flow cytometry analysis of (A) adult (2 — 4 months) and (B) aged (18 months) control and
CD4-Cre x Miz-1""  (Miz-12P°%) splenocytes. Representative plots depict naive and
memory T cell populations by the expression of CD44 and CD62L within the CD8" T cell
compartment (CD4-, CD8*, CD90.2*). Naive (CD44", CD62L"), central memory (Tcw;
CD44" CD62L"), and effector memory T cells (Tem; CD44", CD62L") were distinguished
by their respective surface marker expression. FSC/SSC scattering was used for debris
exclusion and populations were pre-gated on living cells (DAPI"). Numbers in quadrants
refer to frequencies of cells within these gates of the represented experiments after pre-
gating on the CD8* population. (C-D) Corresponding percentages of CD8* naive and
memory T cell subsets in (C) adult and (D) aged mice are shown for all analyzed
experiments as mean £ SD. Each symbol refers to one individual mouse. Outliers were
identified using the Grubbs test (0=0.05). One outlier was detected in (D) that was
eliminated in the diagram and for statistical analysis. (E) Adult and (F) aged control and
Miz-14P%Z mice were analyzed for absolute numbers of CD8* T cell subsets in the spleen.
Diagrams show mean + SD. P values were calculated using unpaired Student’s t-test. If
variances were unequal, unpaired Student’s t-test with Welch’s correction was applied.
Data are representative of 6 (B, D, F), 5 (A, C), or 4 (E) independent experiments.

56



Summarizing the observations, absolute numbers of naive T cells declined in the CD4*
and the CD8" compartment due to Miz-1 deficiency as well as in the course of aging. In
aged mice, the CD4* compartment had an increase in Tem cell frequencies, while the
CD8* compartment showed an increase in frequencies of Tcwm cells due to the Miz-1 POZ
domain deletion. The following experiments were performed to elucidate the underlying

mechanisms causing these severe perturbations of naive and activated memory T cells.

4.3 Miz-1 deficiency does not alter cell cycle progression of T cells

To assess whether differences in cell cycle progression due to Miz-1 deficiency exist,
T cells were analyzed without an in vitro activation initially. Therefore, isolated T cells from
adult control and Miz-1-deficient mice were stained using propidium iodide (Pl) and
analyzed by flow cytometry. Cell cycle profiles with the corresponding cell cycle phases
are depicted in histograms (Figure 16A). The frequencies of T cells in the G1/G0 phase
were slightly but significantly altered from 99.5 % in controls to 99 % in Miz-12P°% mice
(Figure 16B). In addition, the subG1 fraction of control T cells with 0.2 % was slightly
increased to 0.5 % in Miz-1-deficient cells, pointing to a possible even though a mild
increase in apoptosis rate. Only marginal frequencies of cells with no significant
alterations due to Miz-1 deficiency were observed in S and G2M (Figure 16B).

The cell cycle progression of unstimulated T cells might therefore be a process controlled
independently of the transcriptional activity of Miz-1. Furthermore, T cells are not cycling
without in vitro activation, which is important for the analysis of T cell stimulation

experiments.
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Figure 16: Cell cycle progression of unstimulated T cells.

Splenic T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-127%%) mice
were obtained by negative isolation and cell cycle was analyzed using propidium iodide
(PI) staining. Intensities of Pl were measured by flow cytometry. (A) Histograms of cell
cycle profiles are shown and gates indicate the corresponding cell cycle phases.
Frequencies indicate cell cycle distributions of the representative experiment. 3
independent experiments were performed. (B) Percentages of T lymphocytes within the
cell cycle phases are depicted by mean + SD and statistical significance was compared
using two-way ANOVA (post-hoc Fisher’'s LSD). Pvalues are indicated. Data are
representative of 3 independent experiments.

The activation of the T cell receptor (TCR) and the downstream response is an important
mechanism of T cells in the concerted action of the adaptive immune system to react to
external stimuli. To address the response of T cells to an in vitro TCR stimulation and to
determine whether differences due to Miz-1 deficiency occur, T cell activation experiments
were performed. The scheme in Figure 17A depicts the general workflow for these
activation experiments. Splenic T Iymphocytes, isolated from control and
CD4-Cre x Miz-1"" mice, were subsequently stimulated with antibodies for the surface
receptors CD3 and CD28 to mimic antigen contact and a co-stimulatory signal during
T cell cultivation.

As most of the T cells were resting after isolation, cell cycle progression following TCR
stimulation was investigated to prove the efficiency of T cell activation initially. Histograms
depict the cell cycle progression of control and Miz-1-deficient T cells and gates indicate
subG1, G1, and S/G2M phases (Figure 17B). The subG1 fraction remained unaffected by
Miz-1 deficiency and constituted less than 5 % (Figure 17C). Approximately 40 % of the
cells were detected in G1, independent of Miz-1 function. Also, percentages of T cells
being in S/G2M were not altered in Miz-14P°% mice relative to controls, comprising around
55 % (Figure 17C).
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These results prove an adequate activation of T cells with anti-CD3 and anti-CD28 by the
induction of cell cycle progression. However, this process is independent of Miz-1 function

since no differences were detected between controls and Miz-1P°% T lymphocytes.
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Figure 17: T cell activation induces cell cycle progression independent of Miz-1.

(A) Scheme of the experimental procedure for culturing primary T lymphocytes. Splenic
T cells were obtained by negative isolation and cultured with anti-CD3 and anti-CD28 to
trigger T cell activation. Sample collection and analysis were carried out after 24 h, 48 h,
or 72 h, depending on the subsequent experimental method. (B, C) Cell cycle analysis
was performed 48 h after T cell isolation and subsequent activation, by using propidium
iodide (PI) staining and flow cytometry. (B) Cell cycle profiles of T cells from adult (2 — 4
months) control and CD4-Cre x Miz-1"" (Miz-12P°%) mice are shown as a representative
experiment and gates indicate cell cycle phases. Percentages of Tcells in the
corresponding gates refer to the represented experiment. As distinct G2M peaks were not
detected, fractions were combined and analyzed using an S/G2M gate. 4 independent
experiments were carried out. (C) The corresponding frequencies of control and Miz-124P0Z
T cells in the indicated cell cycle phases are depicted. Mean + SD is shown. Two-way
ANOVA (post-hoc Fisher’s LSD) was used for calculating P values. Results were obtained
from 4 independent experiments.
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4.4 Functional deletion of Miz-1 alters T cell proliferation

Not only the cell cycle but also proliferation is an important process for maintaining cell
populations. On this account, cell division of activated CD4* and CD8" T cells was
examined by using CFSE staining and by tracking the intensity of the dye over several
days with flow cytometry. Within the first 24 h to 48 h, cell division was barely detectable
as cells had to convert TCR stimulation and prepare for cell proliferation (data not shown).
Histograms in Figure 18A show the cell division profiles of CD4* T cells from control and
Miz-14P9Z mice 72 h after isolation and subsequent staining. Interestingly, one additional
division was observed due to the Miz-1 POZ domain loss (Figure 18A). Also, the
frequencies of cells in each division highlighted differences. After 72 h, 34 % of control
CD4* cells had undergone 3 divisions, which was significantly reduced in Miz-127%? mice
to 13.3 % (Figure 18B). Nearly the same amount of T cells from control and Miz-1-
deficient mice divided 4 times (36 % and 34 %). Of note, the biggest difference between
control and Miz-147%2 CD4* cells was observed for 5 cell divisions. While 32 % of the
Miz-1 depleted lymphocytes divided 5 times, only 10 % of the control T cells reached this
division. Control T cells reached only 5 cell divisions within 72 h, while 7 % of Miz-1-
deficient T cells divided 6 times (Figure 18B). This points to the tendency of a higher

proliferative potential due to Miz-1 deficiency.
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Figure 18: Miz-1-deficient CD4"* T cells proliferate faster.

Splenic CD4* T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-14P%%)
mice were negatively isolated and stained with CFSE for tracking cell proliferation over
several days. Cells were cultured with anti-CD3 and anti-CD28 for T cell activation and
analyzed by flow cytometry. (A) Histograms show CFSE signal 72 h after staining.
Numbers in plots refer to the corresponding cell divisions depicted by the respective peak
below. Cells were pre-gated on FSC/SSC to exclude debris. (B) Diagram represents the
frequency of CD4" cells in each cell division after 72 h, calculated by using the
ModFit LT™ software. Mean + SD is shown. Significance was calculated using two-way
ANOVA (post-hoc Fisher’s LSD). For clarity, only significant P values are indicated in the
diagram. Data are representative of 3 independent experiments. CFSE -
carboxyfluorescein succinimidyl ester.

Proliferation was also assessed for the CD8"* T cell compartment. Of particular note is a
high peak of the undivided fraction of CD8" T cells in comparison to the CD4* T cell pool
(Figure 18A & Figure 19A). This becomes apparent with 52 % of control T cells but only
24 % of Miz-12P9% T cells showing no division after 72 h (Figure 19B). Both, T cells of
control and Miz-127%? mice showed up to 6 cell divisions within 72 h. Miz-1-deficient
T cells tended to have increased frequencies in each division relative to control T cells,

however with no significance (Figure 19B).
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Figure 19: Miz-1-deficient CD8"* T cells show more proliferation.

Spleens of adult (2 — 4 months) controls and CD4-Cre x Miz-1"" (Miz-127%%) mice were
used for CD8" T cell isolation by negative selection. Isolated cells were stained with the
dye CFSE to trace proliferation. CD8" T cells were cultured and activated with anti-CD3
and anti-CD28 for several days. Analysis was done by flow cytometry. (A) Histograms
depict the CFSE signal 72 h after staining of CD8" T cells. Numbers indicate cell divisions
and refer to the respective CFSE peaks below. Cells were pre-gated on FSC/SSC for
debris removal. (B) The frequency of cells in each division 72 h after staining with CFSE
was analyzed with the ModFit LT™ software and is depicted by mean + SD. Results were
obtained from 3 independent experiments. Statistical analysis was done using two-way
ANOVA (post-hoc Fisher’s LSD). For clarity, only significant P values are indicated. CFSE
— carboxyfluorescein succinimidyl ester.

The cell cycle regulator p21 can inhibit cell cycle progression and thus influences
proliferation. As the gene encoding for p21 (Cdkn1a) is a major target of the Miz-1/c-MYC
complex (Seoane et al., 2002) and differences in T cell proliferation due to Miz-1
deficiency were observed, it seemed to be an interesting regulator to analyze. Thus, the
relative expression of Cdknia was investigated in T cells 48 h after TCR activation. In
every performed experiment, Miz-1 depletion caused a strong decline of Cdknia
expression resulting in a significantly decreased fold change to 0.5 compared to control
T cells (Figure 20A). To further test whether the reduced gene expression can also be
observed at protein level, activated T cells were used for protein isolation 48 h after TCR
engagement. In line with the observed gene expression, reduced p21 protein levels were
detected in Miz-12P92 T cells with respect to control T cells (Figure 20B).

Summarizing the proliferation experiments, Miz-1-deficient T cells divide faster or more
than the corresponding control cells. Furthermore, Miz-147%Z T cells show a decreased
expression of the negative cell cycle regulator p21 after activation, supporting an

increased proliferation. These obtained results do not fully uncover the reason for the
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decline in the peripheral T cell compartment in Miz-12P°Z mice and this was the aim of

further investigations.
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Figure 20: Loss of functional Miz-1 decreases p21 levels after T cell activation.

Negatively isolated, splenic T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1""
(Miz-12P92) mice were activated with anti-CD3 and anti-CD28 and cultured for 48 h. (A)
gRT-PCR was performed to test the relative expression of the gene encoding for p21
(Cdkn1a). Fold change over control T cells was calculated using the comparative AACt
method normalized to Actin Beta. The diagram shows mean + SD and each data point
depicts one analyzed mouse. P value was calculated using unpaired Student’s t-test. (B)
Proteins of activated T cells were isolated after 48 h and levels of p21 were detected with
immunoblotting. Tubulin was used as a loading control. Data are representative of 4 (A) or
3 (B) independent experiments.

4.5 Deletion of Miz-1 affects T cell survival after activation

4.5.1 Miz-1 has no impact on survival of unstimulated T cells

The results obtained so far imply a considerable perturbation of peripheral T cells and a
concomitant decline of this population. The peripheral T cell pool is dependent on the
survival of existing and the generation of new T lymphocytes. To further explore the cause
of T cell reduction, apoptosis of splenic T cells from adult and aged control and Miz-12P%%
mice was studied by flow cytometry. In the CD4" and the CD8" T cell compartment of
adult mice, the apoptosis rates did not change due to Miz-1 deficiency. Frequencies of
apoptotic CD4* T cells were 5.1 % in control and 6.5 % in Miz-12P°% mice, while apoptotic
CD8* T cells comprised less than 3 % (Figure 21A). In the aged mouse cohort, control
mice possessed a higher rate of apoptotic cells with 22 % in the CD4" and 16 % in the
CD8" T cell compartment (Figure 21B). In old Miz-12P%Z mice, an insignificant increase in
apoptosis to 33 % of apoptotic CD4* T cells and 21 % of apoptotic CD8" T cells was
determined (Figure 21B).

In summary, unstimulated CD4" and CD8" T cells show increasing amounts of apoptosis

in aged mice. The survival of T cells seems to be independent of Miz-1 function, however,
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CD4* T cells had an insignificant tendency of more Annexin V binding in young and old
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Figure 21: Apoptosis of unstimulated T cells is not altered due to Miz-1 deficiency.

Splenocytes of (A) adult (2 — 4 months) or (B) aged (18 months) CD4-Cre x Miz-1%f
(Miz-12P92) ‘and control mice were analyzed for Annexin V binding to T cells using flow
cytometry. An antibody mixture for CD4, CD8, CD90.2, and fluorochrome-labeled
Annexin V was used to detect apoptosis of CD4* and CD8* T cells. Cells were pre-gated
on CD90.2* T cells after FSC/SSC debris exclusion. Annexin V* populations of CD4* and
CD8* T cells are indicated as mean * SD. Statistical analysis was performed using
unpaired Student’s f-test. P values are indicated. Data are representative of 3
independent experiments.

4.5.2 Miz-1 deficiency results in a strong induction of apoptosis after activation

To gain insight into a possible role of Miz-1 on the survival of T lymphocytes after TCR
stimulation, apoptosis induction after activation was evaluated. Histograms in Figure 22
depict the intensity of Annexin V binding to control and Miz-1-deficient T cells 48 h after
stimulation with anti-CD3 and anti-CD28. After TCR activation, control T cells underwent
apoptosis, indicated by 12 % of Annexin V* T cells (Figure 22). Surprisingly, Annexin V*
T cells increased dramatically to 29 % due to Miz-1 POZ domain deletion in regard to
control T cells (Figure 22 & Supplemental Figure 34).

These results demonstrate an induction of apoptosis after T cell activation due to Miz-1
deficiency, pointing towards an increase in activation-induced cell death (AICD) in Miz-1-
deficient T cells. This could contribute to the observed decline in peripheral T cell

populations in Miz-147%Z mice.

64



anti-CD3 + anti-CD28

48 h Il Control
I Miz-14POZ

Count

11.9 29.2

Annexin V

Figure 22: T cell activation induces apoptosis due to Miz-1 deficiency.

Splenic T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1"1 (Miz-127%%) mice
were isolated by negative selection and activated with anti-CD3 and anti-CD28 in culture.
After 48 h, apoptosis of T cells was analyzed by flow cytometry using fluorochrome-
labeled Annexin V. Debris was excluded using FSC/SSC scattering. Representative
histograms of Annexin V binding after T cell activation are shown. Numbers adjacent to
gates indicate the percentage of Annexin V* T cells as the mean of 3 independent
experiments.

4.5.3 Miz-1 deficiency provokes extrinsic apoptosis induction after T cell activation

Miz-1 regulates p53 by inhibiting the p53-mediated transactivation and apoptosis induction
(Miao et al., 2010). Thus, the expression of p53-target genes encoding for PUMA (Bbc3),
NOXA (Pmaip1), BAX (Bcl2/4), as well as the gene encoding for the anti-apoptotic factor
BCL-2 (Bcl2), were determined after T cell activation. Even though an apoptosis induction
after TCR triggering was detected (Figure 22), none of the pro-apoptotic genes showed a
significant increase in Miz-12P°% T cells relative to control T cells with fold changes of 0.6
for Bbc3 and 0.8 for Pmaip1 (Figure 23). Interestingly, for the pro-apoptotic Bcl2/4
transcript a decline to 0.8 was noticeable in Miz-12P9? T cells in regard to controls
(Figure 23). Likewise, Bcl2 expression did not show any significant alterations between
control and Miz-12P9% T cells (Figure 23). Expression levels of apoptosis-associated
genes were also tested for control and Miz-1-deficient T cells directly after negative
isolation and without activation of the TCR. Without being stimulated or challenged, Miz-1-
deficient T cells showed no changes in expression levels of the analyzed genes compared
to controls (Supplemental Figure 35).

These results point towards a p53-independent induction of apoptosis after TCR activation
of peripheral Miz-12P°Z T cells.
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Figure 23: Apoptosis-associated gene expression after T cell activation.

Expression of genes encoding for PUMA (Bbc3), NOXA (Pmaip1), BAX (Bcl2/4), and
BCL-2 (Bcl2) was measured in T cells of adult (2 — 4 months) CD4-Cre x Miz-1""
(Miz-12P92) and control mice after T cell activation. Therefore, T cells were negatively
isolated and subsequently activated with anti-CD3 and anti-CD28. After 48 h, cells were
harvested for gqRT-PCR. Bar diagrams represent fold changes in gene expression of
Miz-14P9Z T cells relative to control T cells. Fold changes were calculated using the
comparative AACt method and normalized to Actb (Actin Beta). Mean + SD is depicted
and each symbol refers to fold change of T cells from one analyzed mouse. Statistics
were carried out using unpaired Student’s f-test and P values are indicated in the
diagrams. Data are representative of 4 independent experiments.

Apoptosis and DNA damage are accompanied by the phosphorylation of the histone
variant H2AX which is necessary for the recruitment of DNA repair factors (Paull et al.,
2000; Rogakou et al., 1998). To test for this early posttranslational modification, protein
lysates of control and Miz-127°Z T cells were analyzed after TCR activation with a specific
antibody. Interestingly, higher levels of yH2AX were detected in activated Miz-1-deficient
T cells relative to control T cells (Figure 24A).

Also, protein levels of Puma, a direct target gene of p53 (Mohammadzadeh et al., 2019),
were examined after activation of T cells. However, the expression of the pro-apoptotic
factor Puma was unaffected in Miz-127%? T cells with respect to control T cells
(Figure 24B).

An initiator caspase of the extrinsic apoptosis pathway is caspase 8 (Lawen, 2003). The
cleavage of caspase 8 is a two-step process that results, among others, in the active
subunit p18 (Krammer et al., 2007; Medema et al., 1997). The expression of this subunit
was analyzed and interestingly, it was increased in Miz-12P°% T cells in regard to control
T cells (Figure 24C).

These results might explain the increased amounts of apoptosis by the induction of the
extrinsic apoptosis pathway after TCR engagement in absence of the POZ domain of
Miz-1.
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Figure 24: Activation of Miz-1-deficient T cells induces caspase 8 cleavage.

(A-C) Splenic T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-14P%%)
mice were isolated by negative selection and activated with anti-CD3 and anti-CD28 for
48 h in culture. Protein lysates were obtained and the indicated proteins were visualized
with immunoblotting by using specific antibodies. Cleaved (cl.) caspase 8 is detected by
the fragment p18. Tubulin or GAPDH was used as a loading control. Representative
immunoblots of 3 (B, C) or 2 (A) independent experiments are shown. cl. — cleaved,
GAPDH - glyceraldehyde-3-phosphate dehydrogenase.

4.6 The role of Miz-1in T cells in response to irradiation

4.6.1 Analysis of irradiation-induced apoptosis induction of activated T cells

As Miz-1 is known to have several implications in stress response pathways (Herold et al.,
2002; Miao et al.,, 2010), the influence of DNA damaging stimuli on T cells was
investigated. Hence, irradiation experiments were conducted in the CD4-Cre x Miz-1""
mouse model by testing the impact of genotoxic stress on adult T cells. The general
workflow for these experiments can be seen in Figure 25A. Isolated T cells were
activated and after 24 h in culture, 2 Gy y-irradiation (in the following labeled as IR) was
applied.

T cells of control mice showed an increase of Annexin* cells from 12 % after activation to
20 % with combinatorial IR (Supplemental Figure 34). Activated Miz-12P°Z T cells had
initially high levels of apoptosis with 29 % of Annexin® cells, leading only to an insignificant
increase of Annexin® T cells to 42 % after IR (Supplemental Figure 34). Comparing IR-
induced apoptosis of activated T cells, an almost significant increase (P=0.0589) from
20 % in controls to 42 % in Miz-1279Z T cells was observed (Figure 25B & Supplemental
Figure 34).

To summarize, activated Miz-14792 T cells exhibit a tendency of higher apoptosis following
IR-induced DNA damage. However, activation alone sensitized Miz-1-deficient T cells

already for increased apoptosis rates.
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Figure 25: T cell response to irradiation.

(A) Scheme illustrating the experimental setup of T cell activation followed by y-irradiation
(IR). Tcells were isolated by negative selection and activated with anti-CD3 and
anti-CD28. After 24 h, cells were irradiated with 2 Gy and cultured further. Analysis of
T cells was performed in total 30 h or 48 h after isolation, depending on the subsequent
experimental method. (B) Representative histograms show Annexin V binding to T cells of
adult (2 — 4 months) control (black) and CD4-Cre x Miz-1" (Miz-147%%, red) mice. T cells
were activated with anti-CD3 and anti-CD28 and IR (2 Gy) was applied after 24 h. In total,
apoptosis of T cells was analyzed 48 h after T cell isolation. Numbers adjacent to gates
indicate the percentage of Annexin V* T cells as the mean of 3 independent experiments
after FSC/SSC debris exclusion.

4.6.2 Upregulation of pro-apoptotic genes after irradiation of T cells

Expression levels of apoptosis-associated genes were analyzed to assess the genotoxic
stress response of T cells in dependency of Miz-1. Hence, transcript levels of BCL-2
(Bcl2), as well as the p53-target genes coding for p21 (Cdkn1a), PUMA (Bbc3), NOXA
(Pmaip1), and BAX (Bcl2/4), were investigated 6 h after the irradiation of activated T cells.
Non-irradiated but activated T cells of either control or Miz-12P%? mice were used as a
reference for calculating the fold change after IR.

As mentioned above, control T cells showed a significant increase in apoptosis after IR
and Miz-14P0Z T cells had an insignificant tendency of more apoptosis after IR relative to
the unchallenged, activated T cells (Supplemental Figure 34). Indicative of apoptosis
induction, apoptosis-associated genes were upregulated after IR. The gene expression of
Pmaip1 increased in control T cells 1.7-fold after IR and in Miz-1-deficient T cells to 2.9-
fold after IR (Figure 26A). Expression of the gene encoding for the pro-apoptotic factor
PUMA increased in control T cells insignificantly 2.8-fold, while Miz-127%Z T cells had a

significant increase to 3.8-fold after IR (Figure 26B). After IR, Bcl2/4 had an enrichment of

68



1.7-fold in control T cells and an insignificant enrichment of 2.3-fold in Miz-1-deficient
T cells (Figure 26C). The mRNA levels of the p53-target gene Cdkn1a increased after IR
to 1.8-fold in control T cells, whereas Miz-1 deficiency caused a strong increase in
Cdkn1a expression resulting in a fold change of 4.1 after IR (Figure 26D). In addition, the
expression of the anti-apoptotic factor Bc/2 remained unaffected in control T cells after IR
or was only slightly increased to 1.2-fold in Miz-1479% T cells after IR (Figure 26E).

The gene expression analysis after DNA damage revealed an induction of p53-target
genes for control as well as Miz-14P°% T cells. However, expression levels of the analyzed

genes after IR were slightly higher due to Miz-1 deficiency compared to control T cells.
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Figure 26: Induction of p53-associated target genes after irradiation of T cells.

Splenic T cells from adult (2 — 4 months) control (red) and CD4-Cre x Miz-1"" (Miz-12P9Z,
green) mice were isolated by negative selection and activated in culture with anti-CD3 and
anti-CD28. After 24 h, y-irradiation (IR) of 2 Gy was applied or cells were left untreated
(Non IR). After additional 6 h in culture, cells were harvested for gRT-PCR to analyze the
expression of genes encoding for (A) NOXA (Pmaip1), (B) PUMA (Bbc3), (C) BAX
(Bcl214), (D) p21 (Cdkn1a), and (E) BCL-2 (Bcl2). Fold changes were calculated using the
comparative AACt method normalized to Actb (Actin Beta). Gene expression levels of
non-irradiated T cells were always set to 1 and compared to the gene expression levels of
the corresponding T cells after IR. Results are presented in bar diagrams as mean + SD.
One data point represents one individual mouse. Outliers were identified using the Grubbs
test (0=0.05). Outliers were eliminated in the diagram and for statistical analysis. Statistics
were carried out using paired Student’s t-test and P values are indicated in the diagrams.
Data are representative of 4 independent experiments.
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4.6.3 DNA repair in T cells is independent of the transcription factor Miz-1

An efficient DNA repair is an important feature for the maintenance of cell populations
after DNA damage. Thus, a possible effect of Miz-1 on the DNA repair capacity was
evaluated by performing Comet assays after challenging isolated T cells of adult mice with
2 Gy IR. Representative pictures are shown, demonstrating the formation of Comet tails
after DNA damage and the repair at the indicated time points (Figure 27A). The relative
Comet Tail Moment of non-irradiated cells with approximately 0.2 in control T cells and 0.1
in  Miz-14P%2 T cells corresponds to minor DNA damage in unchallenged cells
(Figure 27B). After irradiation, cells were left in culture to repair introduced DNA breaks.
The relative Tail Moment decreased after 60 min equally in control T cells and Miz-1-
deficient T cells to 0.4. After 120 min, the relative Tail Moment declined to approximately
0.2 in control Tcells and 0.3 in Miz-12P%% T cells. Curves for control and Miz-1470Z
T lymphocytes showed no significant differences in their progression, displaying a similar
repair capacity (Figure 27B).

This clearly shows that the transcription factor Miz-1 does not play a role in DNA damage
repair in splenic T cells. Thus, insufficient DNA repair might not be responsible for the

decline of the peripheral T cell pool.
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Figure 27: Repair of DNA damage in T cells is independent of Miz-1.

Splenic T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-12P9%) mice
were irradiated with 2 Gy or left untreated (Non IR). After y-irradiation (IR), cells could
recover and repair for the indicated times, followed by cell lysis and an alkaline Comet
assay. (A) Representative images of comet tails are shown for the indicated time points.
(B) Comet Tail Moments were analyzed using the CometScore™ software, relative Comet
Tail Moments were calculated based on time point zero and are depicted in the diagram.
One of two independent experiments is shown by mean £ SD. P values were calculated
for the represented experiment by using unpaired Student’s t-test.
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5. Discussion

5.1 Miz-1 is crucial for peripheral T cell populations

An adequate immune response needs adaptive immunity, which is based on functional
T and B lymphocytes. The transcription factor Miz-1 is a key player of the early
development of these lymphocytes (Moroy et al., 2011). Conditional deletion of the Miz-1
POZ domain in hematopoietic cells revealed a perturbed T lymphocyte development,
accompanied by increased p53-dependent apoptosis in the thymus (Rashkovan et al.,
2014; Saba et al., 2011a; Saba et al., 2011b). However, little is known about the function

of Miz-1 in mature T cells and, therefore, this thesis aimed to elucidate a possible impact.

For this purpose, two mouse models with a conditional Miz-1 POZ domain deletion were
used: Vav-Cre x Miz-1"" mice and CD4-Cre x Miz-1"" mice (also termed Miz-127%%). The
Vav-Cre x Miz-1"" mice possess the deletion in all hematopoietic cells (Kosan et al.,
2010), as the Cre-mediated recombination driven by the Vav promoter elements is
observed in the entire hematopoietic compartment (de Boer et al., 2003). In CD4-Cre
transgenic mice, the Cre expression starts in the double-positive (DP) stage during thymic
development (Lee et al., 2001; Sawada et al., 1994). However, it was shown that the
CD4-Cre recombinase is already active in the late double-negative 3 (DN3) stage (Wolfer
et al., 2001). This could be explained through the accessibility of the CD4 locus and the
start of the expression already in DN3 cells, leading to an active recombinase before
developing into DP cells with CD4 surface receptor expression. However, the earliest
thymic precursors express low surface levels of CD4 (Wu et al., 1991). This might also
explain an early CD4-Cre recombinase expression observed in DN3 cells.

Consistent with this, deletion of the Miz-1 POZ domain was partially detectable already in
the thymic DN population when analyzing CD4-Cre x Miz-1"" mice. However, a nearly
complete deletion of the POZ domain at the Zbtb17" locus was confirmed in sorted DP
cells (Figure 11C). While CD4 single-positive (CD4 SP) cells of the thymus exhibited the
truncated allele of Zbtb17 only, the CD8 SP population still showed an incomplete removal
of the POZ domain-coding region. This is consistent with the efficiency of the Miz-1 POZ
domain deletion in mature T cells of the spleen, showing a similar incomplete deletion
(Figure 11D). Previously, a deletion efficiency of 85% in enriched peripheral CD8" T cells
was shown by using the CD4-Cre transgene (to inactivate the gene encoding NOTCH1),
while another study reported a complete deletion in peripheral CD8" T cells with the CD4-
Cre (when targeting DNA methyltransferase 1) (Lee et al., 2001; Wolfer et al., 2001). An
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explanation for remaining T cells with intact Miz-1 could be a favored survival of CD8 SP
thymocytes that did not acquire the POZ domain deletion. A consequence of an
incomplete deletion could be the lack of a phenotype, as cells with intact protein might
take over the regulatory functions.

It has been reported that Vav-Cre x Miz-1"" mice have a perturbed T cell development
with a developmental block at the ETP/DN1/DN2 stage as well as a second block at the
DN3 stage. This is concomitant with a 100-fold decrease in thymic cellularity (Saba et al.,
2011a; Saba et al., 2011b). These developmental blocks could be avoided by using CD4-
Cre x Miz-1"" mice, as an unperturbed thymic development was observed in this mouse
model (Figure 11B). Furthermore, thymic cellularity was unaffected in CD4-Cre x Miz-1""
mice, yielding absolute cell numbers of thymocytes similar to control. Hence, the impact of
a perturbed thymic environment can be mitigated by choosing CD4-Cre x Miz-1"" over

Vav-Cre x Miz-1"" mice.

Importantly, CD4-Cre x Miz-1"" mice had considerably fewer mature T cells in the
periphery, e.g., the spleen, blood, and, to a lesser extent, the lymph nodes compared to
control mice (Figure 12D). Differences in absolute T cell numbers were observed
between the two mouse models. Both CD4-Cre x Miz-1"" and Vav-Cre x Miz-1"" mice had
a drastic reduction in splenic Tcells, to 60 % and 10 % compared to controls,
respectively. The stronger effect in the Vav-Cre x Miz-1"" mice could be a direct
consequence of the defects in early T cell development (Kosan et al., 2010; Saba et al.,
2011a; Saba et al., 2011b). Most of the thymocytes have a block in their development, are
highly apoptotic, and show altered gene expression profiles. In addition, the hypocellular
environment in the thymus and thymic atrophy in Vav-Cre x Miz-1"" mice could affect the
maturating T cells (Saba et al., 2011a; Saba et al., 2011b). The reason for decreased
peripheral T cells in the CD4-Cre x Miz-1"" mouse model cannot be explained by
perturbed thymic development nor by decreased thymic cellularity.

The size of the T cell pool in the periphery is dependent on the survival of T lymphocytes
and could be diminished with increased apoptosis. However, apoptosis rates were not
significantly induced by Miz-1 deficiency neither in splenic CD4" nor splenic CD8" T cells
of young mice (Figure 21A). This observation implies that the reduction of the peripheral
T cell pool is unlikely the result of a spontaneous occurring apoptosis of unstimulated
T cells. The survival of naive T cells mediated by BCL-2 is strongly dependent on IL-7
signaling (Maraskovsky et al., 1997; Schluns et al., 2000). In line with this, Miz-1 was
shown to regulate the IL-7/IL-7R/STATS/BCL-2 signaling axes in developing pro-T cells,
which are also highly dependent on these signals for their survival (Saba et al., 2011b).

Therefore, Miz-1 deficiency might induce perturbations in this signaling pathway, which
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could account, at least partially, for a reduced peripheral T cell pool. However, expression
levels of IL-7R on the surface of peripheral T cells were not altered due to Miz-1
deficiency (data not shown) and further investigations are needed to examine this
signaling pathway in mature T cells.

A similar phenotype of fewer peripheral T cells in the spleen and blood was published due
to a Vav-Cre-mediated deletion of Kruppel-like factor 2 (KLF2), another transcription factor
with zinc finger domains. The KLF2-deficient T cells were homing into non-lymphoid tissue
by the upregulation of inflammatory chemokine receptors, accounting for the reduction of
the peripheral T cell pool (Sebzda et al., 2008). Hence, the possibility of a false homing
was examined in CD4-Cre x Miz-1"" mice by analyzing T cell frequencies in non-lymphoid
organs. No differences were observed between Miz-1-deficient mice and controls, thus,
an incorrect migration of naive T cells to the periphery could be excluded (data not
shown).

The Miz-1-dependent decrease of peripheral T cells was further supported by flow
cytometry data since splenic CD4" and CD8"* T cell numbers had a decline by 2-fold in
CD4-Cre x Miz-1"" mice (Figure 13E). Since the POZ domain deletion in CD8* SP cells
was not entire, a stronger phenotype for CD8" T cells could be expected with a higher
deletion efficiency. In contrast, absolute numbers of CD4* and CD8* T cells declined more
dramatically in Vav-Cre x Miz-1"" mice and this is consistent with the strong decrease in
total splenic T cells.

In brief, the CD4-Cre x Miz-1"" mouse model is an effective tool to study how Miz-1
regulates the peripheral T cell pool without the interference of the POZ domain deletion in
other cell types, such as B cells and HSCs, and with an unperturbed development of

T lymphocytes in the thymus.

Defects in both cell cycle progression and proliferation could cause a reduction of the
peripheral T cell pool and were therefore assessed. Freshly isolated splenic T cells of
CD4-Cre x Miz-1"" and control mice did not enter the cell cycle and the majority of the
cells were in the G1/G0 phase and, hence, in a quiescent state (Figure 16). This finding
was important for the T cell stimulation experiments because Miz-1-deficient mice showed
more post-activation-associated T cell populations. After activation, T cells undergo clonal
expansion to form a large pool of effector cells. Following the activation with plate-bound
anti-CD3 and soluble anti-CD28, cell cycle progression was observed, but without
differences between Miz-127%? and control T cells (Figure 17C). Moreover, CFSE assays
of activated T cells showed that CD4" T cells of Miz-1-deficient mice proliferated faster
compared to controls (Figure 18B). This is of particular interest since T cells can sense

the presence of surrounding T cells and adjust their division rate accordingly.
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Consequently, T cells exhibit increased proliferation under lymphopenic conditions (Ernst
et al., 1999; Goldrath and Bevan, 1999; Oehen and Brduscha-Riem, 1999). For this
thesis, proliferation assays were performed in vitro, and equal seeding densities of control
and Miz-14P%Z T cells were applied, to exclude the impact of lymphopenia. However, the
influence of Miz-1 on the proliferation rate would be interesting to explore also in vivo.
Furthermore, CFSE assays of CD8" T cells revealed more proliferating cells due to Miz-1
POZ domain loss compared to controls (Figure 19B). However, a faster proliferation, as
observed for CD4* T cells of Miz-14P%Z2 mice, was not detected.

An induction in proliferation due to the POZ domain deletion in peripheral T cells seems to
contradict a study conducted with keratinocytes lacking functional Miz-1. The proliferation
of these Miz-1-deficient cells was reduced in response to treatment with a tumor promoter
(12-O-Tetradecanoylphorbol-13-acetate, TPA) (Honnemann et al.,, 2012). In addition,
increased proliferation was also observed in mature B lymphocytes that carry a functional
Miz-1 deletion (Kosan lab, unpublished data), supporting the notion that Miz-1 has a
differential role in the proliferation of either tumor tissue or normal, unperturbed cells. One
explanation for the differential impact on proliferation could be the overexpression of
¢c-MYC in most cancer cells. These oncogenic expression levels lead to the formation of
Miz-1/c-Myc complexes that induce transcriptional changes (Walz et al., 2014; Wiese et
al.,, 2015; Wiese et al., 2013). However, the physiological role of this complex in

untransformed cells remains still elusive (Wiese et al., 2013).

Miz-1 is a known activator of the negative cell cycle regulator p21, exerting its function by
binding the promoter of Cdkn1a (Herold et al., 2002; Honnemann et al., 2012; Seoane et
al., 2002). Induction of p21 negatively modulates cell cycle progression (Gartel and
Radhakrishnan, 2005). In line with the observation of increased proliferation, Cdkn1a had
a reduction in MRNA as well as in protein levels in Miz-14P°Z T cells after TCR activation
(Figure 20). However, opposite effects were observed in a publication using keratinocytes
lacking functional Miz-1. After TPA treatment, levels of Cdkn1a were elevated and
proliferation was restrained in Miz-1-deficient keratinocytes (Honnemann et al., 2012).
Moreover, upregulation of Cdkn1a expression was also observed in Miz-1-deficient DN3
cells of the thymus (Saba et al., 2011a). As mentioned before, differences in cell types
and also treatment might account for the different Cdkn1a expression levels.

Upon TCR activation, mRNA levels and protein levels of c-Myc are induced and these
levels are determined by the strength of the TCR ligand (Preston et al., 2015). The proto-
oncogene c-Myc interacts with Miz-1 and replaces co-activators such as nucleophosmin
or p300 from the complex (Staller et al., 2001; Wanzel et al., 2008). A repressive complex

is formed and the transactivation of genes, e.g., Cdkn1a, is blocked (Herold et al., 2002;
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Seoane et al., 2002). An expected enhancement of Cdkn1a expression as a consequence
of Miz-1 deficiency and high c-Myc levels is, however, not in line with decreased Cdkn7a
levels after TCR stimulation in this thesis.

The regulation of Cdkn1a expression is a complex process dependent on many
determinants, thus, the expression of Cdknfa in T cells might be indirectly regulated by
Miz-1. In line with that, it was previously reported that Miz-1 does not bind directly to the
Cdkn1a promoter in T cells, however, the lack of promoter binding was here observed in
c-Myc-driven T cell lymphomas and it might be different in non-mutated T cells (Walz et
al., 2014). The regulation of Cdkn1a expression might be via other versatile transcriptional
regulators such as specificity protein 1 (SP1), SMADs, or p53 (Gartel and Radhakrishnan,
2005; Karimian et al., 2016). Notably, an involvement of p53 is highly likely, as Miz-1 is a
known interaction partner of the tumor suppressor and it regulates the translation of p53
mMRNA via the ribosomal protein L22 (RPL22), controlling both p53 stability and function
(Miao et al.,, 2010; Rashkovan et al., 2014). Besides, histone modifications, post-
transcriptional regulation by microRNAs (miRNAs), or alterations in post-translational
modifications (PTMs) could account for changes in Cdkn1a mRNA as well as protein
levels (Kreis et al., 2019). Hence, further investigation is needed to map out the regulation
of p21.

Altogether, the first part of this thesis shows that Miz-1 is an important and novel regulator
of peripheral T cell populations and it is crucial for their maintenance and homeostasis.
The observed defect was not only seen in Vav-Cre x Miz-1"" mice but also in CD4-Cre x
Miz-1"" mice, implying a T cell-intrinsic function of Miz-1. Furthermore, the results support
the notion that Miz-1 regulates the proliferation of mature T cells after activation but
different requirements of Miz-1 for the CD4* and CD8* T cell compartments cannot be

excluded.
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5.2 A critical role of Miz-1 in T cell apoptosis

5.2.1 Miz-1 regulates p53-independent apoptosis after T cell activation

Programmed cell death is important for T cell development but also T cell homeostasis.
Following stimulation with plate-bound anti-CD3 and soluble anti-CD28, T cells of both
CD4-Cre x Miz-1"" and control mice showed an induction of apoptosis (Figure 22).
Importantly, Miz-1 deficiency provoked a much stronger increase in apoptosis than
observed for control T cells 48 h post-activation. This result is in line with a previous study
observing an apoptosis induction due to Miz-1 deficiency in developing T lymphocytes.
Miz-1 was shown to restrict apoptosis by upregulating the gene encoding for the
ribosomal protein RPL22, which in turn binds p53 mRNA to inhibit its translation
(Rashkovan et al., 2014). Thus, Miz-1 regulates apoptosis induction in the thymus in a
p53-dependent manner (Rashkovan et al., 2014).

High levels of apoptosis in activated Miz-1-deficient T cells raised the question of whether
this process is mediated via the intrinsic or the extrinsic apoptosis pathway. The extrinsic
pathway of apoptosis induction is triggered by the binding of cell-death-receptor ligands
such as FasL or TNF to adequate death receptors of the TNFR superfamily, e.g., Fas.
The stimulation induces a complex formation of DISC at the inner cell membrane
(Chinnaiyan et al., 1995; Kischkel et al., 1995; Krammer et al., 2007). This complex
consists, besides oligomerized receptors and adapter molecules, of pro-caspases 8 and
pro-caspase 10. These zymogens get cleaved upon activation via the extrinsic pathway
and are considered the initiator caspases of the extrinsic apoptosis pathway (Krammer et
al., 2007; Varfolomeev et al., 1998). Increased levels of the active subunit of caspase 8
were observed in activated Miz-147%2 T cells in regard to controls (Figure 24C). This leads
to the hypothesis of an extrinsic induction of apoptosis. As mentioned beforehand,
expression levels of Cdkn1a showed a reduction in Miz-1-deficient T cells after activation.
Moreover, the observed effects of decreased levels of p21 and induced cleavage of
caspase 8 are in line with a publication showing that high levels of p21 could block the
cleavage of caspase 8 induced by the death receptor DR4 (Xu and EI-Deiry, 2000).

The functional balance of pro- and anti-apoptotic members of the BCL-2 family decides
about survival or intrinsic apoptosis induction. Stress stimuli and the increase of pro-
apoptotic factors activate the effectors BAX or BAK, leading to a cytochrome c release
and apoptosis induction (Li et al.,, 1997; Opferman and Korsmeyer, 2003; Zhan et al.,
2017). The expression of the gene encoding for the anti-apoptotic factor BCL-2, a central
player of the intrinsic apoptosis pathway, was unaffected in Miz-127%Z T cells compared to

controls. Altogether, the data suggest the induction of death via the extrinsic rather than
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the intrinsic apoptosis pathway, mediating the excessive apoptosis in activated Miz-14P°Z

T cells.

To further investigate how the excessive apoptosis due to Miz-1 deficiency is regulated,
transcription levels of genes controlling apoptosis were examined after T cell activation.
Surprisingly, p53-dependent genes encoding for pro-apoptotic PUMA and NOXA were not
upregulated in Miz-12P°? T cells compared to controls (Figure 23). Moreover, the
expression of Bcl2/4, encoding for the pro-apoptotic effector BAX, was even
downregulated in Miz-127%% T cells. These data suggest that Miz-1 controls the induction
of apoptosis after activation of peripheral T cells in a p53-independent manner. Whether
Miz-1 also controls the expression of Rp/22 in peripheral T cells to restrict apoptosis after
activation remains unclear and would be necessary to study to fully understand the

function of Miz-1 in T cell apoptosis in the periphery.

Two main concepts for cell death of activated T cells exist, namely activation-induced cell
death (AICD) and activated cell-autonomous death (ACAD) (Brenner et al., 2008). AICD is
a process of cell death for activated T cells, which experience a re-stimulation of the TCR.
This could be achieved in vitro by pre-stimulating T cells via the TCR followed by a re-
incubation with the same stimulus (Pargmann et al., 2007). Alternatively, T cells can be
pre-treated with IL-2 followed by antigen receptor stimulation, as IL-2 predisposes T cells
for induction of cell death. Repetitive immunization could induce cell death in vivo due to
the production of IL-2 after antigen stimulation (Lenardo, 1991). AICD can involve intrinsic
as well as extrinsic apoptosis induction. On the contrary, ACAD, also known as death by
cytokine deprivation, is independent of a secondary stimulation and involves the intrinsic
pathway solely (Brenner et al., 2008). The observed cleavage of caspase 8 indicates that
the excessive apoptosis in Miz-12P°% T cells is rather AICD than ACAD. If so, AICD would
surprisingly be induced in Miz-1-deficient T cells without the necessity of a pre-stimulation.
This suggests that activation of the TCR without its re-stimulation is sufficient to increase
susceptibility to apoptosis in Miz-14P°Z T cells. Similar observations were made in T cells
lacking growth factor independent 1 (GFI-1), an interaction partner of Miz-1, where AICD
induction was also observed without a pre-stimulation of the TCR (Pargmann et al., 2007).
A possible explanation for inducing AICD with anti-CD3/anti-CD28 only might be the
deregulation of genes that have pro-apoptotic characteristics due to the loss of Miz-1's
transcriptional activity. Fas and FasL are up-regulated after T cell activation and
Fas/FasL-mediated apoptosis contributes to AICD of the peripheral T cell pool (Brunner et
al., 1995; Eischen et al., 1997; Ju et al., 1995; Trauth et al., 1989). Thus, it would be
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insightful to study the influence of Miz-1 deficiency on the expression levels of Fas and

FaslL after T cell activation.

Summarizing, the data suggest a role for Miz-1 in the regulation of p53-independent
apoptosis in peripheral T cells following T cell activation. Miz-1 probably represents an
upstream regulator of a particular set of genes, which control proliferation and AICD after

TCR activation, however, the exact target genes still have to be mapped out.

5.2.2 Miz-1 and DNA damage in T cells

Studies have established that Miz-1 is necessary for controlling the cell cycle after
introducing DNA damage to cells such as fibroblasts and keratinocytes (Herold et al.,
2002; Wanzel et al., 2005). Furthermore, Miz-1 was also shown to interfere with p53
function to induce apoptosis after applying DNA-damaging reagents to liver cells (Miao et
al.,, 2010). Besides, the ablation of the Miz-1 POZ domain in combination with a
chemotherapeutic drug treatment (cytarabine) delayed lymphoma progression in a T-ALL
leukemia model and sensitized tumor cells towards apoptosis (Ross et al., 2019).
However, it remains elusive whether Miz-1 has also an impact on non-mutated
T lymphocytes after treating them with DNA-damaging stimuli. To research this
hypothesis, T cells of control mice were irradiated with y-irradiation (IR) and the effect on
survival and apoptosis was studied. After activation, control T cells showed increased
levels of apoptosis when irradiated compared to T cell activation solely (Supplemental
Figure 34). In line with the increase in apoptosis, expression levels of apoptosis-
associated genes were induced in control T cells after IR. More precisely, the p53-target
genes encoding for NOXA, BAX, and PUMA were upregulated after IR (Figure 26). This
supports the notion that this effect after IR treatment of control T cells is a p53-dependent
process.

Investigating expression levels of Zbtb17 after DNA damage would help to elucidate
whether Miz-1 plays a role in the regulation of T cell function after IR. Importantly, the
irradiation of control T cells showed that neither mRNA levels nor protein levels of Zbtb17
were altered in their expression (Bachelor’'s Thesis of Linda Klaus, unpublished). Miz-1
executes functions in the cytoplasm as well as transcriptional functions in the nucleus
(Mordy et al., 2011). Shuttling between these compartments due to IR might be possible
and preliminary results point to a slight increase in nuclear localization of Miz-1 protein
after y-irradiation (Bachelor’s Thesis of Linda Klaus, unpublished). Moreover, PTM’s play
a central role in the regulation of the DNA damage response (DDR) pathway (Dantuma

and van Attikum, 2016). Miz-1 is a known target of several PTM’s such as ubiquitination,
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which enables inflammatory signaling, or sumoylation, that induces complex formation
concomitant with gene repression (Herkert et al., 2010; Liu et al., 2012). A PTM of Miz-1
linked to DNA damage is the phosphorylation by AKT at position S428 that enables the
binding of 14-3-3n to the DNA-binding domain of Miz-1, resulting in an altered target gene
expression (Wanzel et al., 2005). Therefore, Miz-1 might be a target to PTM’s after IR and
further studies elucidating the exact PTM’s would give new insight into the role of Miz-1 in
the DDR of T cells.

Interestingly, activated Miz-12P°% T cells exhibited after IR the tendency of increased
apoptosis levels compared to control T cells. Notably, the observed increase in apoptosis
after IR from 20 % in control T cells to 42 % in Miz-1-deficient T cells is almost significant
(Supplemental Figure 34), which could be due to the high variances observed between
the experiments. Due to high apoptosis levels, gene expression analysis of apoptosis-
associated genes was conducted. Following irradiation, expression levels of genes
encoding for NOXA, BAX, and PUMA were increased in control T cells as well as
Miz-14P0Z T cells (Figure 26). The expression of these pro-apoptotic genes was slightly
higher in Miz-1-deficient T cells, supporting the observed tendency of increased
apoptosis. Interestingly, gene expression levels of Cdkn1a (p21) showed the biggest
difference, resulting in approximately 2 times more Cdkn71a mRNA in Miz-14P%Z T cells
than in control T cells. This appears to contradict previous work stating that upregulation
of p21 after ultraviolet (UV) radiation is blunted in Miz-1 knock-down cells (Wanzel et al.,
2005). In addition, already T cell activation caused altered levels of p21 due to Miz-1

deficiency, hypothesizing a regulatory relationship between Miz-1 and p21in T cells.

An efficient DNA repair after IR is important to promote cell survival following DNA
damage. GFI-1, a zinc finger transcription factor and interaction partner of Miz-1, was
shown to be necessary for an effective DNA repair of thymocytes after IR (Vadnais et al.,
2018). Due to this observation and high levels of apoptosis after IR in Miz-1-deficient
T cells, | hypothesized that Miz-1 plays a role in DNA repair following IR exposure. Comet
assays under alkaline conditions, which detect DNA single-strand as well as DNA double-
strand breaks (Olive and Banath, 2006), revealed no differences in the repair capacity of
T cells lacking functional Miz-1 (Figure 27). Thus, Miz-1 does not regulate IR-induced

DNA repair, at least not in peripheral T cells.

The present results show that the apoptosis induction in control and Miz-12P%% T cells after
DNA damage is a p53-dependent process. Activated Miz-1-deficient T cells exhibit a

higher tendency of IR-induced cell death compared to controls. However, T cell activation
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alone sensitized Miz-127%Z T cells already for increased apoptosis. It could be possible
that other DNA damaging stimuli such as UV light, reactive oxygen species (ROS), or
DNA damaging drugs show a different impact on shifting the balance between survival

and apoptosis in dependency of functional Miz-1.
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5.3 Miz-1 is a novel regulator of immune aging

Aging is characterized by a time-dependent accumulation of damage and the progressive
deterioration of cellular processes (Gems and Partridge, 2013; Lépez-Otin et al., 2013).
Age-related changes can also be observed in the immune system, which is commonly
termed immunosenescence. Immune aging leads to an increased susceptibility to
infectious diseases in the elderly and altered responsiveness to vaccinations with an
insufficient generation of immune memory (Nikolich-Zugich, 2005). Studies have
established that Miz-1 is required for the development and function of immune cells
(Méroy et al., 2011), but it has remained elusive whether Miz-1 has also an impact on
T lymphocytes during aging.

As anticipated, absolute numbers of splenic T cells from control mice declined with age
relative to young counterparts (Figure 12D), as the size of the thymus decreases during
aging and thymopoiesis declines (Weiskopf et al., 2009). Comparing young and old
control mice, a mild decline was also observed in T cell frequencies (Figure 12C). These
results are similar to those obtained in a study showing that splenic T cells of old C57BL/6
mice have an overall reduction in frequencies and absolute numbers (Ron-Harel et al.,
2018). As discussed before, the T cell compartment of young mice was reduced due to
Miz-1 deficiency. These results show that the functional loss of Miz-1 as well as aging
result in decreased mature T cells in the periphery and this phenotypical similarity could

indicate that Miz-1 plays a role in T cell aging.

When comparing young and old control mice, an age-related drop in CD4" and CD8"
T cell numbers became obvious. While CD4* T cells declined 4-fold, CD8" T cells
decreased only 2-fold (Figure 13E/F). This is similar to young Miz-1-deficient mice, where
absolute numbers of CD4* as well as CD8" T cells declined (both twofold) compared to
young controls.

Remarkably, ratios of CD4:CD8 cell frequencies changed in old control as well as in old
Miz-1-deficient mice compared to their respective young counterparts. A similar effect was
observed in aged wild-type mice in several publications (Barrat et al., 1997; Berzins et al.,
1999; Boersma et al., 1985). As a consequence of altered ratios, absolute numbers of
CD8* T cells had the tendency of higher numbers than CD4* T cells in old control mice.
This effect was more pronounced in old mice with functional loss of Miz-1. However, Ron-
Harel and colleagues described no alterations in CD4* or CD8* T cell frequencies when
comparing young and old mice, indicating that there are at least variations in aging effects
in different mouse cohorts (Ron-Harel et al.,, 2018). Additionally, sex differences are

known to affect the immune system (Klein and Flanagan, 2016) and could perhaps lead to
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these phenotypical differences. In this thesis, mice of both genders were analyzed and
only the particular age of the mouse cohorts was considered.

The CD4:CD8 ratio alterations in this thesis could be due to higher apoptosis rates of
CD4"* T cells compared to CD8" T cells. Indeed, apoptosis rates in young and old control
mice were slightly higher for CD4" than for CD8* T cells. In addition, Miz-1 deficiency in
old mice elevated the apoptosis rates of CD4* T cells more than that of CD8* T cells,
which could account for the detected phenotype (Figure 21B). The observed results are
in line with a previous study estimating average lifespans of peripheral T cells from
deuterium-labeling experiments and fitting them into a mathematical model. It was
demonstrated that the expected life span of naive CD8* T cells is longer than of naive
CD4* T cells (den Braber et al., 2012). Interestingly, the average lifespan of naive CD4*
T cells did not alter significantly during aging, while the expected lifespan of naive CD8*
T cells increased even further in aged mice compared to adult mice (den Braber et al.,
2012).

In addition, an incomplete deletion of the Miz-1 POZ domain was observed in mature,
peripheral T cells. The CD8 SP population of the thymus possessed partially the
undeleted Zbtb17" locus, while CD4 SP had only the truncated Zbtb17" locus. Therefore, it
is likely that CD8" T cells mainly account for the incomplete deletion observed in the
periphery of CD4-Cre x Miz-1"" mice (Figure 11C/D). As mentioned before, the
considerable role of Miz-1 in the apoptosis of CD4* T cells relative to CD8" T cells could
therefore be justified by the deletion efficiency in peripheral CD8* T cells. However, this
could not be the explanation for altered CD4:CD8 ratios in old control mice relative to
young control mice. Hence, studying expression levels of Miz-1 in both T cell populations
separately would give insight into a differential role of Miz-1 for these subsets. However,
protein expression levels of diverse targets are hard to detect with immunoblotting,
because freshly isolated T cells are in a quiescent state and exhibit a low rate of protein
synthesis.

Moreover, the excessive induction of apoptosis after activation of Miz-1-deficient T cells
(Figure 22) could also support the aging effect, reflected by reduced T cells and altered
ratios, as more T cells might die in the course of aging. Apoptosis induction after
activation was only analyzed in young T cells in this thesis. However, further evidence
could be collected by performing these experiments with T cells from mice of different age

cohorts and by analyzing CD4" and CD8* T cells separately.

An unexpected finding was the observation that T cell populations of young Miz-14P°Z
mice exhibited occasionally a premature phenotype similar to old control mice. This was

observed, for instance, for frequencies of peripheral T lymphocytes in the CD4-Cre x
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Miz-1"" mouse model. Here, splenic T cell frequencies of young Miz-14P°% mice were
indistinguishable from old control mice (Figure 12C). Young Miz-1-deficient did not always
exhibit the same frequencies or absolute numbers as the 18-month-old control mice.
However, T cell patterns of young Miz-147°Z mice showed often distributions similar to that
of aged control mice, e.g., absolute numbers of naive CD8" T cells were similar in young
Miz-1-deficient and old control mice (Figure 15). Moreover, young Miz-12P°Z mice
possessed even fewer splenic CD4* T cells than old control mice (Figure 14). Overall,
these observations are in line with a previous publication stating that Miz-1 is a key player
of B lymphocyte aging during peripheral maturation (Piskor et al., 2022).

In conclusion, functional Miz-1 deletion results in a premature immune aging phenotype.

These observations underline the importance of Miz-1 in T cell aging.

A naive T cell pool with a high diversity of TCRs is important for effective immune
reactions but it declines in the course of aging (Ernst et al., 1993; Fagnoni et al., 2000;
Utsuyama et al., 1992). Of note, differences between mice and humans exist, as murine
naive T cells decline strongly during aging concomitant with a decreased thymic output,
but human naive T cells decrease only moderately due to homeostatic proliferation (den
Braber et al., 2012; Qi et al., 2014). In this thesis, it was observed that aging caused a
reduction of naive CD4" T cell (7-fold) and naive CD8" T cell (4-fold) numbers in control
mice (Figure 14 & Figure 15). These observations are in line with previous reviews
stating an absolute decrease of naive T cells with age (Nikolich-Zugich, 2018). Notably,
high variances in cell frequencies and numbers were observed when analyzing old control
mice of the CD4-Cre x Miz-1"" as well as Vav-Cre x Miz-1"" mouse line. Even though old
mice had the same age (18 months) when analyzed, this spreading in variances
influences the statistics. Thus, it might be reasonable to repeat this experiment with a
bigger mouse cohort.

The functional loss of Miz-1 in CD4-Cre x Miz-1"" mice resulted also in a decrease in
naive T cell numbers and this was observed in the young as well as in the old cohort
(Figure 14 & Figure 15). Consequently, old Miz-1-deficient mice had barely naive CD4*
and naive CD8" T cells left. These results pinpoint once again that the inactivation of
Miz-1 might induce a premature aging phenotype. While naive CD8* T cell frequencies
decreased in young as well as in old mice due to Miz-1 deficiency, naive CD4" T cell
frequencies declined in Miz-1-deficient mice only in the aged cohort. It might be possible
that Miz-1, as a regulator of T cell aging, has a more prominent role for the naive T cell
pool of CD8" rather than of CD4" cells. In general, Miz-1 might control different functions
for these two subpopulations, which can be exerted by maintaining different genetic

programs in both cell types.
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After T cell activation and the subsequent production of large numbers of effector T cells,
the clearance of the infection induces the contraction phase. During this process, the
majority of T cells die due to apoptosis and only a minority of T cells survive and develop
into memory T cells (Tm) (Harty and Badovinac, 2008; McKinstry et al., 2010). Aging is
accompanied by the accumulation of Twu cell subsets, hence the ratio of naive:memory
T cells declines (Ernst et al., 1993; Lerner et al., 1989; Quinn et al., 2019; Utsuyama et al.,
1992). In line with this, an enlargement of memory T cell frequencies was observed
likewise in old control mice compared to young controls for both the CD4* and CD8"
compartments.

Interestingly, an accumulation of these post-activation-associated subpopulations was
also provoked by the functional loss of Miz-1. This included the increased frequency of
memory T cells in the CD8* T cell compartment of young CD4-Cre x Miz-1"" mice
compared to controls. This enlargement was even more pronounced in old Miz-1-deficient
mice and this increase was in these aged mice also observed for CD4* Twm cells
(Figure 14 & Figure 15). Importantly, differences in CD44"9" populations were observed
for Th cells and CTLs. While CD4" cells had predominantly an expansion in effector
memory T cells (Tem), CD8" cells exhibited an increase in central memory T cells (Tcwm).
These distinct memory cell accumulations are in line with a previous study, stating a
conversion from Tem cells into Tem cells in the CD8* compartment after the clearance of
pathogens. The CD8* Tcwm cells are designated as the “true” memory cells, while CD8" Tem
cells form an intermediate population (Wherry et al., 2003). In CD4-Cre x Miz-1"" mice,
Miz-1 deficiency expanded the Tcm population of the CD8* compartment in young as well
as in old mice, while it increased frequencies of CD4" Tem cells only in aged mice. In
addition, the enlargement of the Tu pool was again more pronounced in the Vav-Cre x
Miz-1"" mice and occurred here in both T cell compartments in young as well as in old
mice.

Altogether, the functional loss of Miz-1 favors the generation of an increased Tw cell pool
but how this is realized is a matter of speculation. One possibility could be alterations in
the epigenome, as Miz-1 is known to interact with chromatin modifiers, e.g., DNMT3A,
and HDACSs, thereby affecting DNA methylation pattern and histone acetylation (Brenner
et al., 2005; Varlakhanova et al., 2011). Thus, Miz-1 function is necessary for an adequate
balance of gene activation and gene silencing and, consequently, Miz-1 deficiency could
lead to an imbalance of gene expression. Epigenetic modifications occur not only during
T cell activation and differentiation but are also a hallmark of T cell aging. In the latter, this
is contributing to dysfunctional cellular processes (Goronzy et al., 2018). Especially

changes in DNA methylation are a common characteristic of aging (Horvath and Raj,
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2018). As Miz-1 is an interaction partner of DNMT3A (Brenner et al., 2005), Miz-1
deficiency could result in alterations of the methylation pattern in Miz-1-deficient T cells.
Besides, epigenetic changes of DNA and/or histones in Miz-1-deficient T cells could also
lead to altered gene expression of factors that are important to regulate fate decisions of
the different T cell subsets. In addition, an altered gene program due to the loss of Miz-1"s
transcriptional activity might induce an artificial “pseudo-activated” phenotype of T cells.
Therefore, the induced memory T cell formation might be a consequence of extensive
genetic reprogramming by Miz-1 interfering with several regulatory pathways.
Perturbations of the contraction phase could also lead to an altered memory T cell pool,
through the regulation of cell fate decisions for survival and death. Factors such as PUMA
and BIM were shown to control the death of T cells after activation (Bauer et al., 2006).
However, excessive apoptosis of activated Miz-1-deficient T cells is contradictory to an
increase in Ty cells and PUMA was not differentially regulated upon Miz-1 loss-of-function
in this study. A faster activation-induced proliferation of Miz-12P°% T cells, on the other
hand, points towards a pre-activated signature of these cells. It might be interesting to
study cell proliferation not only in mixed CD4* and CD8" T cell populations, but also
separately for naive and Tw cells. Overall, it could be speculated that Miz-1 deficiency
leads to a faster clonal expansion phase of activated T cells, resulting in less naive and
more memory T cells.

Increased Tw cell frequencies were also detected in the Vav-Cre x Miz-1"" mouse model,
however, this phenotype could already be observed at young age in these mice (Figure 7
& Figure 9). The difference between the two mouse models could be explained by the
influence of immune cells surrounding and interacting with T cells. As the CD4-Cre x
Miz-1"" mouse model has a T cell-specific deletion, Miz-1 deficiency in Vav-Cre x Miz-1%f
mice is observed in all hematopoietic cells. Thus, myeloid cells and B cells possess the
Miz-1 POZ domain deletion, which affects their phenotype and function as well. The site of
T cell activation is the immunological synapse, which is formed by the interaction of a
T cell with an antigen-presenting cell (APC) (Yokosuka and Saito, 2009). Therefore,
activation of Miz-1-deficient T cells might be altered in Vav-Cre x Miz-1"" mice due to
Miz-1-deficient B cells and monocytes. Since different types of immune cells are affected
in this strain, alterations in circulating factors such as chemokines and cytokines might
also influence phenotypical differences. Moreover, T cells emigrating from the thymus
might be differentially affected, depending on the chosen mouse model. In Vav-Cre x
Miz-1"" mice, the POZ domain deletion of Miz-1 affects early T cell differentiation, which is
characterized by developmental blocks and thymic atrophy (Saba et al., 2011b). A
“pseudo-activated” signature of surface receptor expression is for instance not unlikely in

Vav-Cre x Miz-1"" mice.
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Interestingly, reports have noted a homeostasis-driven proliferation of naive CD8" T cells
independent of cognate antigens in a depleted lymphoid compartment. During this
proliferation, the naive CD8* T cells convert into T cells acquiring a memory-like
phenotype, which is characterized by functional adaptations and the upregulation of
several surface markers such as CD44 (Goldrath et al., 2000). As mild lymphopenia was
observed in spleens of CD4-Cre x Miz-1"" mice and to a stronger extent in Vav-Cre x
Miz-1"" mice, the conversion of naive T cells into memory-like T cells is likely. Naive
T cells would masquerade as Twu cells and this would account for the high frequencies of
Twm cells observed in this thesis. The survival of naive T cells was shown to be dependent
on IL-7 and access to this cytokine is diminished in the course of aging, since the
microenvironment of lymph nodes undergoes age-related changes (Becklund et al.,
2016). Alterations in the maintenance of true naive T cells are causative for the
conversion of some of these cells into memory-like cells, termed virtual memory T (Tywm)
cells (Nikolich-Zugich, 2018). An increase in Tu frequencies in Miz-1-deficient mice is
similar to a previous observation showing that the majority of the CD8" Tcm cells, which
accumulated in old naive mice, are not Twu cells but are actually Tym cells that developed
without antigenic stimulation (Chiu et al., 2013). For distinguishing between Tywm cells and
the true antigen-experienced Tcwm cells, the authors use the marker CD49d, which is not
upregulated by Tym cells (Chiu et al., 2013). The use of different antibody panels for flow
cytometry could give new insights into the role of Miz-1 in T cell activation and aging.

Memory turnover, a process important for the maintenance of Twu cells, is characterized by
a basal cytokine-driven proliferation and an equivalent cell death rate (Harty and
Badovinac, 2008). Alterations in the memory turnover due to the observed accelerated
proliferation of activated Miz-1-deficient T cells could also account for an increase in
Twm cells. Contradictory to this hypothesis are the excessive death rates detected for
activated Miz-1-deficient T cells. To unravel whether different cell populations possess a
distinct responsiveness, proliferation and apoptosis assays for naive and memory T cells

should be performed.

In summary, functional Miz-1 is necessary to control peripheral T cell populations as well
as ratios of CD4* and CD8" T cells (Figure 28). After T cell activation, Miz-1 is important
to control adequate proliferation and apoptosis rates of T lymphocytes. Adult Miz-1-
deficient mice exhibit a premature aging phenotype characterized by less naive and more
memory or rather virtual memory T cells (Figure 28). This premature aging signature gets
even more pronounced in old Miz-1-deficient mice. In conclusion, Miz-1 is suggested to be

a novel regulator of T cell aging.

87



Miz-12POZ T cells... Miz-1is ...

... a regulator of peripheral T cell
populations

©© T cell pool

shrinks

... a regulator of proliferation after
T cell activation

faster
CD4-Cre x : proliferation
Miz-1

N

strong ) _ .
apoptosis .. preventing excessive apoptosis after
induction T cell activation

@ ‘L premature
aging
@ A phenotype

Figure 28: Schematic overview summarizing key findings.

... a novel regulator of T cell aging

By analyzing CD4-Cre x Miz-1"" (Miz-127%2) mice, which possess a T cell-specific deletion
of the POZ domain of Miz-1, several new functions of Miz-1 in T lymphocytes were
unraveled: (1) Miz-1 is an important regulator for the maintenance of the peripheral T cell
pool. (2) Following T cell activation, Miz-1 is necessary to control proper proliferation since
Miz-1-deficient T cells proliferate faster concomitant with reduced levels of Cdkn1a (p21).
(3) Miz-1 prevents an excessive induction of apoptosis after T cell activation. The strong
apoptosis induction due to Miz-1 deficiency is accompanied by increased levels of cleaved
caspase 8 (cl. Cas 8), an initiator caspase of the extrinsic apoptosis pathway. (4) Miz-1 is
suggested to be a novel regulator of T cell aging. Miz-127%Z T cells exhibit a premature
aging phenotype, characterized by a reduced naive T (Tn) cell pool and increased
frequencies of memory T (Tw) cells.
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5.4 Conclusions

Altogether, the present thesis unravels a critical role of the transcription factor Miz-1 for
T cell maturation and activation. An important observation was the reduction of peripheral
T cells due to Miz-1 deficiency. T cells lacking functional Miz-1 showed also multiple

defects after activation, e.g., altered proliferation rates and excessive apoptosis.

Interestingly, the deletion of the POZ domain of Miz-1 had a differential impact on CD4*
and CD8* T cells and this might reflect different requirements for the immune responses
of these cell types. Since in vitro experiments with Miz-1-deficient T cells might not reflect
their responses in vivo, mouse experiments would be helpful to unravel the impact of
Miz-1 under more physiological conditions. Meaningful experiments would be adoptive
transfer assays to study proliferation and apoptosis in vivo. Analyzing this for CD4* and
CD8* T cells would give insight into their functionality and responsiveness. In addition,
examining the role of Miz-1 in T cell-mediated immune responses by various infection
assays and, in addition, observing T cell memory formation after a viral or bacterial

infection in a Miz-1-deficient background would reveal the role of Miz-1 in this process.

Excessive apoptosis induction was observed after activation of T cells with a functional
Miz-1 deletion and results point towards a p53-independent mechanism. Thus, it would be
interesting to cross the utilized mice with another mouse line containing a p53 deletion
(Miz-1"" p537) and perform experiments such as apoptosis assays and gene expression
analysis. Since Miz-1-deficient T cells showed differences in post-activation-associated
populations as well as expression levels of several genes, transcriptome analysis would
help to identify target genes of Miz-1, which are differentially expressed in young and old

T cells as well as after T cell activation.

Experiments with Miz-1 gain of function approaches in T cells need to be researched to
further dissect the role of Miz-1 in lifespan and aging. This would help to understand
whether Miz-1 should be considered for pharmacological interventions for immune aging
or to achieve a proper immune response after vaccinations. However, the role of Miz-1 in
tumor development and progression should be taken into account here. Moreover, ex vivo
approaches of aged T cells would be helpful to eliminate potential age-related effects of
the cellular environment. An important process of unstimulated as well as activated T cells
is the metabolism, which was not covered in this thesis so far. Additional experiments

need to be performed to map out a possible role of Miz-1 in T lymphocyte metabolism.
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6. Supplemental figures
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Figure 29: Targeting strategy of the Zbtb17 locus.

Scheme of the Zbtb17" allele with untranslated exons (white boxes) and translated exons
(black boxes) is illustrated. LoxP sites flank exons 3 and 4 to delete the POZ domain of
Zbtb17 by Cre-mediated recombination. Location of primers P1 (Miz-1_P1), P2
(Miz-1_P2), and P3 (Miz-1_P3) used for genotyping the deletion of the POZ domain-
encoding exons is indicated.
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Figure 30: Deletion of functional Miz-1 decreases naive T cells in adult mice.

Splenocytes of adult (2 — 4 months) control and Vav-Cre x Miz-1"" mice were analyzed for
absolute numbers of naive (CD44"°, CD62L"), central memory (Tcuw; CD44" CD62L"), and
effector memory T cells (Tem; CD44", CD62L"°) within (A) the CD4* or (B) the CD8*
compartment. Splenic cells were used for the negative selection of T cells prior to flow
cytometry. The antibodies CD4, CD8, CD44, and CD62L were used to distinguish T cell
subsets by flow cytometry after debris exclusion via FSC/SSC scattering. Absolute
numbers are depicted in bar diagrams as mean + SD. P values were calculated using
unpaired Student’s t-test. An unpaired Student’s t-test with Welch’s correction was
applied if variances between populations were unequal. Results were obtained from 3 (A,
B) independent experiments.
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Figure 31: Deletion of functional Miz-1 depletes naive T cells in aged mice.

Splenocytes of aged (18 months) control and Vav-Cre x Miz-1"" mice were analyzed for
absolute numbers of naive (CD44", CD62L"), central memory (Tcuw; CD44" CD62L"), and
effector memory T cells (Tem; CD44", CD62L"°) within (A) the CD4* or (B) the CD8" cell
compartment. Cell suspensions were stained with an antibody mixture of CD4, CD8,
CD44, and CD62L. Debris was excluded via FSC/SSC scattering and cells were pre-
gated on living cells (DAPI). Absolute numbers are depicted in bar diagrams as
mean + SD. P values were calculated using unpaired Student’s t-test and a Welch's
correction was applied if variances between populations were unequal. Results were
obtained from 3 (A, B) independent experiments.
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Figure 32: Thymic characterization of Miz-1-deficient mice.

Adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-12P°%) mice were analyzed for
the total amount of thymocytes. Diagram represents cell numbers as mean + SD.
Statistical analysis was performed using an unpaired Student’s t-test. P value is indicated.
Data are representative of 6 independent experiments.
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Figure 33: Reduction of Miz-1-deficient T cells in blood.

Adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-12P°%) mice were analyzed for
T cells in different compartments by flow cytometry using B220 and CD90.2 antibodies.
Frequencies of T cells (CD90.2%, B220) in (A) blood and (B) lymph nodes after red cell
lysis are shown. Cells were pre-gated on FSC/SSC for debris exclusion and living cells
(DAPI"). Percentages are depicted as mean + SD. Significances were calculated using
unpaired Student’s t-test and P values are indicated. Data are representative of 5 (B) or 3

(A) independent experiments.
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Figure 34: Analysis of apoptosis after T cell activation and irradiation.

Splenic T cells of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-127%%) mice
were isolated by negative selection and activated with anti-CD3 and anti-CD28 in culture.
T cells were either analyzed 48 h after activation (Non IR) or irradiated after 24 h with
2 Gy of y-irradiation (IR) and analyzed 24 h post-IR. Apoptosis of T cells was examined by
flow cytometry using fluorochrome-labeled Annexin V, after debris exclusion via FSC/SSC
scattering. The frequency of Annexin V* cells is depicted as mean + SD. Significances
were calculated using unpaired Student’s t-test. Pvalues are indicated. Data are
representative of 3 independent experiments.
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Figure 35: Apoptosis-related gene expression is not altered in Miz-1-deficient

T cells.

Spleens of adult (2 — 4 months) control and CD4-Cre x Miz-1"" (Miz-12P9%) mice were
isolated and T cells were obtained by negative separation. Directly after T cell isolation, a
gRT-PCR was performed. Gene expression of the indicated transcripts was measured
and fold change relative to control T cells was calculated using the comparative AACt
method and normalized to Actb (Actin Beta). Data are representative of one experiment
performed in technical triplicates.
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