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ABSTRACT

ABSTRACT

Under resting conditions, the immune system has to maintain a homeostasis, but responds
rapidly to a wide range of pathogens. CD8* T cells, a subpopulation of leukocytes, play an
important role in eliminating intracellular pathogens, such as Listeria monocytogenes, by
targeting infected cells. Upon infection, CD8* T cells are activated, expand and produce
effector molecules, such as interferon-y and granzyme B. After successful elimination of
the pathogen, the CD8* T cell pool contracts and leaves behind a small population of
pathogen-specific memory CD8* T cells, persisting for many years or even lifelong in the
host. Upon a secondary infection with the same pathogen, this population rapidly re-
expands and mediates immediate protection. The major regulator of the CD8* T cell
response is NF-xB, which mediates activation, expansion and production of effector
molecules. The ubiquitin-modifying enzyme A20 (TNFAIP3) negatively regulates NF-xB
activation.

To study the T cell-specific function of A20 in bacterial infection, we intravenously infected
mice lacking A20 specifically in T cells (CD4-Cre A20%) and A20-competent mice with
Listeria monocytogenes. Interferon-y and granzyme B-producing A20-deficient pathogen-
specific CD8* T cells expanded stronger, resulting in an improved pathogen control at day
7 p.i. compared to the A20-sufficient counterparts. Surprisingly, upon secondary infection
at day 50 p.i., expansion of pathogen-specific CD8" T cells and pathogen control were
significantly impaired in CD4-Cre A20%! mice. Imaging flow cytometry revealed that the
reduced secondary CD8" T cell response was caused by an increased apoptosis and
necroptosis of A20-deficient pathogen-specific effector, effector memory and central
memory CD8" T cells after day 7 p.i. In vitro, apoptosis and necroptosis of T cell receptor-
stimulated A20-deficient CD8" T cells were strongly induced, accompanied by increased
caspase-3/7 activity, caspase-3 cleavage and RIPK1/RIPK3 complex formation.
Furthermore, A20-deficient CD8" T cells expressed significantly more CD95, which was
completely abolished in vitro by inhibition of NF-kB. CD95L stimulation resulted in
increased active caspase-3/7 and cell death of A20-deficient CD8* T cells indicating that
A20 limited cell death by reducing NF-kB-dependent CD95 expression.

In conclusion, this study uncovers that T cell-specific A20 limits the expansion of Listeria-
specific CD8* T cells but reduces apoptosis and necroptosis resulting in an impaired
clearance of Listeria in primary but improved control in secondary infection.
Understanding mechanisms of T cell responses and development of memory T cells will be

helpful in designing new vaccination strategies to boost T cell immune responses.

1AY
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INTRODUCTION

1. INTRODUCTION

Organisms are in constant exchange with their environment. These interactions can have
a profitable or harmful outcome. While nutrition, light and other factors have a beneficial
effect; parasites, viruses and bacteria can have a detrimental or even deadly effect on the
organism. The key mechanism of a multicellular organism to cope with these pathogens is
the immune system. It can distinguish self from non-self antigens and induces a complex
and multifaceted response to the latter.

The immune response is broadly regulated by the NF-kB (nuclear factor kappa-light-chain
enhancer of activated B cells) transcription family. NF-«xB mediates activation,
proliferation, cytokine production and survival of the immune cells in response to the
surrounding environment. Downregulation of NF-kB, and thereby the immune system, is
associated with cancer development or increased risk of infection. However, an
overshooting immune response can induce immunopathology, autoimmune disease and
allergic reactions.

To maintain the balance between protective and harmful reactions of the immune system,
NF-«B has to be tightly regulated by the modulation of upstream signaling events.
Ubiquitination is a posttranslational modification regulating signal transduction.
Removal of ubiquitin from the substrate by deubiquitinating enzymes, such as A20, can
inhibit or redirect signal transduction.

In the course of infection, a tight regulation of the complex network of signal-transducing
molecules is crucial. Investigations on regulators in this network contribute not only to
our understanding of the immune system but also pave the way for future clinical research

and drug development.



INTRODUCTION

1.1 T lymphocytes

The immune system comprises of two parts which closely interact with each other: the
innate immune system, generally considered to be the first line of defense, and the specific
adaptive immune system comprising of highly specialized cells mediating pathogen
elimination as well as the induction of immunological memory. The T lymphocytes are key
members of the adaptive immune system. Depending on their surface glycoproteins, they
can be further divided into two major subtypes, CD4 (cluster of differentiation 4) or CD8
T lymphocytes: CD4+ T lymphocytes, also named T helper cells, mainly regulate the
immune response by releasing cytokines and chemokines to activate or suppress other
immune cells. CD8" T lymphocytes, also called cytotoxic T lymphocytes (CTLs), directly

kill infected or damaged cells as well as cancer cells.

1.1.1 T cell development

T lymphocyte progenitors develop from the haematopoietic stem cells in the bone marrow.
The progenitor cells then migrate to the cortex of the thymus, the primary lymphoid organ,
where the maturation is initiated. The maturation process is divided into three different
stages, depending on the expression of CD4 and CD8 surface markers: double-negative,
double-positive and single-positive. The T lymphocyte progenitors enter the thymus as
double-negative (CD4-CD8&-). During this stage the pre-T cell receptor (TCR) is expressed,
consisting of a pre-a-chain and a rearranged B-chain. Beta-selection takes place, a process
where T cells with non-functional TCRs undergo apoptosis. T cells with a functional
pre-TCR receive a weak signal, necessary for survival and enter the double positive stage
(CD4*CD8%). During this stage, rearrangement of the a-chain occurs, resulting in the
development of a complete aff TCR (Klein et al., 2016). Thereafter, positive selection takes
place, where the thymocytes bind to cortical epithelial cells, which highly express major
histocompatibility complex (MHC) class I and II molecules, presenting self-antigens.
T cells unable to bind to the MHC molecule undergo apoptosis, while successful binding
leads to maturation of the thymocyte into either CD4* (T helper cells; recognizing
MHC class IT) or CD8* T cells (cytotoxic T cells; recognizing MHC class I). During the
single-positive stage the thymocytes migrate from the cortex to the medulla where
negative selection takes place. Thymocytes with a high affinity for binding self-antigen
are considered autoreactive, and, therefore, undergo cell death. Thymocytes with low or

weak TCR affinity pass the selection process and are released into the periphery (Germain,
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2002). The mature T lymphocytes harbor in the secondary lymphoid organs such as lymph
nodes and spleen, where they become activated upon encountering antigens during

infection.

1.1.2 T cell receptor

The activation of T lymphocytes is dependent on the presentation of antigen by
professional antigen presenting cells (APCs) such as dendritic cells. APCs process and
present antigens on MHC molecules. The T cell receptor (TCR), as a T lymphocyte-specific
receptor, is responsible for the recognition of antigens presented by the MHC molecule.
Interaction of the TCR with the antigen/MHC-complex, leads to T cell activation, induction
of cell proliferation, migration to the site of infection and production of effector molecules.
While a minority of T lymphocytes express a TCR with yd-chains, the most common TCR
is a heterodimer comprising of the a- and B-subunit, each consisting of a constant region
and a variable, antigen binding region (Figure 1). Associated with the TCR is the CD3 co-
receptor, which comprises of four chains, a CD3y chain, a CD3d chain and two CD3¢ chains.
Together with the intracellular located T-chain, these components form the TCR complex

(Choudhuri and van der Merwe, 2007).
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Figure 1: The T cell receptor complex.

The TCR complex comprises of the T cell receptor, the CD3 co-receptor and the T-chain. The a- and p-chain of
the TCR each consist of two extracellular domains: a constant (C) region and a variable (V) region. The variable
region recognizes antigen by binding to the peptide/MHC complex. The co-receptor CD3 consists of the y-chain,
d-chain and two g-chains. TCR T cell receptor; CD3 Cluster of differentiation 3.
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Each T cell recognizes a different antigen via the variable region in the TCR. This diversity
is achieved during T cell development in the thymus by TCR gene rearrangement.
Recombination resulting in random antigen-binding sites of the a- and B-TCR chains

allowing the recognition of a great variety of antigens.

1.1.3 The T cell network

Initially, a T cell progenitor gives rise to either a yd- or a-T cell in the thymus.

of-T cells are then further subdivided into natural killer- (NKT-), regulatory T cells (Tregs),
CD4* T helper cells and CD8* T cells. NKT cells preferably recognize foreign lipids and
glycolipids, e.g. from Mycobacterium tuberculosis (Chackerian et al., 2002). Malfunction of
NKT cells leads to autoimmunity and cancer development. (Berzins et al., 2011)

Tiegs play a crucial role in the maintenance of immune homeostasis. They prevent
inflammation and autoimmune disease by production of anti-inflammatory cytokines like
interleukin- (IL-) 10 and transforming growth factor beta (TGFp) (Vignali et al., 2008).
Upon activation in the periphery, CD4* T helper cells (Tr) are differentiated based on their
cytokine profile into the three main lineages Tnl, Th2 and Twl7, which perform different
functions in immune regulation and infection. Thl lineage cells promote the clearance of
intracellular pathogens by inducing microbicidal activity of macrophages via IFN-y
secretion (Zhu and Paul, 2009). In addition, Thl cells mediate memory CD8" T cell
development in an IL-2-dependent manner (Williams et al., 2006). Malfunctions of
Thl cells can mediate organ-specific autoimmunity, e.g. insulin-dependent diabetes
mellitus or experimental autoimmune encephalomyelitis (EAE) (Trembleau et al., 1999;
Zhu and Paul, 2009). Tu2 lineage cells mainly produce I1.-4 and IL.-10 and defend the host
against extracellular parasites, but a dysfunctional Th2 response can induce asthma and
other allergic diseases (Zhu and Paul, 2009). Thl7 lineage cells mediate an immune
response against extracellular bacteria and fungi, but on the other hand are inducers of
autoimmune diseases like multiple sclerosis, rheumatoid arthritis, inflammatory bowel
disease or systemic lupus erythematodes (Bedoya et al., 2013).

Upon infection with intracellular pathogens, such as viruses or certain bacteria e.g.
Listeria monocytogenes, naive CD8" T cells develop into effector CTL and mediate a strong
immune response. Dysfunctional CD8* T cells might induce autoimmune diseases
including hepatitis, systemic lupus erythematosus and type-1 diabetes (Blanco et al., 2005;
Graham et al., 2011; Ichiki et al., 2005).
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1.1.4 Immune response to Listeria monocytogenes

Food-borne pathogens are very common and infect worldwide millions of people every
year. Listeriosis, caused by the Gram-positive bacterium Listeria monocytogenes may lead
to mild symptoms including fever, headache, nausea and diarrhea. However, in particular
in infants, immunocompromised individuals as well as the elderly, L. monocytogenes may
cause a life-threatening sepsis, meningitis and encephalitis. During pregnancy,
L. monocytogenes can be transmitted hematogenously via the placenta resulting in severe
complications for the fetus (Hamon et al., 2006).

L. monocytogenes is a widely used model organism to study host-pathogen interactions
and has contributed profoundly to our understanding of cellular immune responses (Shen
et al., 1998). In a systemic L. monocytogenes infection the pathogen disseminates via the
blood stream to the liver and the spleen, where it is internalized by macrophages (Pamer,
2004). In the liver, L. monocytogenes then transmigrates to hepatocytes, the major
replication site. As a facultative intracellular pathogen, L. monocytogenes is able to survive
and replicate in phagocytic cells, such as macrophages, as well as a wide range of non-
phagocytic cells, e.g. epithelial cells and hepatocytes. Inside the host cell, the bacterium
replicates and directly spread to neighboring cells, thereby evading antibody
neutralization.

Bacterial antigens or pathogen associated molecular patterns (PAMPs), including the
cytolytic listeriolysine O and the membrane component peptidoglycane of L.
monocytogenes are recognized via specific pattern recognition receptors (PRRs) such as
Toll-like receptors (TLRs) by innate immune cells (Stavru et al., 2011). The detection of
PAMPs leads to an activation of the innate immune cells, recruitment to the site of
infection to limit the bacterial growth, induction of cytokine and chemokines production
to further recruit leukocytes (Schuppler and Loessner, 2010). Nevertheless, CD8* T cells
play a crucial role for the final elimination of L. monocytogenes (Pamer, 2004). The
classical T cell response can be divided into three phases: (1) expansion phase,
(i1) contraction phase and (ii1)) memory phase (Figure 2). During the expansion phase
bacterial antigens are presented via the MHC class I receptor of APCs, which are then
recognized by CD8* T cells. Activated CD8* T cells undergo clonal expansion, differentiate
into CTLs and migrate to the site of infection where they secrete effector molecules such
as granzyme B and perforin, leading to the lysis of infected cells. Furthermore, CTLs
produce pro-inflammatory cytokines such as interferon gamma (IFN-y) and tumor necrosis
factor (TNF) which induces chemokine-mediated recruitment of innate immune cell to the

site of infection (Stavru et al., 2011).
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Figure 2: T cell response during primary and secondary bacterial infection.

Infection with the intracellular pathogen L. monocytogenes induces a potent CD8" T cell response. After the
contraction phase where most of the pathogen-specific T cells die, a small pool of memory T cells is generated.
These memory T cells confer protective immunity against a second infection with the same pathogen. Orange
filled curve: bacterial growth; blue curve: number of pathogen-specific CD8* T cells (adapted and modified
from Kaech et al., 2002).

After the elimination of the pathogen, the contraction phase of the pathogen-specific T cell
pool is initiated. The contraction is mainly mediated by activation-induced cell death
(AICD) and activated cell-autonomous death (ACAD). AICD is a Fas (CD95)-dependent
process, initiated upon persistent TCR stimulation. ACAD, also called “death by neglect”,
occurs due to a lack of survival signals (Krammer et al., 2007; Krueger et al., 2003).
Around 90-95 % of the cells undergo cell death, leaving a small pool of memory T cells
(Tmem) behind (Jameson, 2002; Sprent and Tough, 2001). Many extrinsic and intrinsic
factors influencing the formation and function of CD8* Tmem have been identified so far.
CD4* T cells, although not crucial for the clearance of L. monocytogenes, are required
during the primary response for the generation of a functional CD8" Tmem compartment.
Mice lacking CD4* T cells, have an impaired secondary CD8* T cell response, characterized
by increased bacterial burden as well as reduced CD8" Tuem proliferation and cytokine
production (Shedlock and Shen, 2003; Sun and Bevan, 2003).

Tmem derive from effector T cells, but, not all effector cells can turn into memory cells. The
heterogeneous pool of effector CD8* T cells can be characterized by their ability to
transform into memory T cells. Short-lived effector cells (SLEC) express
killer cell lectin like receptor G1 (KLRG-1kigh) but not IL-7Ra (CD127%%) and are not

maintained after the infection is cleared.
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Memory precursor effector cells (MPEC), however, express CD127, but not KLRG-1 and
survive the primary T cell response. Both, MPEC and SLEC, arise from the
KLRG-1vCD127v early effector cells (EEC) (Joshi et al., 2007; Zhang and Bevan, 2011).
Over time MPECs transition into memory T cells, which can be further divided into two
functionally different subsets: CD62LkiebCD127high central memory T cells (Tcm) and
CD62LvCD127high effector memory T cells (Tem) (Huster et al., 2004). Tem, which migrate
through spleen, blood and non-lymphoid tissue, provide immediate effector function,
including cytolytic activity and secretion of cytokines. Tcm, by migrating through
secondary lymphoid organs such as spleen and lymph nodes but not non-lymphoid tissue,
provide less effector function, but proliferate and differentiate rapidly to effector cells after
antigen recognition (Sallusto et al., 2004).

During the memory phase, a second encounter with L. monocytogenes initiates a rapid
expansion of memory T cells, leading to an immediate, strong protective immunity and
faster bacterial clearance (Figure 2). Many factors contribute to this feature: 1) an
increased number of pathogen-specific cells, i1) enhanced activation status of CD8" Tmem,
111) reduced stimulation threshold and iv) a faster and stronger effector function of the
memory T cells (Sallusto et al., 2004; Seder and Ahmed, 2003).

All these processes must be carefully regulated to maintain a balanced immune response.
While an overshooting response can cause autoimmune diseases and hyperinflammation,
a compromised immune response leads to increased susceptibility to infection and cancer
development. Key regulators of the immune system are members of the transcription

factor nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-kB) family.
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1.2 NF-xB pathway

Cellular processes such as development, proliferation, production of effector molecules and
cell survival are strongly dependent on the regulation by members of the NF-kB family (Li
et al., 2002). Five members belong to this family: RelA (p65), RelB, c-Rel, NF-xB1 and
NF-kB2 (Figure 3A) (Oeckinghaus and Ghosh, 2009).
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Figure 3: Domain structure of the NF-xB- and IxB- family.

A| The mammalian NF-kB family consists of the members: RelA (p65), RelB, cRel, NF-xB1 (p105/50) and
NF-kB2 (p100/p52). All of them share a Rel-homology domain (RHD) at the N-terminal region. In addition,
RelA, RelB and c-Rel have a non-homologous transactivation domain (TAD) at the C-terminus. RelB, as the
only member, has a leucine-zipper motif (LLZ) at the N-terminus region. Instead of a transactivation domain,
p105/p50 and p100/p52 share glycine-rich regions (GRR) and ankyrin (ANK) repeats. The precursors p105 and
p100 function as inhibitors of NF-kB. After proteasomal degradation the subunits p50 and p52 are released
and act as NF-kB transcription factors. B| The IkB family contains the typical members IkBa, Ik Bp, IxBe and
the atypical members IxBC, IkBNS and Bcl-3. All inhibitors are characterized by their ANK domains (adapted
and modified from Ghosh and Hayden, 2008).

All members share a highly conserved domain called Rel homology domain (RHD),
required for dimerization, nuclear localization and DNA binding (Ghosh et al., 1998).
Furthermore, RelA, RelB and c-Rel possess a transactivation domain (TAD), important for
activation of target gene transcription. NF-kB1, also called p50, is derived from the
precursor pl05, while NF-xkB2, also called p52, is derived from the precursor p100
(Oeckinghaus and Ghosh, 2009). Both transcription factors lack a transactivation domain
and, therefore, can only initiate transcription by formation of heterodimers with RelA,

RelB c-Rel or other factors (Ghosh and Hayden, 2008). In unstimulated cells, the members
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of the NF-xB family are sustained inactive in the cytoplasm by interaction with an
inhibitor of kappa B (IxB).

Three groups are described in the IxB protein family: the typical inhibitors (IxBa, IkBf
and IkBe), the atypical inhibitors (IkBT, IKkBNS and B cell lymphoma (Bcl) 3) (Figure 3B)
and the precursors p105 and p100 which can be cleaved to release p50 or p52, respectively
(Figure 3A). All members of the IkB family are characterized by the presence of ankyrin
(ANK) repeats, which mediate protein-protein-interactions (Ghosh and Hayden, 2008;
Oeckinghaus and Ghosh, 2009).

1.2.1 Canonical and non-canonical NF-xB pathway

NF-«B signaling is commonly divided into two main pathways, the canonical and the non-
canonical pathway, inducible by a broad range of different ligand-receptor interactions.
The canonical NF-xB pathway (Figure 4A) is activated by antigen receptors, TLRs and
cytokine signaling, e.g. via IL-1R or TNF-R (Verstrepen et al., 2008).

The signaling cascades, induced by different stimuli, lead to the phosphorylation and
activation of the IkB kinase (IKK) complex, which consists of two catalytical subunits
IKKo and IKKf and the regulatory subunit IKKy (also known as NF-kB-essential
modulator (NEMO)). This complex plays a key role in the activation of NF-kB, as the
inhibition of IKK leads to complete blockage of NF-xB activation. The activated IKK
complex phosphorylates kB, initiating ubiquitination and proteasomal degradation of
IkB. The NF-kB heterodimer is released and translocates to the nucleus to induce gene

transcription (Li et al., 2002).
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Figure 4: Canonical and non-canonical NF-«xB signaling.

Canonical and non-canonical NF-kB pathways are activated by different receptors. A| In the canonical NF-xB
pathway the IKKp subunit is activated by phosphorylation. The activated IKK complex then phosphorylates
IkB, bound to the NF-kB heterodimer (e.g. p50/p65). Activation of IkB leads to ubiquitination and proteasomal
degradation, therefore, releasing the NF-kB transcription factor. NF-kB then translocates to the nucleus and
induces transcription of immune regulatory genes.

B| The non-canonical NF-«B pathway is characterized by the activation of NIK, which in turn activates IKKa.
IKKa phosphorylates p100 (NF-kB2), leading to ubiquitination and proteasomal degradation, releasing the
p52/RelB heterodimer. The NF-kB subunit then translocates to the nucleus and activates transcription of
target genes. Red: K48-linked ubiquitin; blue: phosphorylation.

IxB: Inhibitor of kappa B; IKK: IxB kinase; P: Phosphorylation; K48: Lysine-48 linked polyubiquitin chain;
NIK: NF-«B inducing kinase; TLR: Toll-like receptor; LTBR: Lymphotoxin beta receptor; BAFF-R: B cell-
activating factor receptor. CD: Cluster of differentiation.

The non-canonical NF-kB pathway (Figure 4B) is activated by a variety of receptors,
belonging to the tumor necrosis factor (TNF) receptor (TNF-R) superfamily, such as the
Ilymphotoxin-beta-receptor (LTBR), B cell activating receptor (BAFF-R) or CD40. Non-
canonical NF-xB activity is regulated independently of IKKB and IKKy. The NF-xB
inducing kinase (NIK) phosphorylates IKKa, which then in turn activates p100. Activation
of p100 leads to its ubiquitination and proteasomal processing, releasing the p52/RelB
complex. This heterodimer translocates to the nucleus and induces gene transcription
(Sun, 2011). All of the NF-«B dependent signaling pathways share the common principle
of ubiquitination as a mode of signal transduction (Harhaj and Dixit, 2010).

10
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1.3 Ubiquitination/Deubiquitination

Ubiquitin, a 76 amino acid small peptide, is covalently attached to lysine (K) residues of
substrate molecules (Hershko et al., 1998). Ubiquitin regulates the stability, function or
localization of a protein. Ubiquitin molecules bind to the substrate by a process called
ubiquitination, which requires three enzymes E1, E2 and E3 (Figure 5) (Pickart and
Eddins, 2004).
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Figure 5: The processes of ubiquitination and deubiquitination.

For the process of ubiquitination, three classes of enzymes (E1, E2 and E3) are required. A| The ubiquitin-
activating enzyme (E1) activates the ubiquitin molecule, linking E1 with the ubiquitin. B| The ubiquitin
molecule is transferred to the ubiquitin-conjugating enzyme E2. C| E2 conjugates with a substrate-specific
ubiquitin ligase (E3). D| The E2-E3 complex binds to its target molecule and transfers the ubiquitin to the
substrate protein. Polyubiquitin chains are formed by repeating this process multiple times. E| The process
of ubiquitination is reversible and is mediated by deubiquitinating enzymes (e.g. A20), which remove ubiquitin
molecules from the substrate.

The ubiquitin-activating enzyme (E1) activates the C-terminal glycine of the ubiquitin
molecule in an ATP (Adenosine triphosphate)-dependent manner and is then linked to a
cysteine residue in the active site of E1 (Figure 5A). The ubiquitin is transferred to the
ubiquitin-conjugating enzyme E2 through ifrans-acylation (Figure 5B). Finally, E2

conjugates with a substrate-specific ubiquitin ligase (E3), which mediates the transfer of

11
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the ubiquitin to a lysine residue of the targeted substrate (Figure 5C+D). While only two
E1ls are encoded in the human genome, the specificity increases with at least 38 E2s and
between 600- 1000 existing E3s, making the process of ubiquitination highly elaborate and
diverse (Ye and Rape, 2009).

A protein may undergo a variety of different ubiquitin modifications, inducing different
physiological functions (Figure 6) (Hochstrasser and Amerik, 2004; Malynn and Ma, 2010).
Monoubiquitination describes the conjugation of one or more (multiple mono-
ubiquitination) ubiquitin molecules to the target lysine (K) residue. This process is mainly
involved in endocytosis, DNA repair, protein transport and histone modifications
(Kerscher et al., 2006). The ubiquitin molecule itself has seven lysine residues (K6, K11,
K27, K29, K33, K48 and K63), which can also be targeted as acceptor sites for the
ubiquitination process, leading to the formation of polyubiquitin chains and therefore, to
the execution of different cellular processes, such as proteasomal degradation, signal

transduction and DNA repair (Adhikari and Chen, 2009; Husnjak and Dikic, 2012).
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Figure 6: Diversity and cellular function of ubiquitin modifications.

Ubiquitin, an 8.5 kDa small protein, is added to a substrate as a post-translational modification. Different
types of ubiquitination can occur. Monoubiquitination is characterized by the addition of one or more (but
single) ubiquitin molecules to the target. The linkage of several ubiquitin molecules to one of the internal
lysine (K) residues (K6, K11, K27, K29, K33, K48 and K63) leads to polyubiquitination. Different ubiquitin-
linkages execute different functions within the cell.

While the function of K6, K11, K27, K29 and K33 polyubiquitin chains is not yet
completely understood, K48 and K63-linked ubiquitin are the most intensively studied
forms of ubiquitination. Both of them play an important role in the NF-xB signaling
pathway. Phosphorylation of IxBa via the IKK complex leads to the induction of the

ubiquitination process. K48-linked ubiquitin is added to IkBa, which is then targeted for
12
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degradation via the 26S proteasome, thereby releasing the NF-kB heterodimers p50/p65.
Upstream of the IKK complex, K63-linked polyubiquitination of a variety of substrates,
such as Receptor-interacting protein kinase 1 (RIPK1), TNF-receptor associated factor 6
(TRAF6) and Mucosa-associated lymphoid tissue lymphoma translocation protein 1
(MALT1), regulates induction of signal transduction (Donnell et al., 2007; Lamothe et al.,
2007; Oeckinghaus et al., 2007).

Ubiquitination is a reversible process, adding another level of complexity to this
posttranslational modification. Removal of ubiquitin molecules from substrates is
mediated by deubiquitinating enzymes like A20 (Figure 5E). Deubiquitination leads to the
termination of signal transduction by removal of ubiquitin chains from the target protein.
This process requires deubiquitinating enzymes (DUBs). In the human genome, 95
different DUBs are encoded, and can be divided into two classes: cysteine proteases and
metalloproteases with JAB1/MPN/Mov34 (JAMMSs) as their only member (Nijman et al.,
2005). Cysteine proteases can be further divided into four families according to their
structural specifications: ubiquitin carboxy-terminal hydrolases (UCHs), ubiquitin-
specific proteases (USPs), ovarian tumor proteases (OTUs), Machado-Josephin domain
proteases (MdJDs). The largest group of DUBs are the USPs with 53 genes identified in the
human genome among them the most intensive studied member Cylindromatosis (CYLD).
The second largest group, the OTU-family comprises 24 members in the human genome.
Among them are several important regulators of NF-kB signaling, such as OTU-domain
Ubal-binding protein-1 (Otubain-1 or OTUB1), Cezanne (OTUD7B) and the Tumor
necrosis factor alpha-induced protein 3 (TNFAIP3 or A20).

1.4 Immunoregulatory function of A20

A20 was first identified as a TNF-induced gene product in human endothelial cells
(Opipari et al., 1990). Subsequently, upregulation of A20 upon a variety of other stimuli
has been found in almost all cell types. A20 is induced by the NF-kB pathway. Upon
activation, A20 inhibits NF-kB mediated transcription, thereby, acting as a negative

feedback regulator in the NF-xB signaling pathway (Harhaj and Dixit, 2010).
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Figure 7: Domain structure of A20 and its biological characteristics.

A20 consists of an N-terminal OTU-domain, which catalyzes the deubiquitinating activity and the seven C-
terminal zinc-finger-domains. ZF4 mediates E3 ubiquitin ligase activity. The ubiquitin binding activity is
shared by ZF4 and ZF7. OTU: Ovarian tumor; ZF: Zinc finger; TAX1BP1: TAX1 binding protein 1; IKKy: IkB
kinase; ABIN1: A20-binding inhibitor of NF-kB (adapted and modified from Ma and Malynn, 2012).

Its deubiquitinating activity is mediated by the N-terminal OTU-domain (Figure 7),
preferentially cleaving K63-linked polyubiquitin from the target protein, thus, leading to
the termination of signal transduction. In addition, A20 adds K48-ubiquitin chains to the
substrate, targeting it for proteasomal degradation. Furthermore, A20 comprises of seven
zinc finger domains (ZF's) at the C-terminal region, each executing different functions like
interaction with ubiquitin-binding proteins such as A20-binding inhibitor of NF-xB
activation 1 (ABIN1), IKKy or TAX1-binding protein 1 (TAX1BP1). While substrate
binding, e.g. to RIPK1 is mediated by ZF1-3, ZF4 facilitates E3 ubiquitin ligase activity.
Furthermore, ZF4 as well as ZF7 display ubiquitin binding activity. Via ZF4-7, A20 binds
to E2 enzymes such as UBCH5A (Ma and Malynn, 2012).

Mice deficient for A20 (Tnfaip3’) die prematurely of cachexia and tissue inflammation
due to a hyperactivation of NF-kB (Lee et al., 2000), indicating a crucial role of A20 in
immune homeostasis.

In humans, single nucleotide polymorphisms (SNPs) and mutations in the Trnfaip3 gene
locus have been associated with a variety of autoimmune diseases, such as psoriasis,
systemic lupus erythematosus, rheumatoid arthritis, celiac disease, type 1 diabetes, as
well as lymphomagenesis (Fung et al., 2009; Graham et al., 2008; Honma et al., 2009; Kato
et al., 2009; Nair et al., 2009; Schmitz et al., 2009; Thomson et al., 2007; Trynka et al.,
2009). Therefore, conditional knock-out mice were generated to study the effects of A20 in

different cell populations.
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1.4.1 A20 in non-hematopoietic cells

SNPs in the Tnfaip3 locus are associated with inflammatory bowel disease (IBD)
(Barmada et al., 2004). However, mice with A20-deficient intestinal epithelial cells (IECs)
do not develop spontaneous IBD but are more susceptible to dextran sulphate sodium
(DSS) -induced colitis, associated with apoptosis of IECs. Upon TNF-treatment, these mice
suffer from inflammatory bowel disease pathology, characterized by loss of intestinal
tissue integrity and apoptosis of enterocytes. This leads to a systemic toxic reaction as a
result of infiltrating intestinal bacteria (Vereecke et al., 2010).

Polymorphisms in the human Tnfaip3 gene have also been associated with psoriasis. In
epidermal cells, A20 inhibits NF-kB activation upon stimulation of the ectodysplasin
receptor, a member of the TNF-R family. Epidermis-specific deletion of A20 in mice leads
to hyperproliferation of keratinocytes, disheveled hair, sebocyte hyperplasia and increased
nail growth (Lippens et al., 2011).

Recently, we showed that A20 in astrocytes plays an important role for the inhibition of
EAE in mice by suppressing chemokine production and thereby reduces CD4* T cell

recruitment and decreased demyelination (Wang et al., 2013).

1.4.2 A20 1in hematopoietic cells

Tnfaip3’ mice suffer from severe inflammation and die shortly after birth, thus, A20
seems to play an important role in the regulation of the immune system. Conditional knock

out mice were generated to study the immune cell type specific function of A20.

A20 in dendritic cells
We (Xuan et al., 2014) and others (Hammer et al., 2011; Kool et al., 2011) generated mouse

strains which lack A20 specifically in dendritic cells (DCs). All strains develop
splenomegaly and lymphadenopathy. The DCs mature spontaneously, are
hyperresponsive to CD40, RANK (Receptor activator of nuclear factor kappa B) and
lipopolysaccharide (ILPS) stimulation and produce increased amounts of cytokines.
However, major differences between the strains were observed. Systemic lupus
erythematosus-like symptoms, characterized by the presence of autoantibodies, arthritis
and glomerulonephritis occurred in the strain, characterized by Kool et al., (2011).
Furthermore, DCs from these mice upregulated antiapoptotic Bcl-2 and Bcl-x. In the

strain described by Hammer et al., (2011), IBD-like symptoms were observed,
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characterized by enthesitis, colitis and arthritis. The mouse strain, previously generated
in our lab, however, develops spontaneous hepatitis, characterized by inflammation of
immune cells into the liver (Xuan et al., 2014). Taken together, these data clearly

demonstrate the important role of A20 in the regulation of DC function.

A20 in myeloid cells

Mice with A20 deficient myeloid cells (macrophages and granulocytes), were generated to
study the role of A20 in rheumatoid arthritis. These mice developed severe spontaneous
polyarthritis with production of collagen autoantibodies and increased cytokine
concentrations in serum, resembling human RA. Sustained NF-xB activation and cytokine
production was observed in LPS-stimulated primary macrophages. The polyarthritis
phenotype was TNF-R-independent but I1.-6 and MyD88 (myeloid differentiation primary-
response gene 88) -dependent. Furthermore, osteoclastogenesis was promoted in myeloid
A20-deficient mice (Matmati et al., 2011).

In contrast to the severe autoimmune phenotype, infection of these mice with a lethal dose
of influenza A virus resulted in a protective immune response. Macrophages were
hyperresponsive to double stranded RNA and influenza A viruses, indicated by increased

NF-«B activation as well as cytokine and chemokine production (Maelfait et al., 2012).

A20 in mast cells

Mast cells play an important role in mediating allergic reactions and anaphylaxis. A20
deficiency in mast cells induced an increased pro-inflammatory response upon stimulation
with IgE/FceRI, TLRs, IL-1R and IL-33R, and resulted in aggravated lung inflammation,
late phase cutaneous anaphylaxis and collagen-induced arthritis. However, instant
degranulation, the release of mediators such as histamines, proteases and heparin, was

not regulated by A20 (Heger et al., 2014).

A20 in B Lymphocytes

B lymphocytes as a part of the adaptive immune system play an important role in the
pathogen control by production of antibodies. In humans, A20 acts as a tumor suppressor
in Hodgkin lymphoma. We (Hévelmeyer et al., 2011) and others (Chu et al., 2011; Tavares
et al., 2010) generated mouse strains lacking A20 specifically in B lymphocytes. A20-
deficient B cells from all strains exhibited increased responsiveness to stimuli such as LPS
and anti-CD40 and increased survival. Furthermore, a mild autoimmune phenotype, but
no development of spontaneous B cell lymphomagenesis was observed. Tavares et al.

(2010) reported a resistance to Fas-induced apoptosis due to increased expression of
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antiapoptotic Bcl-x, resulting in improved B cell survival. Furthermore, these mice had
elevated numbers of germinal center B cells and increased levels of autoantibodies. Mouse
strains from Chu et al. (2011) and Hévelmeyer et al. (2011) developed inflammation and

autoimmunity in aged animals.

A20in T Lymphocytes

Already under unstimulated conditions A20 is highly expressed in T lymphocytes,
suggesting an important function of A20 in T cells. In addition to our mouse strain, two
mouse strains with A20-deficient T cells were generated independently. Giordano et al.
(2014) described lymphadenopathy and mild organ infiltration in naive mice, after
selective deletion of A20 in mature T cells. Furthermore, A20-deficient CD8" T cells were
highly activated, produced more cytokines and showed improved anti-tumor activity. The
second strain, described by Onizawa et al. (2015), developed less severe EAE compared to
control mice, due to reduced lymphocyte infiltration. Increased formation of the
RIPK1/RIPKS3 complex in A20-deficient CD4* T cells, induced necroptosis of these cells in

vitro and in vivo.

1.4.3 Role of A20 in NF-kB signaling

NF-«B is a major regulator of the innate and adaptive immune system and, thus, plays a
crucial role in immune homeostasis and inflammatory responses (Vallabhapurapu and
Karin, 2009). As a negative feedback regulator of NF-kB, A20 is involved in different,
ubiquitin-dependent, cell type specific signaling pathways in innate immune cells (e.g.
TLR signaling, Figure 8B), adaptive immune cells (e.g. TCR signaling, Figure 8A) and
general signaling pathways (e.g. cytokine signaling, Figure 8C) (Bhoj and Chen, 2009).

T cell activation is mediated by the TCR recognition of antigen presented on the MHC
molecule on APCs. Additionally, the co-stimulation of CD4 or CD8 and CD28 by CD80 or
CD86 is necessary for an efficient T cell activation. Upon activation, Lck (lymphocyte-
specific protein tyrosine kinase) phosphorylates the CD3C-chain and, thereby, enhancing
the affinity of ZAP-70 (Zeta-chain-associated protein kinase 70) binding (Wang et al.,
2010). The activated form of ZAP-70 initiates the downstream signaling to the
phospholipase C, gamma 1 (PLCy1l) and protein kinase C theta (PKC8), activating the
complex consisting of Bcl-10, MALT1 and caspase recruitment domain-containing

protein 1 (Carmal). K63-linked ubiquitin is added to MALT1, promoting the recruitment
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and activation of the IKK complex (Thome et al., 2010). A20 negatively regulates TCR
signaling by removing K63-linked ubiquitin chains from MALT1, thereby inhibiting
NF-kB activation (Duwel et al., 2009) (Figure 8A).

Upon TLR activation by their cognate ligands, e.g. LLPS, the adaptor protein MyD88 is
recruited to the receptor, leading to the association with IRAKs (IL-1 receptor associated
kinases). IRAKs mediate the activation of TRAF6, which facilitates the K63-linked
ubiquitination and downstream activation of the transforming growth factor p-activated
kinase (TAK1) and TAK-binding protein (TAB) complex (Li et al., 2010). A20 terminates
TLR signaling by deubiquitination of TRAF6, thereby inhibiting the downstream
signaling and NF-xB activation (Boone et al., 2004) (Figure 8B).

The role of A20 as a negative feedback regulator of NF-«xB was first described in the TNF-R
signaling. Trimerization of the TNF-R facilitates recruitment of the adaptor proteins Fas-
associated death-domain (FADD) and TNF-R-associated death-domain (TRADD) to the
receptor. TRADD activates RIPK1, which leads to K63-linked ubiquitination by the
cellular inhibitor of apoptosis (cIAP). The complex of TAK1, TAB1 and TAB2 is recruited
by binding of K63-linked ubiquitin through the ubiquitin binding domains, leading to the
activation of TAK1l. TAK1 then promotes the activation of the IKK complex by
phosphorylation of IKKfB. IKKf mediates the phosphorylation of IkBa, leading to K48-
linked ubiquitination and proteasomal degradation. NF-kB subunits p50 and p65 are
released and translocate to the nucleus to initiate transcription. A20 modulates TNF-R
signaling by deubiquitinating RIPK1. In addition, A20 can act as an E3 ligase, adding
K48-linked ubiquitin to RIPK1, leading to proteasomal degradation and inhibition of
signal transduction. Furthermore, it has been shown that A20 promotes the
deubiquitination of IKKy and thereby inhibits activation of NF-xB (Figure 8C) (Mauro et
al., 2006). Many more signaling components modulated by A20 have been described in the

past years, proposing A20 as a key regulator of the immune response.
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Figure 8: Regulation of the canonical NF-xB pathway by A20.

A20 regulates NF-kB activation via (de-) ubiquitination of different molecules in various signaling pathways.
A| Simplified model of the TCR signaling with CD28 co-stimulation. A20 deubiquitinates MALT1 and,
therefore, inhibits NF-kB signaling. B| Simplified model of the TLR signaling, which is important in innate
immune cells. Upon binding of the PAMP to the TLR, TRAF®6 is activated by K63-linked ubiquitination. A20
inhibits signaling by deubiquitinating TRAF6. C| Simplified model of the TNF-R1 signaling. Upon TNF-R
trimerization and activation, RIPK1 is recruited and activated by the adaptor proteins FADD and TRADD.
RIPK1 is ubiquitinated with K63-linked chains by cIAPs. A20 can inhibit RIPK1 by removing K63-linked and
adding K48-linked ubiquitin, leading to proteasomal degradation of RIPK1. Furthermore, A20 deubiquitinates
IKKYy, which inhibits activation of IkxBa. CD: Cluster of differentiation; MHC: Major histocombatibility
complex; TCR: T cell receptor; PI3SK: Phosphoinositide 3-kinase; PDK1: Phosphoinositide-dependent kinase-1;
Akt: Protein kinase B; Lck: Lymphocyte-specific protein tyrosine kinase); ZAP-70: Zeta-chain-associated
protein kinase; PL.Cy1l: Phospholipase C, gamma 1; PKC8: Protein kinase C-theta; Bcl-10: B-cell lymphoma 10;
MALT1: Mucosa-associated lymphoid tissue lymphoma translocation protein 1; Carmal: Caspase recruitment
domain-containing protein 11; K63: Lysine-63-linked polyubiquitin chain; PAMP: pathogen associated
molecular pattern; TLR: Toll-like receptor; MyD88: Myeloid differentiation primary response 88; TNF: Tumor
necrosis factor; TNF-R1: TNF receptor 1; TRAF: TNF receptor-associated factor; TRADD: TNF-R-associated
death-domain; FADD: Fas-associated death-domain; cIAP: cellular inhibitor of apoptosis; RIPK1: Receptor-
interacting serine/threonine-protein kinase 1; TAK1: Transforming growth factor f-activated kinase; TAB:
TAK-binding protein; IkB: Inhibitor of kappa B; IKK: IkB kinase.
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1.4.4 Role of A20 in cell death

Damaged or infected cells as well as effector T cells during the contraction phase are
eliminated by programmed cell death (PCD). Apoptosis and necroptosis are important
mechanisms of PCD with distinct morphological and biochemical features. Apoptosis, a
caspase-dependent cell death mode, is characterized by nuclear condensation, DNA
fragmentation, cell shrinkage and membrane blebbing. Induction of necroptosis, a
caspase-independent and RIPK3-dependent cell death mode, leads to cytoplasmic and
nuclear swelling as well as membrane rupture (Henry et al., 2013; Pietkiewicz et al., 2015).
Both PCDs are inducible by death receptors. TNF-R and CD95 (also known as Fas) are
well characterized members of the death receptor family. Activation of these receptors by
their cognate ligands can lead to cell survival signals or the initiation of PCD (Figure 9).
TNF-R signaling induces NF-kB activation by complex I formation consisting of TRAF2,
TRADD, cIAP and RIPK1. CIAP mediates K63-linked ubiquitination of RIPK1, which
subsequently leads to the activation of IKKy and NF-kB and the induction of survival
signals (Figure 9). Disruption of complex I via deubiquitination of RIPK1 leads to
formation of the TRADD-dependent complex Ila, consisting of TRADD, FADD and
caspase-8. In this complex, caspase-8 is activated, which in turn leads to the downstream
activation of caspase-3 and finally the induction of apoptosis. Conditions such as cIAP
depletion or inhibition of either TAK1 or IKKy induces complex IIb (or ripoptosome)
formation. The ripoptosome consists of RIPK1, RIPK3, FADD and caspase-8. The long
isoform of FLICE-like inhibitory proteins (FLIPL) inactivates RIPK1 and RIPK3, therefore
leading to the activation of caspase-8 and the induction of apoptosis. Inhibition as well as
failed recruitment of caspase-8 or FLIPL, though, leads to necrosome formation, consisting
of RIPK1, RIPK3 and MLKL (mixed lineage kinase domain-like protein). Via
oligomerization, MLKL creates a supramolecule protein complex at the cell membrane,
leading to the induction of necroptosis (Conrad et al., 2016; Pasparakis and Vandenabeele,
2015; Vanden Berghe et al., 2014).
Ligation of CD95 with CD95L induces DISC (death inducing signaling complex) formation,
composed of the receptor, FADD and caspase-8. Depending on the presence or absence of
cIAP, DISC formation can lead to RIPK1-dependent or -independent apoptosis,
respectively. Similar to TNF-R signaling, inhibition of caspase-8 leads to necrosome
formation, and the induction of necroptosis (Pasparakis and Vandenabeele, 2015).
Furthermore, at low concentrations CD95L has a co-stimulatory effect on T cells and
augments activation and proliferation (Kreuz et al., 2004; Paulsen and Janssen, 2011;
Wajant et al., 2003).
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Figure 9: Cell death and survival signals.

Posttranslational modifications of RIPK1 influences the outcome of death receptor signaling to either
survival/NF-kB activation, apoptosis or necroptosis. Activation of the TNF-R, TRADD binds to the receptor.
TRADD then leads to the recruitment of FADD and RIPK1. RIPK1 is then ubiquitinated by cIAP, leading to
survival signals via NF-kB activation. Deubiquitination of RIPK1 or inhibition of cIAP, however, promotes cell
death. When caspase-8 is recruited and oligomerization takes place, further caspases (e.g. caspase-3) are
activated, leading to the initiation of apoptosis. The second mode of cell death, necroptosis, can be initiated by
the induction of RIPKS3, leading to the RIPK1/RIPK3 complex, or the so called necrosome formation. TNF:
Tumor necrosis factor; TNF-R1: TNF receptor 1; TRADD: TNF-R-associated death-domain; FADD: Fas-
associated death-domain; cIAP: cellular inhibitor of apoptosis; RIPK: Receptor-interacting serine/threonine-
protein kinase; TRAF: TNF receptor-associated factor; IKK: Inhibitor of kappa B kinase. CD: Cluster of
differentiation; CD95L: CD95 ligand; MHC: Major histocompatibility complex; TCR: T cell receptor.
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A20 as a regulator of apoptosis

A20 has both, anti- and pro-apoptotic functions. The anti-apoptotic function of A20 was
first described in the TNF-R signaling pathway of human breast carcinoma cell lines
(Opipari et al., 1992). Since then many studies confirmed an anti-apoptotic effect of A20
in different cell types and stimulating conditions. In LPS-induced hepatitis, A20 protects
hepatocytes from cell death (Arvelo et al., 2002). Furthermore, A20 protected endothelial
cells from CD40- as well as death receptor (TNF-R and CD95)-induced and NK cell-
mediated cell death (Daniel et al.,, 2004; Longo et al., 2003). In mice, A20-deficient
intestinal epithelial cells were highly susceptible to TNF-mediated apoptosis and DSS-
induced colitis, resulting in the breakdown of the intestinal barrier and systemic

inflammation (Vereecke et al., 2010).

Nevertheless, several studies reported a pro-apoptotic function of A20. Smooth muscle
cells have been shown to be prone to cytokine- and CD95-mediated cell death in the
presence of A20 in a nictric oxide-dependent manner (Patel et al., 2006). Several studies
have shown the pro-apoptotic role of A20 in leukocytes. A20-deficient DC’s are resistant
to apoptosis due to upregulation of the prosurvival proteins Bcl-2 and Bel-x (Kool et al.,
2011). Tavares et al. (2010) found a resistance to apoptosis of A20-deficient B cells in
response to CD95 activation. In addition, a pro-apoptotic function of A20 was observed in
mast cells, where survival was promoted and proliferation was increased in A20-deficient

mast cells (Heger et al., 2014).

A20 as a regulator of necrosis/necroptosis

A20 has been shown to protect endothelial cells from complement-mediated necrosis
(Daniel et al., 2004). In HeLa cells, A20 promoted oxidative stress induced necrosis by
inhibiting NF-xB-mediated cell survival (Storz et al., 2005). Furthermore, Onizawa et al.
(2015) could recently show that A20 restricted RIPK3-dependent necroptosis in CD4*
T cells by deubiquitinating RIPK3, thereby inhibiting RIPK1/RIPK3 necrosome formation.

During the past decade, A20 has been studied extensively in various cell types under
different stimulating conditions. However, the role of A20 during bacterial infection is still
undetermined. Here, we show for the first time the dual function of A20 in vivo upon

L. monocytogenes infection.
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1.5 Aims

To gain more insight into the T cell specific function of A20, we addressed the following
questions:

Role of A20 in T cell development and activation

Mice with a deletion of A20 in innate immune cells as well as B cells are prone to
developing autoimmune diseases even under naive conditions, therefore a
characterization of the CD4-Cre A20%% mice is crucial to determine possible effects of the
A20 deletion in T cells on T cell development in thymus and peripheral organs such as
spleen, liver and lymph nodes. A20%! mice were used as control mice. To determine
possible off-target effects of the Cre-recombinase, CD4-Cre A20¥""t mice were tested as
well. T cells from naive mice were isolated and stimulated in vitro to study the T cell

activation.

Regulation of the pathogen-specific CD8* T cell response by A20

T cells play an important role in the clearance of pathogens. To study the effect of A20 in
T cells during immune response, CD4-Cre A20%! mice and A20% control mice were
infected with wildtype L. monocytogenes (L. monocytogenes WT). Colony forming units
(CFUs) were determined from spleen and liver at day 3, 7 and 14 p.i. Genetically modified
L. monocytogenes expressing ovalbumin (L. monocytogenes OVA) were used to detect
antigen-specific T cells in mice. Ex vivo restimulation with ovalbumin-specific peptide was

performed to analyze effector function of antigen-specific T cells.

Characterization of the function of A20 in memory CD8* T cell development and protection

against secondary infection

T cells are not only important for the final elimination of an infection, they also induce a
potent memory response upon reinfection with the same pathogen. Therefore, we infected
CD4-Cre A20%1 mice and A20%2 control mice with a low dose of L. monocytogenes and after
50 days reinfected them with a higher dose of the same pathogen. Three days later, spleen
and liver were isolated and CFUs were determined. In addition, memory T cell response

was analyzed by flow cytometry.

Role of A20 in CD8* T cell death

Upon the final elimination of an infection, the contraction phase is induced, in which
around 90 % of the pathogen-specific T cells undergo cell death. Depending on stimulation
conditions and the cell type A20 can act as a pro- as well as an anti-apoptotic molecule.

Therefore, the role of A20 during T cell contraction phase remains to be investigated.
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2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Chemicals and buffers

Table 1: Chemicals and buffers
Description
Agarose
Ammonium chloride (NH4CI)
Ammonium persulfate (APS)
Bovine serum albumine (BSA)

Brefeldin A
Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)

Dulbecco’s Phosphate-Buffered Saline
(DPBS)
Ethanol (70 %, 100 %)

Ethylenediaminetetraacetic acid (EDTA)
Glycine

Heparin (5000 U/ml)

IKK Inhibitor VII

Isoflurane (Forene)

Magnesium chloride (MgCls)

Methanol

Paraformaldehyde (PFA)

Percoll

Phenylmethanesulfonylfluoride (PMSF)
Potassium hydrogene carbonate (KHCO3)
Powdered milk

RIPA Buffer (10X)

Rotiphorese Gel 30 (Acrylamide)
Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)
Tetramethylethylendiamine (TEMED)
Tris base, Tris HC1

Trypan blue

Tween 20

Z-VAD-FMK (Caspase Inhibitor)
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Company

Biozym (Hessisch Oldendorf, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

PAA Laboratories GmbH (Pasching,
Austria)

BiolLegend (San Diego, USA)
Sigma-Aldrich (Steinheim, Germany)
by Life
(Darmstadt, Germany)
Gibco by Life Technologies (Darmstadt,
Germany)

Invitrogen Technologies

Fischer (Saarbriicken, Germany)

Sigma-Aldrich (Steinheim, Germany)
Carl Roth (Karlsruhe, Germany)
Biochrom AG (Berlin, Germany)
Calbiochem (San Diego, USA)

Baxter (UnterschleiBheim, Germany)
Qiagen (Hilden, Germany)

J.T. Baker (Deventer, Netherlands)
Carl Roth (Karlsruhe, Germany)

GE Healthcare (Uppsala, Sweden)
Cell Signaling Technology (Danvers, USA)
Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)

Cell Signaling Technology (Danvers, USA)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Merck, Darmstadt, Germany
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2.1.2 Bacterial culture

L. monocytogenes wildtype EGD (L. monocytogenes WT) and ovalbumin-expressing
L. monocytogenes (L. monocytogenes OVA) were used for infection. Bacteria were cultured
in brain heart infusion (BHI) broth (Merck, Darmstadt, Germany). For cultivation of
L. monocytogenes OVA, 5 pg/ml erythromycin (Sigma-Aldrich, Steinheim, Germany) was
added to the broth.

2.1.3 Reagents for cell culture

Table 2: Media for cell culture

Description Company

Hank’s Balanced Salt Solution (HBSS) Gibco by Life Technologies (Darmstadt,
Germany)

Roswell Park Memorial Institute (RPMI) Gibco by Life Technologies (Darmstadt,

1640 Germany)

Table 3: Supplementation reagents for cell culture media

Description Company

Fetal calf serum (FCS) Gibco by Life Technologies (Darmstadt,
Germany)

(4-(2-Hydroxyethyl)-1-piperazine- Biochrom AG (Berlin, Germany)

ethanesulfonic acid (HEPES)

Non-essential amino acids (NEAA) (100X) Gibco by Life Technologies (Darmstadt,
Germany)

Penicillin/Streptomycin (100X) Gibco by Life Technologies (Darmstadt,
Germany)

Sodium pyruvate (100X) Gibco by Life Technologies (Darmstadt,
Germany)

L-Glutamine Gibco by Life Technologies (Darmstadt,
Germany)

B-Mercaptoethanol (50 mM) Gibco by Life Technologies (Darmstadt,
Germany)

Cell culture plates and pipettes were purchased from Greiner Bio-One (Frickenhausen,
Germany). Counting of cells was performed with trypan blue (Sigma-Aldrich, Steinheim,
Germany) in a Neubauer counting chamber (Paul Marienfeld GmbH & Co. KG, Lauda-

Konigshofen, Germany).
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2.1.4 Reagents for molecular biology

Table 4: Reagents for molecular biology

Description
dNTPs (100 mM)

Company
Invitrogen by Life Technologies
(Darmstadt, Germany)

First Strand Buffer (5X) Invitrogen by Life Technologies
(Darmstadt, Germany)

HotStarTaq DNA Polymerase Qiagen (Hilden, Germany)

KAPA PROBE FAST Universal PEQLAB (Erlangen, Germany)

Oligo(dT)12-18 Primer Invitrogen by Life Technologies

PCR Buffer (10X)

(Darmstadt, Germany)
Qiagen (Hilden, Germany)

PCR Primer Eurofins MWG Operon (Ebersberg,
Germany)

SuperScript IT Reverse Transcriptase Invitrogen by Life Technologies
(Darmstadt, Germany)

TagMan Probes Applied Biosystems by Life Technologies

(Darmstadt, Germany)

Table 5: Primer for conventional PCR

Primer

CD4-Cre sense
CD4-Cre anti-sense
A20 sense

A20 anti-sense
HPRT sense

HPRT anti-sense

Sequence (5°—3’) Amplicon

Size
5-TCT CTG TTG CTG GCA GTT TCT CCA-3’ 450 bp
5-TCA AGG CCA GAC TAG GCT GCC TAT-3

5“AGT CTG GGA CTG GAT GTA GC-3° 300 bp
5-CTGGCTAAGGCCTTGATACC-3'
5-GCT GGT GAA AAG GAC-3° see below

5-CCA GTT TCA CTA ATG-3

Amplicon size of A20%¥"t = 300 bp; amplicon size of A20% = 410 bp

Amplicon size of HPRT (Hypoxanthine guanine phosphoribosyl transferase) of genomic

DNA = 945 bp; amplicon size of HPRT of cDNA = 145 bp

All primers were obtained from Eurofins MWG Operon (Ebersberg, Germany).

Table 6: TagMan probes

Primer
A20
CD95
HPRT

Assay ID Amplicon Length
MmO00437121_m1 76
Mm01204974_m1 76
Mm01545399_m1 81

All primers were obtained from Applied Biosystems by Life Technologies (Darmstadt,

Germany)
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2.1.5 Reagents for proteomics

Table 7: Reagents used for proteomics

Description Company

Lane Marker Reducing Sample Buffer (6X) Thermo Fisher Scientific (Waltham, USA)

GammaBind G Sepharose Beads GE Healthcare Bio-Sciences (Uppsala,
Sweden)

PageRulerPrestained Protein Ladder Thermo Fisher Scientific (Waltham, USA)

(10-180 kDa)
PhosSTOP

Roche Diagnostics (Mannheim, Germany)

Protease Inhibitor Cocktail (25X) Sigma-Aldrich (Steinheim, Germany)
Protein Assay Dye Reagent Concentrate Bio-Rad (California, USA)

2.1.6 Antibodies

Table 8: Primary antibodies used for Western blotting

Description

Anti-A20

Anti-Caspase-3

Anti-Caspase-8

Anti-GAPDH

Anti-phospho-ERK1/2

Anti-phospho-IkBa

Anti-phospho-p38

Anti-RIPK1

Anti-RIPK3

Specification Company

A-12 Santa Cruz biotechnology
(Heidelberg, Germany)

polyclonal Cell Signaling Technology
(Danvers, USA)

polyclonal Cell Signaling Technology
(Danvers, USA)

D16H11 Cell Signaling Technology

(Danvers, USA)
Thr202/Tyr204 (197G2) Cell Signaling Technology
(Danvers, USA)

Ser32/36 (5A5) Cell Signaling Technology
(Danvers, USA)

Thr180/Tyr182 Cell Signaling Technology
(Danvers, USA)

D94C12 Cell Signaling Technology
(Danvers, USA)

polyclonal Abcam (Cambridge, UK)

Table 9: Secondary antibodies used for Western blotting

Description

Clone Company

Swine Anti-Rabbit Immunoglobulins/HRP Polyclonal Dako (Glostrup, Denmark)
Rabbit Anti-Mouse Immunoglobulins/HRP  Polyclonal Dako (Glostrup, Denmark)

27



MATERIALS AND METHODS

Table 10: Antibodies used for flow cytometry

Description

Anti-Caspase-3,
cleaved
Anti-CD3e

Anti-CD3e
Anti-CD4
Anti-CD8
Anti-CD11b

Anti-CD11c
Anti-CD16/32

Anti-CD19
Anti-CD25
Anti-CD44
Anti-CD44
Anti-CD45
Anti-CD45R/B220
Anti-CD62L
Anti-CD62L
Anti-CD69
Anti-CD95
Anti-CD127

Anti-F4/80
Anti-Granzyme B

Anti-IFN-y
Anti-KLRG-1

Anti-Ly-6C

Anti-Ly-6G
Anti-NK 1.1

Anti-PD-1

Conjugated
fluorochrome
Alexa Fluor 647

FITC
Pe/Cy7
Brilliant Violet 421

Brilliant Violet 510
PE

APC

PE
APC
FITC

Pe/Cy7
PerCP
Brilliant Violet 421
APC
PerCP/Cy5.5
APC
APC
APC

Brilliant Violet 421
PE

PerCP/Cy5.5
Brilliant Violet 421

APC

FITC
PE

APC eFluor 780

Clone
D3E9
145-2C11
145-2C11
GK1.5

53-6.7
M1/70

N418
93

MB19-1
PC61.5
IM7
IM7
30-F11
RA3-6B
MEL-14
MEL-14
H1.2F3
15A7
ATR34

BMS8
NGZB

XMG1.2
2F1

HK1.4

1A8
PK136

J43

Company

Cell Signaling Technology
(Danvers, USA)

eBioscience by affymetrix
(San Diego, USA)
BiolL.egend (San Diego, USA)
BioLegend (San Diego, USA)
BiolL.egend (San Diego, USA)
eBioscience by affymetrix
(San Diego, USA)

BioLegend (San Diego, USA)
BioLegend (San Diego, USA)

eBioscience by affymetrix
(San Diego, USA)
eBioscience by affymetrix
(San Diego, USA)

BD Biosciences (San dJose,
USA)

BioLegend (San Diego, USA)
BiolL.egend (San Diego, USA)
BD Biosciences (San dJose,
USA)

BiolLegend (San Diego, USA)
BioLegend (San Diego, USA)
BiolL.egend (San Diego, USA)
eBioscience by affymetrix
(San Diego, USA)
eBioscience by affymetrix
(San Diego, USA)
BioLegend (San Diego, USA)
eBioscience by affymetrix
(San Diego, USA)
BioLegend (San Diego, USA)
BD Biosciences (San dJose,
USA)

eBioscience by affymetrix
(San Diego, USA)
BiolL.egend (San Diego, USA)

BD Biosciences (San Jose,
USA)

eBioscience by affymetrix
(San Diego, USA)
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Cells were stained with Fixable Viability Dye eFluor 506 or eFluor 780 (eBioscience by
affymetrix, USA) prior to fixation to exclude dead cells.

For detection of Listeria-specific CD8* T cells, PE-conjugated H2-Kb SIINFEKL pentamer
from Prolmmune (Oxford, UK) was used. This pentamer binds to CD8* T cells specific for
the epitope 257-264 of the ovalbumin antigen expressed on L. monocytogenes OVA.

Table 11: antibodies for T cell stimulation

Description
Anti-CD3e
Anti-CD28

Clone Company
145-2C11
37.51 BioLegend (San Diego, USA)

BioLegend (San Diego, USA)

2.1.7 Reagents used for apoptosis detection

Table 12: Reagents used for apoptosis detection

Description

Annexin V

binding proteins
DEVD-peptide

CellEvent Caspase-3/7 Green

Specification
7-amino-actinomycin D (7-AAD) DNA-binding,
fluorescent dye
Phosphatidylserine-

Company

eBioscience by affymetrix
(San Diego, USA)
eBioscience by affymetrix
(San Diego, USA)
Molecular probes by Life

conjugated to a nucleic Technologies (Darmstadyt,

acid binding dye

2.1.8 Consumables

Table 13: Consumables used
Description
6 well cell culture plates
12 well cell culture plates
96 well culture plates (round bottom)
Cell strainer (70 pm, 40 pm)
Combitips advanced (10 ml)
Cuvettes

Filter Paper 583 Gel Dryer
Needles (26G)

Petri dishes

Germany)

Company
Greiner Bio-One (Frickenhausen,
Germany)

Falcon (Durham, USA)

Eppendorf (Hamburg, Germany)
Sarstedt AG & Co. (Niimbrecht,
Germany)

Bio-Rad (California, USA)

B. Braun Melsungen AG (Melsungen,
Germany)

Sarstedt AG & Co. (Niimbrecht,
Germany)

Polyvinylidene fluoride (PVDF) membrane Roche Diagnostics (Mannheim, Germany)
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Serological Pipette (5 ml, 10 ml, 25 ml)

Syringes (2 ml)

Tubes

0.2 ml, 1.5 ml, 2.0 ml

5 ml round bottom tube
15 ml, 50 ml

2.1.9 Peptides

Greiner Bio-One (Frickenhausen,
Germany)
BD Biosciences (San Jose, USA)

Eppendorf (Hamburg, Germany)
Falcon (Durham, USA)

Greiner Bio-One (Frickenhausen,
Germany)

Table 14: Peptides used for ex vivo restimulation

Name Description Sequence Company
OVAs23.339  H-2Kb-restricted H-ISQAVHAAHAEINEAGR-OH JPT  Peptide
OVA MHC class I Technologies
epitope GmbH (Berlin,
Germany)
OVAss7.264 I-Ad-restricted H-SIINFEKL-OH JPT  Peptide
OVA MHC class II Technologies
epitode GmbH (Berlin,
Germany)
2.1.10 Kits

Table 15: Kits used
Description
Annexin V Apoptosis Detection Kit

Cytometric Bead Array Mouse
Th1/Th2/Th17 (CBA)
EasySep Mouse CD4+ T Cell Isolation Kit

EasySep Mouse CD8+ T Cell Isolation Kit

FoxP3/Transcription Factor Staining
Buffer Set

Intracellular Fixation &Permeabilization
Buffer Set

KAPA Mouse Genotyping Kit

Pierce ECL 2 Western Blotting Substrate
RNeasy Mini Kit

Company

eBioscience by affymetrix (San Diego,
USA)

BD Biosciences (San Jose, Germany)

STEMCELL Technologies (Cologne,
Germany)

STEMCELL Technologies (Cologne,
Germany)

eBioscience by affymetrix (San Diego,
USA)

eBioscience by affymetrix (San Diego,
USA)

KAPA Biosystems (Boston, USA)
Thermo Fisher Scientific (Waltham, USA)
Qiagen (Hilden, Germany)
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2.1.11 Instruments

Table 16: Instruments used
Description

Agagel Midi-wide Biometra
Alphalmager Gel Imaging System
Bacterial Incubator

Biometra Standard Power Pack P25
Bio Photometer

BD FACS Canto™ II Flow Cytometer
Centrifuge ROTANTA 460R
Centrifuge Mikro 22R

Chemo Cam Luminescent Image Analysis
system

COz2 Incubator

EasySep Magnet

Electrophoresis chamber
Flowsight Imaging Flow Cytometer
Incubator shaker GFL 3032

Laboratory balance

Laminar flow hood
LightCycler 480 II

Microscope Olympus-CX 41
MiniColdLab

Multichannel pipette
Multipette plus

NanoDrop ND-1000 Spectrophotometer
Neubauer Chamber (improved)
pH meter

Pipette

Pipette aid

PowerPac HC

Semi Dry Blotter
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Company

AnalytikJena (Jena, Germany)
Alpha Innotech (San Leandro, USA)
Memmert (Schwabach, Germany)
AnalytikdJena (Jena, Germany)
Eppendorf (Hamburg, Germany)

BD Biosciences (San Jose, Germany)
Hettich (Beverly, USA)

Hettich (Beverly, USA)

INTAS (Géttingen, Germany)

Heraeus (Hanau, Germany)

STEMCELL Technologies (Cologne,
Germany)

Bio-Rad (California, USA)

Merck Millipore (Darmstadt, Germany)
Gesellschaft fir Labortechnik (Burgwedel,
Germany)

Sartorius (Gottingen, Germany)

Heraeus (Hanau, Germany)

Roche Diagnostics (Mannheim, Germany)
Olympus (Hamburg, Germany)
Pharmacia Biosystems (Sweden)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

Thermo Fisher Scientific (Waltham, USA)
LO Laboroptik (Lancing, UK)

Schott (Mainz, Germany)

Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

Bio-Rad (California, USA)

PEQLAB (Erlangen, Germany)
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Tissue grinder Thermo Fisher Scientific (Waltham, USA)
Thermocycler PEQLAB (Erlangen, Germany)
Thermomixer Eppendorf (Hamburg, Germany)

Tube Roller SRT9 Bibby Scientific (Staffordshire, UK)
Vortex Genius 3 IKA (Staufen, Germany)

2.1.12 Mouse strains

To study the T cell specific function of A20, conditional A20-knock-out mice were
generated. LoxP sites were inserted, flanking exon 3 of the Tnfaip3 allele, generating
A20% mice. For specific deletion of A20 in T cells, C57BL/6 A20%f mice were crossed to
C57BL/6 CD4-Cre, resulting in CD4-Cre A20"% mice with a loss of A20 protein in cells
expressing CD4. Efficiency of the deletion was confirmed by PCR, RT-qPCR and Western
blot analysis. CD4-Cre A20%%%t mice were used for the basic characterization to determine
possible Cre-specific effects.

Animal care and experimental procedure was performed according to the German Animal
Welfare Act (Deutsches Tierschutzgesetz) and approved by state authorities
(Landesverwaltungsamt Sachsen-Anhalt, Germany; file number: 42502-2-994). All efforts
were made to minimize suffering; surgery was performed after euthanization of the

animals.
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2.2 Methods

2.2.1 Genotyping of mouse strains

Genotyping of mice was performed by obtaining a tissue sample from the tail tip. Genomic
DNA was isolated using the KAPA Mouse Genotyping Kit according to manufacturer’s
protocol. PCR was performed using the program described below. PCR products were run
on a 1.5 % agarose gel (from Biozym, Hessisch Oldendorf, Germany) in 1X TBE (Tris-
borate-EDTA) buffer.

TBE buffer (10X), pH 8.3
Distilled water

100 mM  Boric acid
100 mM TRIS base
2.5 mM EDTA

PCR reaction mix

1 X Genotyping mix (2X)
25 mM  MgCls

1 pM  Primer s

1 pM  Primer as

1.0 pl Template
distilled water (to a final

volume of 25 pul)

PCR program

Step Temperature  Time Cycle
Initial 95 °C 3 min 1x
denaturation

Denaturation 95 °C 15 sec

Annealing 60 °C 15 sec 35x
Extension 72 °C 15 sec

Final Extension 72 °C 10 min 1x
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2.2.2 Cultivation of Listeria monocytogenes

To maintain L. monocytogenes WT and OVA were grown from frozen stocks over night in
BHI broth. For the cultivation of L. monocytogenes OVA, 5 ng/ml erythromycin was added
to the broth. On the following day, a fresh log-phase culture was prepared from the
overnight culture. Glycerol was added to the 1 h culture to a final concentration of 40 %

and aliquots were stored at -80 °C.

2.2.3 Infection of mice with Listeria monocytogenes and
determination of colony forming units

CD4-Cre A20" mice and A20%4 control mice were intravenously (i.v.) infected with either
L. monocytogenes WT or recombinant L. monocytogenes OVA. A fresh log-phase culture
was prepared from an overnight culture and optical densities were determined. Infection
dose was adjusted according to a standard growth curve to 1 x 104 L. monocytogenes WT
or 5 x 10* L. monocytogenes OVA for primary infection and 1 x 106 for secondary infection
in 200 pl DPBS, respectively. The bacterial dose was confirmed by colony counting after
plating an inoculum on BHI agar and incubating it for 24 h at 37 °C.

To analyze the bacterial burden in spleen and liver of infected mice, CFUs were
determined. CD4-Cre A20%1 mice and A20%f control mice were anesthetized with
isoflurane and liver and spleen were isolated after perfusion with 0.9 % NaCl. With sterile
tissue grinders the organs were homogenized and serial dilutions with DPBS were plated
on BHI agar plates and incubated at 37 °C for 24 h. Colonies were counted macroscopically

with a counting grid.

2.2.4 Serum 1solation and leukocyte isolation from organs

Animals were anesthetized with isoflurane and the heart was punctured with a 26 gauge
needle on a 1 ml syringe to extract the blood. Heparin was added to the blood to prevent
clotting. The blood samples were centrifuged at 10,000 x g for 5 min and the serum was
collected and stored at -80 °C until further processed.

For organ isolation, mice were perfused with 0.9 % NaCl solution to remove intravascular
leukocytes. Liver, spleen, thymus and lymph nodes were obtained and stored in HBSS
supplemented with 3 % FCS. The organs were passed through a 70 pm cell strainer and
centrifuged at 300 x g for 6 min at 4 °C. The cell pellet was resuspended in ACK lysis
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buffer (described on page 35) and incubated for 10 min at 4 °C for erythrocyte lysis.
Afterwards, cells were washed once with HBSS supplemented with 3 % FCS. The
supernatant was discarded and the cells from spleen, lymph nodes and thymus were
resuspended in HBSS + 3 % FCS. The cell suspension was passed through a 40 pm cell
strainer and number of living cells was determined by diluting a sample with trypan blue

microscopical counting in a Neubauer chamber.

ACK lysis buffer
155 mM NH.Cl
10 mM KHCOs
0.12 mM EDTA

For leukocyte isolation from the liver, cells were resuspended after erythrocyte lysis in
15 ml of 80 % Percoll (described below). Equal volume of 40 % Percoll was slowly layered
on top. The gradient was then centrifuged at 2,000 x g for 20 min at 2 °C without rotor
brakes. The top layer, containing dead cells, was removed and the interphase ring,
containing hepatic leukocytes, was transferred to a new tube and washed once and

resuspended in HBSS supplemented with 3 % FCS.

Percoll stock (per liver)
25 ml Percoll
2.7 ml NaCl (1.5 M)

80 % Percoll (per liver)
15 ml Percoll stock
3.75 ml HBSS + 3 % FCS

40 % Percoll (per liver)
7.5 ml Percoll stock
11.25 ml HBSS + 3 % FCS
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2.2.5 Determination of alanine aminotransferase from serum

In collaboration with Dr. Katrin Borucki from the Institute of Clinical Chemistry,
University Hospital Magdeburg, alanine aminotransferase (ALT) levels from serum of
naive mice were analyzed to determine liver damage, by incubation with pyridoxal
phosphate at 37 °C and measurement on a Cobas Modular platform (Roche, Mannheim,

Germany) according to the International Federation of Clinical Chemistry.

2.2.6 T cell 1solation

For in vitro T cell experiments, spleen and lymph nodes from uninfected CD4-Cre A20%1
and A20% control mice were removed and single cell suspension was obtained as described
in 2.2.4. After counting the cells, the suspension was adjusted to a concentration of 1 x 108
cells/ml in T cell isolation buffer (described below). The isolation was performed with
EasySep™ CD4+ or CD8+ T cell Isolation Kits according to the manufacturer’s instruction.
The isolated T cells were washed once and the pellet was resuspended in T cell stimulation
medium (described below). Purity of the isolated fraction was measured by flow cytometry

and varied between 90-95 %.

T cell isolation buffer

DPBS
2 % FCS
1 mM EDTA

T cell stimulation medium
RPMI1640 + L-Glutamine
10 % FCS
1 X NEAA (100X)
1 X Sodium Pyruvate (100X)

1 X Penicillin/Streptomycin
(100X)

5 mM HEPES

50 pM B-ME
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2.2.7 Flow Cytometry

2.2.7.1 Staining of surface antigens

Cells (as prepared in 2.4.4) were transferred to a 5 ml round bottom tube and washed once
with FACS buffer (DPBS + 3 % FCS) and centrifuged at 300 x g for 5 min at 4 °C.
Unspecific binding sites were blocked by adding 1 ug of anti-CD16/CD32 for 10 min at
4 °C. Without washing fluorochrome-conjugated antibodies (listed in Table 10) were added
to a total volume of 100 pl in FACS buffer and incubated in the dark for 20 min at 4 °C.
Prior to fixation, cells were washed with protein-free DPBS and incubated with Fixable
Viability Dye for 30 min at 4 °C in the dark to label dead cells. Cells were washed with
FACS buffer and fixed with 1 % paraformaldehyde (PFA) for 20 min at 4 °C in the dark.

PFA was removed by washing and cells were resuspended in FACS buffer.

2.2.7.2 Staining of intracellular antigens

Prior to staining of intracellular antigens, cells were restimulated with peptides (listed in
Table 14) for 4 h in T cell stimulation medium (described before) at 37 °C, 5 % COz2 and
60 % of water vapor. After 1 h of stimulation, 1X Brefeldin A and Monensin was added to
the cells to block secretion of the intracellular molecules. Staining of cytoplasmic proteins
was performed using the Intracellular Fixation & Permeabilization Buffer Set. After
surface staining, IC Fixation Buffer was added to the cells and incubated for 20 min at
room temperature (RT) in the dark. Afterwards, cells were washed two times with
1X Permeabilization buffer. The fluorochrome-conjugated antibody was added and
incubated for 20 min at RT in the dark. Cells were then washed two times with 1X

Permeabilization buffer and resuspended in FACS buffer.

2.2.7.3 Detection of antigen-specific CD8" T cells

For detection and characterization of antigen-specific CD8* T cells, CD4-Cre A20%f mice
and A20%% control mice were infected with L. monocytogenes OVA. Leukocytes from spleen
and liver were isolated as described in 2.4.4. after different time points post infection. Cells
were transferred to a 5 ml round bottom tube, washed once with FACS buffer and
resuspended in the residual volume. 10 pl of the H2-Kb SIINFEKL pentamer per 1 x 108
cells was added. The cells were incubated for 10 min in the dark at 37 °C, followed by a

washing step with FACS buffer before continuing with the extracellular staining.
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2.2.7.4 Cytometric Bead Array

Cytokine levels in serum and supernatant were analyzed by flow cytometry using the
Cytometric Bead Array (CBA). The standard dilution and the bead mixture was prepared
according to manufacturer’s protocol. 50 pl of the Capture beads and 50 ul of
Th1/Th2/Th17 PE detection reagent was added to all samples and the standard. Samples
were incubated for 2 h at RT in the dark. Wash buffer was added and the samples were
centrifuged at 200 x g for 5 min at RT. Supernatant was discarded and the pellet was
resuspended in wash buffer. Samples were measured on a BD FACSCanto II and analyzed

using FCAP Array Software (BD Biosciences, USA).

2.2.7.5 Carboxyfluoresceindiacetatesuccinimidyl ester
(CFSE) labeling

CFSE was used to determine the proliferative activity of T cells in vitro. After purification
of T cells (described in 2.2.6), cells were resuspended in 1 ml DPBS. 1 ml of a 5 uM CFSE
solution was added to the cells and mixed thoroughly. After incubation for 15 min at RT
in the dark, T cell stimulation medium was added to the cells to quench the CFSE staining.
The cells were then centrifuged at 300 x g for 6 min at 4 °C and resuspended in fresh

medium.

2.2.7.6 In vitro T cell proliferation and activation

For in vitro T cell activation, a 96-well round bottom plate was coated with 1-10 ug/ml
anti-CD3. The plate was incubated for 90 min at 37 °C and afterwards washed with DPBS
to remove unbound antibody. CD8* T cells were purified as described in 2.2.6, and labeled
with CFSE. 2 x 10% cells were added per well in a total volume of 200 pl supplemented
with soluble 2-5 ug/ml anti-CD28. The T cells were cultured at 37 °C, 5 % COz2 and 60 % of
water vapor for 3 days in T cell stimulation medium (described in 2.2.6). For detection of
T cell activation, extracellular activation markers were stained and measured via flow

cytometry. Cytokine production was determined from supernatant with CBA (see 2.2.7.4).
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2.2.7.7 Activation-induced cell death (AICD)

For activation induced cell death, 1 x 10% cells were incubated in a 24-well plate coated
with 10 pg/ml anti-CD3 and 2 pg/ml anti-CD28. T cell stimulation medium was
supplemented with 20 ng/ml of recombinant IL-2 (Peprotech, USA). T cells were incubated
at 37 °C, 5 % COz and 60 % of water vapor. After 2 days, cells were transferred to new
wells without anti-CD3/CD28 stimulation and were expanded with 20 ng/m] IL-2 for three
days. Thereafter, T cell blasts were restimulated for 6 h with 10 pg/ml plate-bound anti-
CDs.

2.2.7.8 Detection of cell death

Annexin V and 7-AAD

Annexin V and 7-AAD staining was performed using the Annexin V Apoptosis Detection
Kit. Annexin V binds to phosphatidylserine, which, in dying cells, translocates from the
cytoplasm to the extracellular region of the cell membrane and can then be detected by
antibody staining. 7-AAD, a fluorescent marker which intercalates with double-stranded
DNA when the cell membrane is not intact was used to detect differences between early
and late cell death events. After surface staining, the cells were washed once in DPBS,
then once in 1X Binding Buffer. Cells were resuspended in 1X Binding Buffer and 5 ul of
fluorochrome-conjugated Annexin V was added per 1 x 108 cells. After 10 min incubation
at RT, the cells were washed with 1X Binding Buffer and resuspended in 200 pl of
1X Binding Buffer. 5 pl of 7-AAD Viability Staining Solution was added. Cells were
analyzed by flow cytometry within 4 h.

Detection of caspase-3/7 activity

For measurement of caspase-3/7 activity with flow cytometry, 2 ul of CellEvent
Caspase-3/7 Green was added to 1 x 106 cells after surface staining. Without washing, cells

were analyzed by flow cytometry after 30 min incubation on ice, protected from light.

Imaging Flow Cytometry (IFC)

After in vitro TCR stimulation for 72 h, T cells were fixed in 3 % formaldehyde for 10 min
at RT and permeabilized with 90 % ice-cold methanol for 30 min on ice. Thereafter, cells
were washed two times with incubation buffer (PBS + 0.5 % BSA). Cells were stained for
1 hinthe dark at RT with an antibody against caspase-3 cleaved at Asp175 and conjugated
to AlexaFluor 647.
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For determining cell death mode upon CD95 stimulation in vitro, T cells from naive mice
were isolated and stimulated for 3 h with 500 ng/ml recombinant CD95L after pre-
treatment with or without the pan-caspase inhibitor z-VAD-FMK.

For ex vivo analysis of pathogen-specific CD8" T cells, animals were infected with
L. monocytogenes OVA. On day 7 and 11 spleens were isolated and stained for cell death
analysis. IFC was performed on FlowSight Amnis Imaging Flow Cytometer (EMD
Millipore) in collaboration with Prof. Inna Lavrik, Department of Translational

Inflammation Research, Otto von Guericke University Magdeburg.

2.2.8 Two-step quantitative reverse transcription PCR
(RT-qPCR)

To investigate the A20 deletion efficiency, CD4* and CD8" T cells were isolated as
described before (see 2.2.6). CD8* T cells from CD4-Cre A20ff mice and A20% control mice
were 1solated and stimulated with anti-CD3 and anti-CD28 for 0 h, 6 h and 24 h in the
presence or absence of IKK-Inhibitor VII to determine the expression and regulation of
CD95. Isolation of mRNA was performed with the RNeasy Mini Kit according to
manufacturer’s instruction. RNA concentration and purity was measured with a

NanoDrop Spectrophotometer. Equal amounts of RNA in a total volume of 50 ul were used

for cDNA synthesis.

Denaturing and annealing

RNA
1 ug Oligo(dT) Primer
1 mM  dNTPs

The samples were incubated at 65 °C for 5 min with Oligo(dT) primer and dNTPs and

thereafter cooled on ice.

cDNA synthesis
1 X First-Strand Buffer
0.1 M DTT
250 U SuperScript™ II RT
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For cDNA synthesis, SuperScript reverse transcriptase with First-Strand buffer and DTT
was added to the samples. After an incubation at 42 °C for 50 min the reaction was
inactivated by heating the samples to 70 °C for 10 min.

PCR for the HPRT gene with an intron-spanning primer was performed to detect

contaminations with genomic DNA.

PCR reaction mix
1 X PCR buffer (10X)
200 uM  dNTPs
0.4 puM  HPRT Primer s
0.4 uM  HPRT Primer as
0.6 U HotStarTaqg DNA

Polymerase
1.5 ul cDNA
distilled water (to a final

volume of 25 pul)

PCR program

Step Temperature  Time Cycle
Initial 95 °C 15 min 1x
denaturation

Denaturation 94 °C 45 sec

Annealing 53 °C 45 sec 38x
Extension 72 °C 45 sec

Final Extension 72 °C 7 min 1x

The amplicon for HPRT cDNA is detectable at 145 bp. Contamination with genomic DNA
results in a band at 984 bp.

The qPCR was performed, when no contamination of the cDNA was detectable. For gPCR
the KAPA Probe Fast Universal Kit (peqlab, Erlangen, Germany) was used.

qPCR reaction mix

1 X KAPA Probe Fast qPCR Master Mix (2X)
1 X TagMan Gene Expression Assays
2 ul cDNA

distilled water (to a final volume of 20 pl)

41



MATERIALS AND METHODS

The qPCR reaction was performed in the Lightcycler 480 system (Roche, Mannheim,
Germany). The mRNA expression of A20 and CD95 in T cells of CD4-Cre A20%! mice and
A20%% mice was determined from the ratio between the target genes (A20 and CD95) and
the reference gene (HPRT) with the AA cycle threshold method (Livak and Schmittgen,
2001).

2.2.9 Protein 1solation and Western Blot

Isolated and stimulated T cells were lysed with radioimmunoprecipitation assay (RIPA)
lysis buffer (described below) for 30 min on ice. Afterwards, lysates were centrifuged for
15 min at 13,000 x g. The supernatant was transferred to a new tube and protein
concentration was measured using Bradford assay according to manufacturer’s

instruction.

RIPA lysis buffer
X RIPA buffer (10X)
mM PMSF

X PhosSTOP (10X)
X Protease Inhibitor Cocktail (25X)

=

1X lane marker reducing sample buffer was added and the samples were incubated for
5 min at 99 °C to denature proteins. Equal amounts of proteins were separated on 10-12 %

gels via SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis).

Reagents 10 % resolving gel 12 % resolving gel 5 % stacking gel
distilled water 40 % 33 % 68 %
Acrylamide (30 %) 33 % 40 % 17 %

Tris (pH 8.8) 04M 04M 0.17M

SDS 0.1% 0.1% 0.1%

APS 0.1% 0.1% 0.1%
TEMED 0.04 % 0.04 % 0.1%
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Gel running buffer (pH 8.3)

distilled water
25 mM  Tris
0.1 % SDS
200 mM  Glycine

For Western blotting, the proteins were transferred on a polyvinylidene fluoride (PVDF)
membrane at 0.11 A for 1-2 h with the semi-dry transfer technique. Thereafter, the
membrane was incubated for 1 h at RT with blocking buffer (5 % BSA or 1 % BSA with
1 % milk, according to antibody specifications). Antibodies were diluted 1:1,000 in blocking
buffer (as described in the manufacturer’s instructions) and incubated overnight at 4 °C.
The membrane was washed three times each 15 min with Tris buffered saline with Tween
(TBST; described below). Secondary antibody, diluted 1:1000 in blocking buffer, was added
for 1 h at RT. The membrane was washed three times for 15 min with TBST and the blot
was developed with Pierce ECL Plus Western Blotting Substrate kit, according to

manufacturer’s manual.

Transfer buffer (pH 8.4)

distilled water

25 mM  Tris

1 % SDS

20 mM  Glycine
20 % Methanol

TBST (pH 7.4)

distilled water
20 mM  Tris
140 mM NacCl
0.1 % Tween 20
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2.2.10 Immunoprecipitation

Proteins from unstimulated and anti-CD3/CD28-stimulated CD8* T cells were isolated as
described before (2.2.6). 400 pg of protein per time point were pre-incubated with
Sepharose beads for 30 min at 4 °C with agitation to block unspecific binding. Thereafter,
samples were centrifuged for 10 min at 10,000 x g. Supernatants were transferred to a
new tube and incubated with anti-RIPK1 antibody in a 1:100 dilution over night at 4 °C
on a rocker. Sepharose beads were added to the samples to capture the immune-complex
and incubated over night at 4 °C on a rocker. To collect the immunoprecipitate, the
samples were centrifuged for 30 sec at 3,000 x g and the supernatant was removed
carefully. The beads were washed three times with PBS to remove unspecific binding.
After the last washing step, beads were resuspended in 1X lane marker reducing sample
buffer and incubated at 99 °C for 3 min. The beads were removed by centrifugation and

western blot analysis was performed as described above (2.2.9).

2.2.11 Software

For Western Blot development, Intas Chemo Cam Luminescent Image Analysis system
(INTAS Science Imaging Instruments, Géttingen, Germany) was used.

Flow cytometry was performed on BD Fluorescent activated cell sorter (FACS) Canto II
using BD FACSDiva Software (BD Biosciences, San Jose, USA). Aquired data were
analyzed with FlowdJo vX software (Tree Star, Ashland, USA). Data from Cytometric Bead
Array was analyzed with FCAP Array v3.0 Software (Soft Flow Inc., St. Louis Park, USA).
Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, San
Diego, USA)

2.2.12 Statistics

Statistical significance was determined with two-tailed Student’s ¢ test, nonparametric
Mann-Whitney U test or multiple comparison, as indicated in the figure legends, using
GraphPad Prism 5 software. P values < 0.05 were considered significant. All experiments

were performed at least twice.
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3. RESULTS
3.1 Role of A20 in T cell development and activation
3.1.1 Generation of CD4-Cre A20% mice

Exon 3 of the Tnfaip3 gene from mouse embryonic stem cells was flanked with loxP sites
to generate A20%! mice. The neomycin resistance cassette, a positive selection marker
flanked by FRT (flippase recognition target) sites, was removed by flippase-mediated
recombination and stem cells with the successful targeted Tnfaip3 gene were used to
generate A20%f mice. A20%" mice were bred with CD4-Cre mice, expressing the Cre-
recombinase under control of the CD4 promotor. The Cre-recombinase targets loxP sites
of cells expressing CD4, leading to the excision of exon 3. The deletion causes a frameshift

during the translational process, thus, inactivating A20.
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Figure 10: Successful deletion of A20 in T cells.

CD4-Cre A20%1 mice were generated to delete A20 specifically in T cells. Spleens and lymph nodes were
isolated from CD4-Cre A20%1 and A20 control mice for mRNA and protein isolation to determine A20
expression. A | Schematic representation of targeting the exon 3 of the Tnfaip3 gene to obtain A20% mice. B|
Relative gene expression of A20 in CD4* and CD8* T cells. C| Proteins were isolated from unstimulated CD4*

CD4*Tecells CD8*Tecells total spleen

relative gene expression of A20

and CD8* T cells, as well as splenocytes. Western blot analysis was performed and stained for A20 and the
loading control GAPDH. Black triangle: loxP sites; white triangles: flippase recognition target (FRT) sites;
Neo*: Neomycin resistance cassette; WT: A20%1; KO: CD4-Cre A20%f, A representative of 3 independent
experiments is shown. Error bars indicate +SEM. Student's ¢-test, ** p<0.01.

To determine the efficiency of the deletion, CD4* and CD8* T cells were isolated from
spleen and lymph nodes of CD4-Cre A20%! and A20% control mice. MRNA and Proteins
were 1solated to perform RT-qPCR (Figure 10B) and Western blot analysis (Figure 10C),

which confirmed the successful deletion of A20 in T cells.
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3.1.2 T cell development

Thymus of naive 8-week-old CD4-Cre A20! mice and A20f as well as CD4-Cre A20%t/Wt
control mice were isolated to determine a possible influence of A20 on T cell development.
Figure 11A shows the gating strategy of the flow cytometric analysis. Cells were gated on
FSC-A/SSC-A to remove debris, FSC-A/FSC-H to eliminate doublets and life/dead staining

was performed to gate on living cells.
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Figure 11: T cell development is not impaired in CD4-Cre A20%f mice.

Thymus of 8-week-old naive CD4-Cre A20%f mice, as well as A202 and CD4-Cre A20%t%t control mice, was
isolated and analyzed by flow cytometry to study the stages of T cell development. A| General gating strategy.
After debris removal, selection of single cells and living cells, cells were gated on markers shown. B| Absolute
number of leukocytes in thymus. C| Representative dot plot of T cells in thymus. D| Absolute number of
double positive (CD4*CD8*), double negative (CD4 CD8) and single positive (CD4*CD8 and CD4 CD8*) T
cells. A representative of 3 independent experiments is shown. 3-4 mice per group were used. Error bars
indicate +SEM. Student's ¢-test.

The absolute number of leukocytes did not differ between CD4-Cre A20%f mice and the
control groups (Figure 11B). Staining of T cells revealed no significant differences in the
relative (Figure 11C) or absolute number (Figure 11D) of double positive (CD4*CD8"),
single positive (CD4*CD8 and CD4 CD8*) and double negative (CD4 CD8) T cells.
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3.1.3 Leukocyte populations in lymph nodes and spleen

Deletion of A20 in immune cells is associated with autoimmune diseases (Chu et al., 2011;
Hammer et al., 2011; Hovelmeyer et al., 2011; Kool et al., 2011; Matmati et al., 2011;
Tavares et al., 2010; Xuan et al., 2014). Therefore we analyzed the secondary lymphoid
organs spleen and lymph nodes from 8-week-old naive CD4-Cre A20% mice as well as
A20%1 and CD4-Cre A20%%%t control mice. Cells were isolated and characterized by flow

cytometry for the composition of leukocyte populations.
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Figure 12: Leukocyte numbers in spleen of CD4-Cre A20% mice.

Spleens of 8-week-old naive mice were isolated and splenocyte populations were analyzed by flow cytometry.
A| Absolute number of leukocytes in spleen. B| Absolute number of B cells (CD19*B220%), macrophages
(F4/80*CD11b*), monocytes (F4/80*CD11b*Ly6Chigh), neutrophils (CD11b*Ly6CintLy6Ghish), NK cells
(NK1.1*CD3) and dendritic cells (CD11c*CD3 ). C | Representative dot plots and D | Absolute number of CD4+
and CD8* T cells in spleen. A representative of 3 independent experiments is shown, with 3-4 mice per group.
Error bars indicate +SEM. Student's ¢-test, * p< 0.05; ** p<0.01.

Absolute numbers of leukocytes were similar in spleens of all groups (Figure 12A).
Analysis of the T cell compartment revealed no significant differences for both, CD4* and
CD8" T cells, in spleens of CD4-Cre A20%1 mice (Figure 12B). However, increased numbers
of B cells (CD19tB220%), macrophages (F4/80*CD11b*), monocytes (F4/80*CD11b*Ly6Chish)
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and neutrophils (CD11b*Ly6CintLy6Ghish) were detected in CD4-Cre A20% mice, whereas
numbers of NK cells (NK1.1*CD3) and dendritic cells (CD11¢*CD3) were equal in all

groups (Figure 12C).
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Figure 13: Leukocyte numbers in lymph nodes of CD4-Cre A201 mice.

Lymph nodes of 8-week-old naive mice were isolated and leukocyte populations were analyzed by flow
cytometry. B| Absolute number of B cells (CD19*B220%), macrophages (F4/80*CD11b*), monocytes
(F4/80*CD11b*Ly6Chish), neutrophils (CD11b*Ly6CintLy6Ghish), NK cells (NK1.1*CD3) and dendritic cells
(CD11c¢*CD3). C| Representative dot plots and D | Absolute number of CD4* and CD8* T cells in lymph nodes.
A representative of 3 independent experiments is shown, with 3-4 mice per group. Error bars indicate +SEM.
Student's ¢-test, * p< 0.05; ** p<0.01.

Absolute numbers of leukocytes in lymph nodes were significantly increased in
CD4-Cre A20! mice compared to both control groups (Figure 13A), thus, explaining the
increase of absolute numbers of CD4* and CD8" T cells (Figure 13B), as well as B cells,
macrophages, monocytes, neutrophils, NK cells and dendritic cells (Figure 13C) in lymph
nodes of CD4-Cre A20% mice.

Leukocyte subpopulations of 24-week-old mice from all groups remained unchanged as

compared to 8-week-old mice.
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3.1.4 Serum cytokine levels of CD4-Cre A20% mice

Cytokine profile from serum of 8-week-old and 24-week-old mice was determined by CBA

to detect inflammatory responses (Figure 14A-G).
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Figure 14: Serum analysis of 8-week and 24-week old mice

A| IL-2, B| IL-17, C| IFN-y, D| TNF, E| IL-4, F| IL-6 and G| IL-10 in serum of young (8-week old) and
aged (24-week-old) mice. H| Alanine transaminase (ALT) concentration in serum. Data are compiled of 2
independent experiments with 3-4 animals per group and experiment. Line indicates median. WT: A20%1; KO:
CD4-Cre A20%4, Student's t-test, * p< 0.05; ** p<0.01.

Analysis of cytokines in serum revealed significantly increased concentrations of pro-
inflammatory IL-17, IFN-y and TNF in serum of 8-week-old CD4-Cre A20% mice (Figure
14B,C,D and G) and a minor increase of anti-inflammatory IL-4 and IL-10 (Figure 14E,G).
In aged CD4-Cre A20%% mice no increase of pro-inflammatory cytokines compared to 8-
week-old mice was observed. Anti-inflamatory I1.-4 and I1.-10 were increased in serum of
both genotypes. Giordano et al. have reported that mature T-Cre A20%f mice, which lack
A20 specifically in peripheral T cells, develop a spontaneous mild hepatitis with increased
levels of ALT. Therefore, we determined serum alanine transaminase (ALT) levels in
CD4-Cre A20%1 and A20%1 mice. However, ALT levels were similar in all groups,

illustrating normal liver function (Figure 14H).
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3.1.5 Increased activation and proliferation of A20-deficient
CD8* T cells in vitro

A20 is an important negative regulator of NF-xB activation, therefore we investigated the
role of A20 in T cells on a cellular level in vitro. Considering the important role of CD8*
T cells in listeriosis, we studied the activation and proliferation of A20-sufficient and A20-

deficient CD8* T cells in vitro.
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Figure 15: Increased activation and proliferation of A20-deficient CD8* T cells
in vitro.

CD8* T cells from naive mice were isolated and cultivated in the presence of 1 pg/ml plate-bound a-CD3 and
2 ng/ml soluble a-CD28 for 3 days, respectively. A| Proteins from T cells were isolated after stimulation with
a-CD3/CD28 for 0, 10, 30 or 60 min. Western blot analysis was performed on total cell lysate for A20, p-IxBa,
p-p38, p-ERK and GAPDH. B| Flow cytometric analysis of activation markers CD25, CD44 and CD69 by CD8*
T cells, respectively. Grey numbers indicate MFI of A20-sufficient CD8* T cells and black numbers indicate
MFT of A20-deficient CD8* T cells. C| Concentration of IFN-y and TNF in the supernatant of stimulated CD8*
T cells was determined by CBA. D| Cells were labeled with CFSE and proliferative activity of CD8* T cells
was determined by flow cytometry. E| Frequency of divided cells after stimulation. A representative of 2
independent experiments is shown, with 3 mice per group. Error bars indicate +SEM. Student's ¢-test, * p<
0.05; ** p< 0.01.
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Stimulation of the TCR with anti-CD3 in combination with anti-CD28 resulted in an
upregulation of A20 in control CD8* T cells (Figure 15A). Consistent with previous reports
of A20 as a negative regulator of NF-xB, TCR stimulation of A20-deficient cells induced
stronger activation of NF-kB but also MAPK signaling pathways indicated by increased
phosphorylation of IxkBa, p38 and ERK.

After stimulation for 72 h with anti-CD3 and anti-CD28, expression of T cell activation
markers was measured (Figure 15B). A20-deficient CD8" T cells (black histograms)
showed increased expression of CD25, CD44 and CD69 compared to A20-sufficient CD8*
T cells (grey-filled histograms). Analysis of cytokines revealed increased levels of IFN-y
and TNF in the supernatant of A20-deficient CD8" T cells. For measuring proliferative
activity, cells were stained with CFSE and then stimulated with low amounts of anti-CD3
and anti-CD28. Decrease in CFSE intensity determines proliferation of cells. A20-deficient
CD8* T cells (black histogram) proliferated significantly stronger than A20-sufficient CD8*
T cells (grey-filled histogram) (Figure 15D+E). Similar results for activation, cytokine
production and proliferation were observed in CD4* T cells (data not shown). In conclusion,

A20 plays an important role in TCR signaling and T cell activation.

3.2 Regulation of T cell responses by A20 upon infection with
L. monocytogenes

To investigate the T cell-specific role of A20 in wvivo, we infected the mice with
L. monocytogenes, which induces a strong CD8" T cells response in the infected host. The
experimental design of the infection model is shown in Figure 16A. On day O,
CD4-Cre A20%1 and A20%f control mice were infected with a non-lethal dose of
L. monocytogenes WT or ovalbumin-expressing L. monocytogenes (L. monocytogenes OVA),
respectively. Spleens were isolated and analyzed at the indicated time points. On day 50
p.i., mice were reinfected with a high dose of L. monocytogenes WT or
L. monocytogenes OVA, respectively and three days later, spleens were isolated and

analyzed to determine memory T cell response.
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Figure 16: Infection of CD4-Cre A20%11 and A20%l mice with L. monocytogenes.
CD4-Cre A20%2 and A20% control mice were infected with a non-lethal dose of L. monocytogenes WT or OVA.
After 50 days, mice were reinfected with a high dose of L. monocytogenes WT or OVA, respectively. A |
Experimental design of the study. Spleens were analyzed at the indicated time points. B-E| CFUs in spleen
were determined B+C | after infection with L. monocytogenes WT B|on day 3, 7 and 14 p.i. and C| on day 50
and 3 days after reinfection, as well as D+E| after infection with L. monocytogenes OVA D |on day 7 and 14
p-i. and E| on day 50 and 3 days after reinfection. Data are compiled of 3 independent experiments with 3-4
mice per group. Data are represented as mean +SEM. Mann Whitney test, * p< 0.05; ** p< 0.01; n.d.: not
detectable; Lm WT: L. monocytogenes WT; Lm OVA: L. monocytogenes OVA.

At day 3 p.i., before the onset of the T cell response, no significant differences in CFU were
observed. However, at the peak of the T cell response at day 7 p.i., the bacterial burden in
CD4-Cre A20%! mice was nearly 100-fold reduced compared to A20%f control mice (Figure
16B). Furthermore, CD4-Cre A20%1 mice were able to clear the L. monocytogenes WT
infection faster than the control mice.

On day 50 p.i., no bacteria were detectable in mice of both genotypes. However, upon
reinfection, the pathogen load in spleen of CD4-Cre A20%!l mice was more than 1,000-fold
higher than in spleen of A20% control mice (Figure 16C). Similar results were obtained
after infection with L. monocytogenes OVA (Figure 16D and E)

For the detection of pathogen-specific CD8" T cells, mice were infected with
L. monocytogenes OVA and splenocytes were stained with the fluorochrome-labeled
H2-Kb SIINFEKL pentamer at different time points. The pentamer binds to CD8* T cells
which recognize the OVAgs7.264 peptide of the ovalbumin protein, therefore, specifically
binding L. monocytogenes OVA-specific CD8" T cells. Ovalbumin-specific cells were
detected by flow cytometry on days 0, 7, 21, 50 and day 53 (three days after reinfection)
p-1. A strong increase of the relative (Figure 17A) and absolute numbers (Figure 17B) of
L. monocytogenes OVA-specific CD8* T cells were detectable in CD4-Cre A20%f mice at
day 7 p.1.. After pathogen clearance at day 21 and 50 p.i., numbers of H2-Kb SIINFEKL-

specific CD8* T cells were reduced in both strains. Three days after reinfection,
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L. monocytogenes OVA-specific CD8* T cells strongly expanded in A20%f! control mice. The
number of pathogen-specific CD8* T cells in CD4-Cre A20%f mice, however, was even
weaker compared to the peak of the primary response (Figure 17B).

To determine the effector function of pathogen-specific CD8* T cells, we measured IFN-y
and granzyme B production of CD8* T cells via flow cytometry. During the peak of the
CD8" T cell response at day 7 p.i., the relative and absolute numbers of IFN-y-producing
OVA-specific CD8" T cells were significantly increased in CD4-Cre A20%1 mice, consistent
with the increased cytokine production in vitro (Figure 15). In addition, we observed that
pathogen-specific A20-deficient CD8" T cells produced more IFN-y (Figure 17E+F) and
granzyme B (Figure 17G+H) compared to A20-sufficient cells.

During the T cell contraction phase, we detected a decline of IFN-y- and granzyme B-
producing cells at day 21 and 50 p.i. in both genotypes (Figure 17C and D). However, in
CD4-Cre A20"f mice, the reduction was significantly stronger. Interestingly, not only the
number of cells but also the amount of IFN-y was drastically reduced in A20-deficient CD8*
T cells beyond the peak of the infection, while in A20-sufficient CD8" T cells the amount
of IFN-y produced remained the same up to day 50 p.i (Figure 17E+F).

Three days after reinfection (day 53 p.i.), relative and absolute numbers of IFN-y-
producing CD8" T cells strongly increased in A20%% control mice (Figure 17C and D),
similar to the expansion of H2-Kb SIINFEKL-specific CD8" T cells (Figure 17A+B). In
addition, granzyme B was strongly upregulated in A20-sufficient CD8" T cells (Figure
17G+H). In sharp contrast, only a minor increase of L. monocytogenes OVA-specific IFN-y
and granzyme B-producing CD8" T cells was observed in CD4-Cre A20%f mice (Figure
17C-F), similar to the weak expansion of H2-Kb SIINFEKL-specific CD8" T cells (Figure
17A+B). Interestingly, not only fewer cells produced IFN-y in CD4-Cre A20% mice, but
these cells also produced significantly less IFN-y compared to A20%! control mice (Figure

17E+F).

53



RESULTS

A day 0 day 7 day 21 day 50 day 53 p.i. B
1 : | 1 @ 8x10%q
10.021 15.03 1238 1042 2>
| = o *k
3 H 3 H = “ -
J . ] ] § S+ 6x10°
F E i 3 0 ga
A ] 2 4x10%
= < SH *x
w s 2z
< S 25 2x09
Z1 < 89
@ e ¥ %
g1 Q £ ol : :
iy s 0 7 21 50 53d.p.i.
T O
0 A20"" W CD4-Cre A20™" ‘
day 50 day 53 p.i.
14.09 | b 2 2.0x10°1
1 8 piad
g Br
S &g 15%10%
d €8
2o *k
2 G 1.0x10°% .
=23
[}
L ® +50x105 *x
e £
Q
< 0-
8 0 7 21 50 53 d.p.i.
O A20"" W CD4-Cre A20""
F .
day 21 day 50 day 53 p.i. % 8
N 4. n q N So
i A i 1 A =£
; A A 2 f zs
{ 1 il L W w 3
; 1 / \ [/ 5 =
it I H )] c o
© F 1/ / | (\ [ sz
i i 11i H J z
A | Y -
=L i - f S e
IFN-y de
i Isotype Control of total CD8* T cells 0 7 2z 50 53d.pi.
0 A20"" O cD4-Cre A20"" of IFN-y producing cells 0O A20"" W CD4-Cre A20""
gmoo
day 0 day 7 day 21 day 50 day 53 p.i. @ 800
] [0}
| €
R 600
c
S
= 2 400
g g
S 3 200
Granzyme B L% o
| it Isotype Control [ A20"" [ CD4-Cre A20"" 0 7 21 50 53 d.p.i.
|D A20"" B cD4-Cre A20""
I CD8 Tcells H2-Kb SIINFEKL* CD8" T cells J o B
day 7 day 21 day 50 day 53 p.i. < =
S *
2 400
k]
f =
9
@ 200
o
S
x
w
| i Isotype Control 1 A20™" O CD4-Cre A20™" ‘ 0 7 2 50 53dpi.

|\:| A20""  m CD4-Cre A20"" |

Figure 17: Effector function of A20-deficient CD8*T cells

CD4-Cre A20%1 and A20% control mice were infected with L. monocytogenes OVA and flow cytometric analysis
was performed from splenocytes at day 0, 7, 21, 50 and 53 p.i. A| Representative dot plots with relative
numbers and B| absolute number of H2-Kb SIINFEKL pentamert CD8* T cells. C| Representative dot plots
with relative numbers and D| absolute number of IFN-y producing CD8* T cells after ex vivo restimulation
with SIINFEKL-peptide for 4 h in the presence of Brefeldin A. E| Histogram and F| MFI of IFN-y gated on
IFN-y producing CD8* T cells. G| Histogram and H| MFT of granzyme B-producing CD8* T cells after ex vivo
restimulation with SIINFEKL-peptide for 4 h in the presence of Brefeldin A. I| Histogram and J| MFI of PD-
1 expression on H2-Kb SIINFEKL pentamert CD8" T cells. A representative of 3 independent experiments is
shown with 3 mice per group. Error bars indicate +SEM. Student's ¢-test, * p< 0.05.
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Since A20-deficient CD8* T cells seemed to develop a functional defect in cytokine
production, we further studied the expression of the co-inhibitory receptor PD-1 which is
upregulated on activated and functionally impaired CD8* T cells. In fact, we observed a
significant increase of PD-1 expression on A20-deficient L. monocytogenes OVA-specific
CD8" T cells after the peak of infection at day 21 and 50 p.i., while in A20% control mice
a downregulation of PD-1 was observed. In acute listeriosis (day 7 p.i.) and upon
reinfection (day 53 p.i.), PD-1 was upregulated on A20-sufficent pathogen-specific CD8*
T cells which is consistent with PD-1 expression on activated T cells. On A20-deficient
H2-Kb SIINFEKL-specific CD8" T cells, PD-1 was first upregulated in the acute phase,
and remained at high levels until day 50 p.i. Upon reinfection a downregulation was
observed, which confirmed impaired activation of A20-deficient CD8* T cells.

In summary, these data indicate, that A20 critically regulates and coordinates distinct

phases of the pathogen-specific CD8" T cell response.
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Figure 18: Detailed kinetic of H2-Kb SIINFEKL-specific CD8* T cells.

CD4-Cre A202 and A20%1 control mice were infected with L. monocytogenes OVA and spleens were analyzed
at the indicated time points. A| Representative dot plots and B| absolute numbers of H2-Kb SIINFEKL
pentamert CD8* T cellson day 7, 9, 11, 14 and 21 p.i. C| Relative numbers of living H2-Kb SIINFEKL-specific
CD8* T cells was determined by annexin V and 7-AAD staining. Double negative cells were considered living.

Data compiled from two independent experiments with 3-4 mice per group and experiment. Error bars indicate
+SEM. Student's ¢-test, * p< 0.05; ** p< 0.01.
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CD4-Cre A20%1 mice developed an improved early primary CD8* T cell response but failed
to induce a pathogen-specific memory T cell response. Therefore, we performed a detailed
kinetic of L. monocytogenes OVA-specific CD8" T cells. From day 7, the peak of the T cell
response, to day 21, when the loss of pathogen-specific CD8* T cells became evident (Figure
17).

Again at day 7 p.i. relative (Figure 18A) and absolute (Figure 18B) numbers of pathogen-
specific CD8" T cells were increased in CD4-Cre A20%! mice. At day 9 p.i., after the peak
of the T cell response, numbers of L. monocytogenes OVA-specific CD8* T cells decreased
in both strains. However, the decline was even stronger in CD4-Cre A20%f mice as
compared to A20% control mice. Thus already at day 9 p.i., the number of pathogen-
specific CD8" T cells was decreased in CD4-Cre A20"® mice. Thereafter,
L. monocytogenes OVA-specific CD8* T cells declined with similar kinetic in both strains
up to day 21 p.i., but remained at lower levels in CD4-Cre A20% mice and decreased even
stronger towards day 21 p.1.

The rapid decline of A20-deficient pathogen-specific CD8* T cells suggests that A20
regulates cell death events. Therefore, we performed a kinetic of the number of living
(annexin /7-AAD ) L. monocytogenes OVA-specific CD8* T cells. Starting at the peak of T
cell response at day 7 p.i., already a reduced frequency of living cells was observed in
CD4-Cre A20%1 mice compared to control mice (Figure 18C). The relative number of living
A20-sufficient cells was maintained at similar levels and reduced only slightly at
day 21 p.i., whereas the number of living A20-deficient L. monocytogenes OVA-specific
CD8" T cells reduced significantly over time. At day 21 p.i. a 13-fold decrease of living cells
was detected in spleens of CD4-Cre A20%f mice, while A20-sufficient pathogen-specific
CD8" T cells decreased only 1.4-fold from day 7 to day 21 p.i.
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3.3 Regulation of memory CD8* T cell formation by A20

Early after infection, antigen-stimulated CD8" T cells can be, according to their expression
of KLRG-1 and the a-subunit of the IL-7R (CD127), divided into short-lived effector cells
(SLEC; KLRG-1*CD127 ) and memory precursor effector cells (MPEC; KLRG-1 CD127%).
To investigate if CD8* Tmem formation is impaired in A20-deficient T cells, we analyzed the
relative and absolute numbers of SLEC and MPEC subpopulations within the
L. monocytogenes OVA-specific CD8* T cell compartment (Figure 19).
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Figure 19: MPEC survival is impaired in CD4-Cre A20%fl mice.

CD4-Cre A20%2 and A20%1 control mice were infected with L. monocytogenes OVA and spleens were analyzed
atday 7,9, 11, 14 and 21 p.i. Cells were gated on H2-Kb SIINFEKL pentamer* CD8* T cells. A| Representative
dot plots with relative numbers and B-C| Kinetics with absolute numbers of B| pathogen-specific SLEC
(KLRG-1*CD127 ) and C| pathogen-specific MPEC CD8* T cells (KLRG-1 CD127+). SLEC: short-lived effector
cells; MPEC: memory precursor effector cells. A representative of two independent experiments is shown with
3-4 mice per group. Error bars indicate +SEM. Student's ¢-test, * p< 0.05; ** p< 0.01.

At day 7 p.i. similar relative numbers of SLEC and MPEC were observed in both groups
of mice (Figure 19A-C). During the course of the contraction phase, an enrichment of
MPECs was observed in the L. monocytogenes OVA-specific CD8" T cell population of
A20%2 mice, whereas in CD4-Cre A20%! mice similar numbers of both SLEC and MPEC
were detectable at day 21 p.i. (Figure 19A). The kinetic of absolute numbers revealed that
in both groups L. monocytogenes OVA-specific SLEC decreased at a similar rate, however,

less cells survived in CD4-Cre A20%1 mice. Absolute numbers of MPEC remained stable
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in A20%1 mice, while there was a significant reduction in CD4-Cre A20% mice indicating
that A20 regulates survival of memory-precursor CD8" T cells.
Next, we studied the maintenance of the Tmem sub-populations Tem and Tcem as well as

effector T cells ( Terr) at day 50 p.i. and 3 days after reinfection at day 53.
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Figure 20: Impaired memory T cell response in CD4-Cre A20%l mice.

CD4-Cre A20%2 and A20%1 control mice were infected with L. monocytogenes OVA and spleens were analyzed
at day 50 p.i. For memory T cell response, mice were reinfected at day 50 p.i. and spleens were analyzed three
days later (day 53 p.i.). Cells were gated on H2-Kb SIINFEKL pentamer* CD8* T cells. A| Representative dot
plots with relative numbers and B-D| absolute numbers of pathogen-specific B| Tetr CD8" T cells
(CD62L CD127), C| Tem CD8* T cells (CD62L CD127*) and D| Tcm CD8* T cells (CD62L*CD127%). A
representative of two independent experiments is shown with 3-4 mice per group. Error bars indicate +SEM.
Student's t-test, * p< 0.05; ** p< 0.01.

At day 50 and 53 p.1. relative numbers of L. monocytogenes OVA-specific Tcm were
increased in CD4-Cre A20%% mice, while numbers of Tem were drastically reduced (Figure
20A). Absolute numbers of L. monocytogenes OVA-specific Tem, Tcm and Ter were
significantly reduced at day 50 p.i. in CD4-Cre A20%! mice compared to A20%4 control
mice. Upon reinfection, Tetr, TEM and Tcm expanded strongly in control animals, but only
marginally in CD4-Cre A20%% mice (Figure 20B-D).

An effective memory T cell response is dependent on several extrinsic and intrinsic factors.
Especially CD4* T cells are detrimental for the formation and function of CD8* Tuem in
listeriosis. Therefore, we further investigated if A20 is controlling CD8" Tmem development
indirectly, by regulating CD4* T cell responses.

Of note, IFN-y and IL-2-production of CD4* T cells in CD4-Cre A20%f mice was normal,
compared to A20% control mice (Figure 21A+B). Upon reinfection, cytokine-producing
CD4* T cells expanded similarly in both groups indicating that CD4* T cell responses were
normal in CD4-Cre A20%1 mice (Figure 21C+D). Therefore, the impaired CD8" Tmem
response in CD4-Cre A20%f1 mice might not be caused by a defective CD4* T cell response,

but rather due to CD8" T cell intrinsic regulations.
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Figure 21: CD4* T cell response is normal in CD4-Cre A20%f mice.

CD4-Cre A202 and A20%1 control mice were infected with L. monocytogenes OVA and spleens were analyzed
at different timepoints p.i. For memory T cell response, mice were reinfected at day 50 p.i. and spleens were
analyzed three days later (day 53 p.i.). Splenocytes were restimulated with OVACD4-peptide in the presence
of brefeldin A for 4 h. Cytokines were measured by flow cytometry. A| Absolute number of IFN- y-producing
CD4+ T cells in primary response. B| Absolute number of IL-2-producing CD4* T cells in primary response.
C| Absolute number of IFN- y-producing CD4* T cells in secondary response. D| Absolute number of IL-2-
producing CD4* T cells in secondary response. A representative of two independent experiments is shown with
3-4 mice per group. Error bars indicate +SEM. Student's ¢-test, n.s. not significant.

Taken together, A20 regulates the survival of L. monocytogenes OVA-specific CD8* T cell
subsets. Furthermore, A20-deficiency disrupted Tmem formation and re-expansion, which,
however, was not due to a defective CD4* T cell response.

Since we observed a massive decrease in pathogen-specific memory precursor cells, we
further focused on the role of A20 in cell death of CD8* T cells during the contraction phase

of primary CD8" T cell response.
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3.4 Regulation of CD8* T cell death by A20

3.4.1 A20 limits apoptosis and necroptosis in activated CD8*
T cells in vivo

Considering the accelerated loss of pathogen-specific CD8* T cells in CD4-Cre A20% mice,
we further determined whether A20 inhibits cell death pathways in T cells. Cell death and
sensitivity to cell death induction can be determined via several factors: i) morphological
changes of cells, 11) activation of effector caspases or necrosome formation, iii) detection of
effector caspase activity and iv) upregulation of death receptor CD95.

To analyze morphological changes in dying cells IFC analysis was performed ex vivo as
well as in vitro. Figure 22A illustrates the gating strategy and Figure 22B-E shows
representative pictures of morphological changes in dying cells.

First, only cells inside the focus range were selected by gating on the Gradient RMS in the
bright field channel. Single cells were selected from aspect ratio and area and were further
gated on CD3" CD8* cells. From this population, H2-Kb SIINFEKL pentamer* cells were
selected and separated into healthy (7-AAD /annexin V), early apoptotic
(7-AAD /annexin V*) and late apoptotic/necroptotic (7-AAD*/annexin V*). While healthy
cells had a normal, round morphology, early apoptotic cells showed already signs of
membrane blebbing and shrunken cell size (Figure 22B-C). Double positive cells were
further divided by sharpness/contrast and intensity of the 7-AAD staining. Late apoptotic
cells are characterized by a high contrast morphology and a low intensity threshold, as the
7-AAD signal is strong but located only in a small area of the cell due to chromatin
condensation (Figure 22D). Furthermore, apoptosis is defined by nuclear condensation,
cell shrinkage and membrane blebbing, clearly indicated in Figure 22D. Necroptotic cells,
however, are characterized by a low contrast morphology and high intensity threshold due

to cytoplasmic and nuclear swelling (Figure 22E).
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Figure 22: Gating strategy and morphological differences in the IFC analysis of

pathogen-specific CD8* T cells ex vivo.

CD4-Cre A20 and A20%% control mice were infected with L. monocytogenes OVA and splenocytes were
isolated and stained for H2-Kb SIINFEKL pentamer™ CD8" T cells as well as cell death indicators annexin V
and 7-AAD. A| Gating strategy for IFC analysis. B-E| Representative pictures of cells in different stages of
cell death. B| Healthy cells, annexin V* and 7-AAD . C| Early apoptotic cells, annexin V+ and 7-AAD . D| Late
apoptotic cells, annexin V* and 7-AAD* with condensed chromatin, indicated by small areas of high 7-AAD
intensity. E| Necroptotic cells, annexin V* and 7-AAD*. Nucleus: 7-AAD

To identify, which cell death pathways are affected by A20 in T cells in vivo, we determined
if L. monocytogenes OVA-specific CD8" T cells undergo apoptosis or necroptosis by IFC.
Since no antibodies are available for staining of necroptotic cells for conventional flow
cytometry, IFC was used to determine the morphology of single cells, therefore, allowing

the differentiation between apoptosis and necroptosis (Pietkiewicz et al., 2015).
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IFC analysis of L. monocytogenes OVA-specific CD8* T cells was performed at day 7 p.i.
and during the contraction phase at day 11 p.i. Cells were gated as described in Figure 22.
Relative numbers of healthy, early and late apoptotic as well as necroptotic

H2-Kb SIINFEKL pentamer™ cells were determined (Figure 23).
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Figure 23: Morphological analysis of cell death in vivo.

CD4-Cre A20%1 and A20%% control mice were infected with L. monocytogenes OVA and splenocytes were
isolated at A| day 7 p.i. or B| day 11 p.i. At both time points, cells were stained with anti-annexin V and
7-AAD. IFC analysis of L. monocytogenes OVA-specific CD8* T cells was performed to determine healthy, early
and late apoptotic and necroptotic morphology. A representative of two independent experiments is shown
with 3-4 mice per group. Error bars indicate +SEM. Student's ¢-test, * p< 0.05; ** p< 0.01.

At day 7 p.i. the relative number of healthy, apoptotic and necroptotic cells was equally
distributed (between 28.2 % and 32.5 %) in A20%% control mice. In CD4-Cre A20%1
significantly increased numbers of necroptotic cells (61.1 % = 1.49 %) had been retrieved
from CD4-Cre A20% mice (Figure 23A).

At day 11 p.i. we detected a change in the distribution pattern of apoptotic versus
necroptotic cells in both groups. The relative number of healthy cells increased in both
strains, but was maintained 2-fold higher in A20-sufficient L. monocytogenes OVA-specific
CD8" T cells. Necroptotic cells were reduced dramatically in both groups, but were still
higher in A20-deficient mice.

No change was observed in the relative number of apoptotic cells in A20%f control mice
compared to day 7, but a 2-fold increase in CD4-Cre A20%fl mice was observed from day 7
to day 11 p.i., thus, leading to a significant increase as compared to control T cells (Figure

23B).
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3.4.2 A20 limits apoptosis and necroptosis in activated CD8*
T cells in vitro

In addition, we performed IFC analysis after CD8" T cell isolation and in vitro
restimulation. Approximately 80 % of healthy CD8* T cells in both groups were isolated
from spleens and lymph nodes prior to stimulation (Figure 24). However, already a slight
increase of necroptotic morphology was observed in A20-deficient cells. After 72 h of
stimulation, the relative number of living cells reduced to 36 % (= 8.09 %) in A20-sufficient
CD8" T cells and 8.0 % (= 2.23 %) in A20-deficient cells, while the frequency of necroptotic
and apoptotic cells was increased in A20-deficient CD8" T cells.
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Figure 24: Morphological analysis of cell death in vitro.

CD8* T cells were purified from spleen and lymph nodes and stimulated with anti-CD3/CD28 for 72 h (+) or
were left untreated (-). IFC was performed after annexin V and 7-AAD staining to determine cell death
morphology. A representative of 2 independent experiments is shown with n = 3. Error bars indicate +SEM.
Student's t-test, * p< 0.05; ** p< 0.01.

In conclusion, morphological analysis revealed that apoptosis as well as necroptosis are
induced during the contraction phase of pathogen-specific CD8* T cells in vivo and upon

TCR stimulation in vitro, and both seemed to be regulated by A20.

3.4.3 Regulation of cell death pathways in A20-deficient
CD8* T cells in vitro

On a molecular level, apoptosis and necroptosis can be distinguished by upregulation and
activation of different signaling components. For the induction of apoptosis activation of
effector caspases such as caspase-3 and -7 is distinctive, whereas necrosome formation is

characterized by the recruitment of RIPK3 to RIPK1.
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To further analyze how A20 augments cell death in vitro upon TCR-stimulation,
CD8* T cells were stimulated with anti-CD3/CD28 or TNF, respectively, and the cleavage

of procaspase-3 and -8 was analyzed by western blotting (Figure 25A).
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Figure 25: Increased caspase cleavage and necrosome formation in A20-deficient
CD8* T cells.

CD8* T cells were purified and stimulated with anti-CD3/CD28. A| Proteins were isolated at the indicated
timepoints after stimulation and western blot analysis was performed on total cell lysates for caspase-8,
caspase-3 and the loading control GAPDH. B| CD8* T cells were stimulated for 48 h with anti-CD3/CD28 or
left untreated. Proteins were isolated and immunoprecipitated with anti-RIPK1. Immunoprecipitates were
stained for RIPK1 and RIPK3. B+L: beads with lysate loading control, B+A: beads with antibody loading
control. Representative results one of two independent experiments are shown.
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Upon TCR stimulation, as well as TNF stimulation the expression of full length caspase-8
reduced, while caspase-8 cleavage products p43 and pl18 increased in A20-sufficient and
A20-deficient cells. However, caspase-8 cleavage occurred earlier and was increased in
A20-deficient CD8* T cells.

Effector caspases such as caspase-3 execute apoptosis by hydrolyzing peptide bonds of
cellular proteins and, thus, are key molecules for identifying apoptotic cell death. After
48 h of TCR stimulation and upon TNF stimulation, cleavage of full length caspase-3 was
observed, an important indicator of apoptosis. In A20-deficient CD8* T cells cleavage of
caspase-3 was strongly induced compared to A20-sufficient cells, indicating that A20 is
involved in the regulation of apoptosis in CD8* T cells.

We further analyzed the necroptotic pathway by studying necrosome formation before and
after TCR stimulation (Figure 25B). RIPK1 was immunoprecipitated from total cell
lysates and stained for RIPK1 and RIPK3. In unstimulated cells small amounts of RIPK3
were associated with RIPK1. Upon TCR stimulation, RIPK1/RIPK3 complex formation
was observed in both groups, but was strongly increased in A20-deficient CD8* T cells.
Thus, A20 inhibits both, necrosome formation and apoptosis of activated CD8* T cells.
Effector caspase activity is an important tool in determining cell death. Thus, capsase-3/7
activity was measured using a DEVD-substrate in anti-CD3/CD28-stimulated CD8*
T cells (Figure 26). The fluorochrome-labeled DEVD-peptide is cleaved by active effector
caspase-3 and -7. Thus, fluorochrome is released, binds to the DNA and emits a fluorescent
signal, which is detectable by flow cytometry. Thus, the MFI of the DEVD-substrate is

equivalent to caspase-3/7 activity.
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Figure 26: Increased caspase-3/7 activity in A20-deficient CD8* T cells

CD8* T cells were purified and stimulated with anti-CD3/CD28. A| Proliferation as indicated by the CFSE
dilution and DEVD-substrate cleavage by active caspase-3/7 was determined for A20-sufficient CD8* T cells
(left), A20-deficient CD8" T cells (center) and an overlay of both (right; grey A20-sufficient cells; black A20-
deficient cells). B-C| DEVD-substrate was used to measure caspase-3/7 activity via flow cytometry. B|
Stimulation with anti-CD3/CD28 only. C| Stimulation with anti-CD3/CD28 and TNF. A representative of two
independent experiments is shown with three mice per group. Error bars indicate +SEM. Student's ¢-test, *
p<0.05; ** p< 0.01.
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As comparable to Figure 15E, A20-deficient CD8* T cells again proliferated stronger but
concurrently upregulated caspase-3/7 activity (Figure 26A). In contrast, proliferating A20-
competent cells maintained a low caspase-3/7 activity.

Upon anti-CD3/CD28-stimulation, caspase-3/7 activity increased in A20-sufficient
and -deficient cells, but 72 h after stimulation A20-deficient CD8* T cells had significantly
augmented caspase-3/7 activity (Figure 26B). When TNF was added, significant
differences were already detectable 24 h after stimulation. Thus, A20-deficient CD8* T cell

are more sensitive to cell death in vitro.

3.4.4 Increased sensitivity of A20-deficient CD8* T cells to
CD95-induced cell death

Caspase-3/7 activity was also determined in vivo by isolating splenocytes from infected
mice starting at the peak of the T cell response at day 7 and until the end of the contraction
phase at day 21 (Figure 27A). Already at day 7 p.1., an increased caspase-3/7 activity was
detected in L. monocytogenes OVA-specific CD8* T cells from CD4-Cre A20%% mice,
indicating increased apoptosis. During the course of infection, caspase-3/7 activity was
only slightly upregulated in A20-sufficient pathogen-specific CD8* T cells with a peak
activity at day 14 p.i. However, caspase-3/7 activity increased strongly from day 9 to
day 11 in A20-deficient in L. monocytogenes OVA-specific CD8* T cells and was maintained
at high levels until day 21 p.i.

The contraction phase of pathogen-specific CD8" T cells is mediated by activation-induced
cell death (AICD) and activated cell autonomous death (ACAD) to maintain lymphocyte
homeostasis. AICD is a CD95-dependent process, and therefore we analyzed CD95
expression on L. monocytogenes OVA-specific CD8* T cells in vivo (Figure 27B).

Already at day 7 p.i., expression of CD95 was almost 3-fold increased on A20-deficient
L. monocytogenes OVA-specific CD8" T cells. During the contraction phase, CD95
expression increased in both groups but remained significantly higher in CD4-Cre A20%1

mice at all time points.
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Figure 27: Increased caspase-3/7 activity and CD95 expression in vivo.

Splenocytes from infected animals were isolated at day 7, 9, 11, 14 and 21 p.i. Flow cytometric analysis was
performed and cells were gated on H2-Kb SIINFEKL pentamert CD8" T cells. A| DEVD-substrate was used
to determine caspase-3/7 activity of L. monocytogenes OVA-specific CD8* T cells. Grey numbers and
histograms represent MFI of caspase-3/7 activity in A20 1 mice, black numbers and histograms represent
MFTI of caspase-3/7 activity in CD4-Cre A202% mice. B| CD95 expression of L. monocytogenes OVA-specific
CD8* T cells was determined. Representative histograms and graphs of the MFI are displayed. Grey numbers
determine MFI of CD95 expression in A20 /1 mice, black numbers represent MFI of CD95 expression in CD4-
Cre A20%11 mice. A representative of two independent experiments is shown with 3-4 mice per group. Error
bars indicate +SEM. Student's ¢-test, * p< 0.05; ** p< 0.01.

In addition, in vitro stimulation of CD8* T cells with anti-CD3/CD28 induced a significant
upregulation of CD95 in A20-deficient cells (Figure 28A). Furthermore, when CD95L was
supplemented to the TCR stimulation, caspase-3/7 activity significantly increased already
after 24 h in A20-deficient cells (Figure 28B).

To determine, if CD95 signaling induced stronger apoptosis in the absence of A20, CD8*
T cells from both genotypes were treated with Z-VAD-FMK, a pan-caspase inhibitor, prior
to CD95L stimulation (Figure 28C). In the absence of the caspase inhibitor, CD95L
treatment resulted in significantly stronger reduction of living A20-deficient cells
compared to A20-sufficient cells. Addition of Z-VAD-FMK improved the viability of CD8*
T cells from both groups, however, the frequency of living A20-deficient cells was still
significantly reduced, strongly indicating that other cell death pathways, e.g. necroptosis,
are augmented in the absence of A20.

Expression of CD95 is induced upon NF-kB activation (Chan et al., 1999) and since CD95
was strongly upregulated in A20-deficient cells in vitro and in vivo, A20 may indirectly
regulate CD95 expression by inhibition of NF-«kB signaling. To test this hypothesis,
CD95 mRNA levels in CD8* T cells were determined upon in vitro TCR stimulation in the
presence or absence of an IKK-inhibitor (Figure 28D). Anti-CD3/CD28 stimulation
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induced a significantly stronger upregulation of CD95 mRNA in A20-deficient CD8*
T cells, compared to control cells. Importantly, inhibition of NF-kB activation by an
IKK-inhibitor reduced levels of CD95 mRNA and abolished the difference between both

groups, suggesting a critical role of A20 in the inhibition of CD95 expression.
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Figure 28: A20-deficient CD8* T cells are sensitive to CD95 stimulation in vitro.
A20-sufficient and —deficient CD8* T cells were purified. A| Cells were stimulated with anti-CD3/CD28 for up
to 72 h and a kinetic of the CD95 expression was determined. B| Caspase-3/7 activity was measured upon
stimulation with CD95L in addition to anti-CD3/CD28. C| Frequency of living cells was determined after
CD8* T cells were stimulated with recombinant CD95L for 2 h. Inhibition of apoptosis was performed by
adding Z-VAD-FMK prior to the stimulation. (+) treatment, (-) no treatment. D| T cells were stimulated with
anti-CD3/CD28 and treated with IKK-inhibitor or were left untreated. Afterwards, levels of CD95 mRNA were
determined by RT-qPCR. (+) treatment, (-) untreated cells. E| Caspase-3/7 activity was determined before
and after AICD by adding DEVD-substrate. Grey numbers and histograms: MFI of caspase-3/7 activity from
A20-sufficient CD8* T cells. Black numbers and histograms: MFT of caspase-3/7 activity from A20-sufficient
CD8* T cells. A representative of two independent experiments is shown with 3 mice per group. Error bars
indicate +SEM. C-D Tukey’s multiple comparison test; A-B and E Student's ¢-test, * p< 0.05; ** p< 0.01.

In vivo, AICD mediates cell death after the peak of the T cell response upon infection. This
process can be initiated in vitro by restimulation of activated and expanded T cells. As
shown in Figure 28E+F, restimulation of A20-deficient CD8* T cells induced a much
stronger caspase-3/7 activity compared to A20-sufficient cells. Taken together, these data

define the inhibitory role of A20 in CD95-mediated cell death of CD8* T cells
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4. DISCUSSION
4.1 Characterization of CD4-Cre A20fl mice

Since its discovery in 1990 (Opipari et al., 1990), A20 has been identified as a key regulator
of inflammation and immune response in different cells and tissues with a broad range of
cell type specific functions, defining its complex role in the immune system.

A20-deficient mice die shortly after birth due to severe inflammation and cachexia,
pointing out that A20 is an important mediator of immune homeostasis. Tissue-specific
deletion of A20 is commonly associated with autoimmunity, similar to polymorphisms in
the human Tnfaip3 gene. Dysregulation of A20 in humans is implicated in a wide range
of autoimmune diseases such as SLE and rheumatoid arthritis due to the constitutive
activation of the NF-kB pathway. In addition, reduced A20 expression has been associated
with increased oncogenic potential. Downregulation of A20 in T cell-lymphoma and T cell
non-Hodgkin-lymphoma patients have been reported (Wang et al., 2014). In patients with
cutaneous T cell lymphoma, also called Sézary syndrome which is characterized by
erythroderma, lymphadenopathy, hepatosplenomegaly and skin lesions, a deletion of the
Tnfaip3 gene was detected (Braun et al., 2011).

To study the function of A20 in T cells, we successfully generated conditional knock out
mice with a specific deletion of A20 in CD4* and CD8* T cells. Naive CD4-Cre A20%" mice
were analyzed for the spontaneous development of inflammation and autoimmune
disorders. In the thymus, we observed no defect in T cell development. T lymphocytes
developed normally and were released into the periphery.

In CD4-Cre A20%1 mice we observed a mild leukocyte infiltration and inflammation in
spleen, liver (data not shown) and lymph nodes similar to symptoms of Sézary syndrome.
In addition, serum cytokines were slightly increased, confirming a mild inflammation in
CD4-Cre A20%1 mice. However, ALT levels in serum, an indicator of liver damage, were
not significantly increased, indicating that the integrity of the liver was not disturbed. No
aggravation of organ inflammation and skin lesions were observed in aged mice.

A similar mild inflammatory condition was observed by Giordano et al. (2014), upon A20
deletion in mature T cells. Thereby we conclude that A20 in T cells does not induce severe
autoimmunity. An increase of Tregs in CD4-Cre A20% mice (data not shown), which play
an important role in regulating immunological self-tolerance might explain the lack of
severe autoimmunity.

Consistent with previous reports on the role of A20 in other cell types, in vitro TCR

stimulation of A20-deficient T cells induced increased NF-kB- and MAPK-activation.
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Activation of these signaling pathways led to increased activation, proliferation and
cytokine production in CD8" T cells. Similar results were observed by Giordano et al.
(2014), indicating that A20 regulates TCR signaling. Preliminary evidence suggests that
A20 negatively regulates NF-kB signaling by catalyzing the cleavage of K63-polyubiquitin
chains from MALT1 in Jurkat cells, a human T cell line (Diwel et al., 2009). However, it
has been shown that the TCR signaling of Jurkat T cells is altered compared to other
human T cell lines (Bartelt et al., 2009). Therefore, it remains to be investigated, if the
mechanism of NF-kB regulation in murine T cells is similar to the immortalized acute T
cell leukemia-derived cell line.

Since enhanced activation of NF-kB in A20-deficient T cells resulted in increased T cell
activation, we hypothesized, that CD4-Cre A20"f mice mount a stronger T cell response
leading to faster clearance of pathogens upon infection. To test this hypothesis, we infected
CD4-Cre A20%1 mice and A20%1 control mice with L. monocytogenes, which induces a

strong CD8&8* T cell response.

4.2 A20 regulates magnitude of T cell responses to infection
with L. monocytogenes

The control of intracellular infections requires a strong protective CD8" T cell response
which is typically classified into three phases: 1) the expansion phase, which is initiated
upon antigen encounter, leading to the final elimination of the pathogen, ii) the contraction
phase, when the majority of pathogen-specific T cells undergo cell death, leaving behind a
small pool of memory T cells, which then in the last phase, iii) the memory phase, rapidly
expands upon a reinfection. In this study we intensively investigated the role of A20
during these phases of the T cell response.

After the first antigen encounter in peripheral lymphoid organs, T cells are activated,
undergo clonal expansion and relocate to the site of infection, where they produce effector
molecules for the activation and recruitment of more leukocytes (e.g. IFN-y and TNF) and
the killing of infected cells (granzyme B and perforin). These characteristics are essential
for the effective elimination of the pathogen. NF-xB initiates these processes, as the
upregulation of NF-xB induces activation, proliferation and cytokine production of
immune cells. We observed that A20, a suppressor of NF-kB activation is upregulated
upon TCR stimulation and, thus, seems to be important in impeding T cell responses.
A20 is extensively studied in the context of autoimmune diseases, however, less is known

about the function of A20 during infection. Maelfait et al. (2012) reported that myeloid
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cell-specific deletion of A20 in mice protected against Influenza A virus infection.
Increased NF-kB activation induced enhanced cytokine and chemokine production, which
in turn recruited more macrophages and neutrophils to the site of infection, leading to
reduced viral load and body weight loss.

We focused on determining the outcome of bacterial infection in mice lacking A20 in T
cells. During acute primary infection with the intracellular bacterium L. monocytogenes,
pathogen-specific CD8" T cell response was augmented in CD4-Cre A20%! mice,
characterized by an increased expansion as well as IFN-y- and granzyme B production,
resulting in improved pathogen control. IFN-y and granzyme B are regulated by NF-xB
(Huang et al., 2006; Sica et al., 1997), thus, the increased pathogen-specific CD8" T cell
response might be very well explained by the upregulation of NF-«B in the absence of A20.
However, after pathogen clearance, we detected a rapid reduction of L. monocytogenes-
specific CD8" T cells in CD4-Cre A20%! mice with a decrease in IFN-y and granzyme B
production, indicating a loss of function. When we rechallenged these mice, we observed a
phenotype contrary to the primary infection. A20-deficient CD8* T cells failed to expand
and produced less effector molecules compared to A20-sufficient CD8* T cells.

Upon T cell activation, the co-inhibitory receptor PD-1 is shortly upregulated and after the
clearance of infection, PD-1 expression subsides, as we observed in A20% control mice.
However, in CD4-Cre A20% mice, even after clearance of a bacterial infection, pathogen-
specific CD8* T cells expressed high levels of PD-1. The expression of PD-1 is associated
with increased T cell activation and correlates with dysfunction and exhaustion during
chronic viral infection (Keir et al., 2008). T cell exhaustion is induced upon persistent
NF-xB activation. In T cells, PD-1 activation inhibits TCR signaling through
dephosphorylation of PI3K and ZAP-70, and thereby, impeding T cell activation (Chemnitz
et al., 2004; Sheppard et al., 2004). In the absence of A20, a strong and prolonged
activation was observed in T cells which might induce PD-1 expression. The defective
granzyme B and IFN-y production as well as the failure in re-expansion might be explained
by the overexpression of PD-1 on pathogen-specific CD8* T cells in CD4-Cre A20% mice.
Noteworthy, Utzschneider et al. recently reported a new subset of memory CD8* T cells
that express PD-1 but had sustained Tcum function in a chronic viral infection model
(Utzschneider et al., 2016). However, the role of PD-1 on memory T cells remains unclear.
Further studies are necessary, to identify the function of PD-1 in our acute infection model,
and to determine if A20 can directly regulate PD-1 expression, e.g. by interaction with
Blimp-1 (B lymphocyte induced maturation protein 1), which can repress PD-1.

In the course of T cell exhaustion, a stepwise loss of function is ultimately leading to death

of the exhausted cell through the upregulation of pro-apoptotic factors and non-
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responsiveness to IL-7 and IL.-15, the major cytokines regulating T cell homeostasis (Yi et
al., 2010). Since the memory response was defective, we further aimed to understand if
memory T cell conversion was impaired in A20-deficient CD8* T cells. We performed a
detailed analysis of the fate of L. monocytogenes-specific CD8" T cells and we observed,
that A20-deficient pathogen-specific CD8" T cells rapidly undergo cell death, while
survival of A20-sufficient cells was improved. Therefore, we investigated whether A20
regulates memory T cell conversion.

The important factors for the cell-fate decision have not been completely identified.
Expression of IL-7Ra (CD127) has been defined as a marker for long-living memory
precursor cells. IL-7RaMeh cells are more likely to survive beyond the contraction phase,
while IL-7Ral¥ terminally differentiated effector cells, are prone to cell death (Kaech et
al., 2003). In addition, KLRG-1 was used as a marker for terminally differentiated effector
cells, and in combination with CD127, a detailed kinetic of SLEC and MPEC cells was
performed to determine a possible role of A20 in memory T cell formation.

At the peak of infection, equal relative numbers were observed in both groups. However,
while at day 21 p.i. the MPEC phenotype was dominant among AZ20-sufficient L.
monocytogenes-specific CD8* T cells, in CD4-Cre A20%f mice the pathogen-specific pool of
CD8* T cells consisted of almost equal relative numbers of MPEC and SLEC. Absolute
numbers of SLEC reduced in both groups, but slightly more in CD4-Cre A20%2 mice. The
pathogen-specific MPEC population in A20%f mice remained stable over time, which is
consistent with current research, proposing that the fate of SLEC and MPEC is
predefined. The loss of SLEC is not due to a transition into MPEC, but moreover due to
their sensitivity to cell death induction, while MPECs seem to be resistant to cell death
(Joshi et al., 2007). In CD4-Cre A20%! mice, however, MPECs reduced significantly over
time, explaining the major differences in the relative numbers as well.

The maintenance of MPECs is crucial for Tmem generation, as they further transform into
Tcm and Tem, which mount an immediate immunity to recurrent infections (Huster et al.,
2004). While relative numbers of Tcm were increased within the L. monocytogenes-specific
CD8" T cell compartment of CD4-Cre A20%% mice, absolute numbers of all subsets
remained significantly reduced compared to control mice. Upon reinfection, absolute
numbers of Ter, Tcm and Tem cells increased rapidly in A20% mice but only slightly
increased in CD4-Cre A20%1 mice. These data indicate a major defect in the memory CD8*
T cell compartment of CD4-Cre A20%fl mice. Tcm harbor only reduced effector function,
nevertheless, this does not account for the drastically impaired Tmem response. Several
other aspects could contribute to this phenotype. Currently, we can not rule out that A20

might directly regulate MPEC conversion to become Tcum, and that absence of A20 directly
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inhibits Tmem response, however, several more intrinsic and extrinsic factors regulate Tmem
formation, maintenance and function.

Not only the type but also the duration of an infection determines the longevity of CD8*
T cells. It has been shown that reducing the duration of infection with antibiotic treatment,
decreases secondary responses (Wirth et al., 2011).

Furthermore, it has been shown that PD-1 shapes memory T cell responses by impeding
the accumulation of Tem (Charlton et al., 2013). In addition, blockage of PD-1 can rescue
insufficient memory CD8* T cell responses (Fuse et al., 2009). Further studies are
necessary to determine, if increased PD-1 expression in CD4-Cre A20%"f mice leads to the
shift from Tem to Tcm in the pathogen-specific CD8" T cell compartment and if PD-1
blockage could reverse the defective CD8" Tuem response.

Previous reports suggest a significant impact of CD4* T helper cells for the generation of
a robust CD8* Tuem response upon L. monocytogenes infection (Shedlock and Shen, 2003;
Sun and Bevan, 2003). In addition, the cytokine milieu contributes in shaping Tmem
formation. Especially signals from I1.-2 and IL-12 support the differentiation into Tmem.
Interestingly, only CD8* T cells receiving IL.-2 signals during primary infection were able
to mount a robust secondary response (Bachmann et al., 2007; Williams et al., 2006). When
we analyzed the cytokine production of CD4* T cell in CD4-Cre A20%! mice during primary
and secondary response, we observed no differences to the A20% control group and,
therefore, could rule out that defective CD4* T helper cells are the cause for the impaired
Tmem response in CD4-Cre A20%f mice.

The signal strength the T cell receives from antigen, co-stimulatory molecules and
cytokines contribute to the formation and maintenance of memory T cells (Daniels and
Teixeiro, 2015). A gradient model was proposed, where a strong signal induces Tefr
formation but finally leads to cell death, but intermediate and low signal strength promote
Tem and Tcem generation, respectively (Kaech and Cui, 2012).

Interestingly, TRAF6 can regulate Tmem formation, by modulating fatty acid metabolism
(Pearce et al., 2009). It has been shown that A20 deubiquitinates TRAF6 in different
human cell types, thereby inhibiting NF-kB signaling (Boone et al., 2004; Garg et al., 2013;
Kelly et al., 2013). Further studies are necessary, to determine if A20 is involved in
TRAF6-mediated Tuem generation in murine T cells.

Furthermore, a tight regulation of NF-kB plays a fundamental role in the generation and
maintenance of memory CD8* T cells. Mice expressing a dominant-negative form of IxBa,
and thereby have reduced NF-kB activation, develop less memory-like CD8" T cells
(Hettmann et al., 2003). Similarly, patients with autosomal-dominant anhidrotic

ectodermal dysplasia with immunodeficiency (AD-EDA-ID), harboring a polymorphism in
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the IxBa-encoding gene, which enhances the inhibitory function of IkBa, fail to develop
memory T cells (Courtois et al., 2003). On the other hand, persistent NF-kB activation
resulted in increased cell death of pathogen-specific CD8* T cells, as demonstrated by
Krishna et al. by generating mice with constitutive IKKp activation (Krishna et al., 2012).
In our model, we observed a similar loss of pathogen-specific CD8* T cells, however, only
after the peak of infection, leading to an improved primary response. A tight regulation of
NF-«B activation is detrimental for the development and maintenance of Tuem.

The type, severity and duration of an infection can influence the T cell response. Further
investigations are necessary to determine the T cell-specific role of A20 in other infection
models. L. monocytogenes is a strong mediator of CD8" T cell responses, which could
explain that we did not observe an effect of A20 on the CD4* T cell compartment. In
infections, however, the role of A20 in CD4* T cells is still not determined, thus, a CD4"
T cell- mediated infection model such as leishmaniasis could help to address this in more
detail. In the model of EAE, a CD4* T cell-driven autoimmune disease, it has recently been
shown that A20-deficient CD4* T cells undergo necroptosis and, thus, develop less severe
EAE (Onizawa et al., 2015).

Hyperinflammatory conditions such as the model of allergic asthma, induced by
hyperactive Tn2 cells could be further investigated. In these models, A20 might be a
potential therapeutic target to reduce symptoms of inflammation. Additionally, chronic
infections like toxoplasmosis or lymphocytic choriomeningitis virus might be of interest to
further address the possibility of exhaustion in A20-deficient T cells.

To summarize, A20-deficient CD8* T cells show no typical features of memory T cells;
1) they have a low proliferative capacity compared to A20-sufficient memory CD8* T cells,
i1) effector functions can not be rapidly reactivated and iii) A20-deficient CD8* T cells fail
to survive long-term. In the current study we extensively focused on the role of A20 in all
three phases of CD8" T cell responses: expansion, contraction and memory phase. In
addition to the defective memory response of CD8* T cells, we continued to study the role
of A20 in the contraction phase, as this also contributes to the impaired recall-response by

reduced survival of MPECs.

4.3 A20 regulates CD8* T cell contraction phase

Activation of NF-xB is required for an efficient primary CD8* T cell response as well as for

the development of memory T cells (Gerondakis and Siebenlist, 2010; Hettmann et al.,

2003; Zehn et al., 2012). However, excessive or prolonged activation of the NF-xB signaling
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pathway can induce autoimmune reactions or programmed cell death (Chandok and
Farber, 2004).

During the contraction phase, the majority of pathogen-specific T cells undergo cell death,
an important feature of the immune system to prevent the accumulation of remaining
pathogen-specific cells. Few cells survive and form a heterogeneous pool of memory T cells.
Initially, AICD, an extrinsic CD95-dependent process, has been identified as a mediator
of T cell contraction (Alderson et al., 1995; Brunner et al., 1995; Dhein et al., 1995; Russell
et al., 1993). However, studies involving LCMV infection reported a CD95-independent
T cell contraction using CD95-deficient mice (Lohman et al., 1996; Zimmermann et al.,
1996). Several independent studies published contradictory results using superantigen
staphylococcal enteroxin B, where T cell contraction was reported either CD95-dependent
(Bonfoco et al., 1998; Mogil et al., 1995; Renno et al., 1995) or -independent (Hildeman et
al., 2002). Recent studies show an involvement of the intrinsic cell death pathway in the
regulation of T cell contraction, mainly by the regulation of the Bcl-2 family members
(Hildeman et al., 2002; Pellegrini et al., 2003; Wojciechowski et al., 2006). Intrinsic and
extrinsic cell death pathways seem to counterregulate the T cell contraction phase
(Bouillet and O’Reilly, 2009). Inhibition of both pathways leads to massive leukocyte
accumulation in Bim (a pro-apoptotic member of the Bcl-2 family)- and CD95-double-
deficient mice (Hughes et al., 2008; Hutcheson et al., 2008). In humans, the autoimmune
Ilymphoproliferative syndrome (ALPS), leading to lymphadenopathy, splenomegaly and
autoimmune disease, is caused by a mutation in CD95 (Martin et al., 1999; Millauer et
al., 2008), making clear that CD95 is an important regulator in the deletion of peripheral
T cells. In L. monocytogenes infected mice, the contraction phase after bacterial clearance
is mediated by CD95 (Fuse et al., 1997), indicating that different cell death mechanisms
play a role, depending on the underlying infection.

Upon CD95 stimulation, apoptosis is initiated by the activation of terminal effector
caspases including caspase-3 and -7. Under certain conditions, such as inhibition of
caspase-8, CD95 stimulation can also initiate necroptosis, a RIPK3-dependent cell death
(Silke et al., 2015). Quantification of apoptosis and necroptosis during the contraction
phase of pathogen-specific CD8* T cells in vivo is challenging and has not been reported
so far, due to complications in differentiating apoptosis from necroptosis, as specific
surface markers are not described so far. In the present study we used IFC which combines
quantitative single cell microscopy with flow cytometry. This enabled us to quantify
apoptotic and necroptotic L. monocytogenes-specific CD8" T cells ex vivo based on

morphological differences.
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Morphologically, apoptotic cells are defined by phosphatidylserine exposure on the cell
surface followed by membrane blebbing, chromatin condensation, a decrease in cell size
and formation of apoptotic bodies (Henry et al., 2013). In contrast, necroptotic cells include
rapid cytoplasmic and nuclear swelling as well as organelle breakdown, finally leading to
the rupture of the plasma membrane (Pietkiewicz et al., 2015).

Independent of A20, necroptosis and apoptosis contributed to the contraction of
L. monocytogenes-specific CD8* T cells at day 7 and 11 p.i. However, in the absence of A20
both apoptosis and necroptosis were augmented (day 11 p...) and A20 preferentially
suppressed necroptosis (day 7 and 11 p.i.). These data suggest that 1) both necroptosis and
apoptosis participate in the contraction phase and i1) A20 is a suppressor of necroptosis as
well as apoptosis in CD8* T cells. A previous study from Onizawa et al. (2015) described a
protective role of A20 in CD4* T cells against necroptosis. In sharp contrast to our results,
apoptosis was completely abolished in A20-deficient CD4* T cells. These conflicting results
might be explained by intrinsic differences between CD4* and CD8* T cells as well as the
choice of the disease model.

On a molecular level activation of effector caspase-3 is a hallmark for the induction of
apoptosis, whereas necrosome formation is characterized by RIPK1/RIPK3 complex
formation. Western blot analysis confirmed increased caspase-3 and -8 cleavage, but also
RIPK1/RIPKS3 complex formation in in vitro stimulated CD8*T cells, confirming that both
signaling pathways play a role in CD8* T cells. However, cleavage of caspase-3 does not
necessarily indicate its activity. Previous reports demonstrate that caspase-3 activity can
be restrained by certain molecules such as cIAP2, XIAP or Bcl-XL (Clem et al., 1998;
Kavanagh et al., 2014; Paulsen et al., 2008). Therefore, we measured caspase-3/7 activity
in vitro and ex vivo with a DEVD-substrate-based assay. We first performed an in vitro
kinetic, where we observed a correlation between proliferation and caspase-3/7 activity in
A20-deficient CD8* T cells resulting in increased cell death, while in A20-sufficient CD8*
T cells caspase-3/7 activity was only slightly elevated. Similar results were obtained from
ex vivo staining of L. monocytogenes-specific CD8* T cells. In conclusion, these data confirm
that not only cleavage of effector caspase-3 is enhanced in A20-deficient CD8* T cells, but
also its activity, providing further evidence that A20 regulates apoptosis in CD8* T cells.
In addition, it has been shown that certain thresholds of effector caspase-3 and -7 activity
can correlate with NF-kB and AKT activation, by cleaving Poly (ADP-ribose)-polymerase 1
and the RasGTPase activating protein (Hassa et al., 2001; Yang and Widmann, 2001).
Furthermore, caspase-8 not only mediates cell death but, in addition, caspase-8 deficient
T cells show defects in activation and proliferation (Kennedy et al., 1999; Salmena et al.,

2003). It has been shown that caspase-8 is important for IKK-activation, and subsequently
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NF-xB activation (Su et al., 2005). Thus, morphological analysis is an important tool to
precisely determine cell death events on a single cell level. And indeed, IFC analysis after
in vitro anti-CD3/CD28-stimulation revealed reduced survival and increased apoptosis
and necroptosis of A20-deficient CD8* T cells, confirming the role of A20 in the regulation
of cell death.

Since it has been reported that the termination of the CD8* T cells response after
L. monocytogenes infection is mediated via CD95 signaling (Fuse et al., 1997), we
determined CD95 expression ex vivo. A20-deficient L. monocytogenes-specific CD8* T cells
significantly upregulated the cell death receptor CD95, correlating with increased
caspase-3/7 activity. Corresponding to our ex vivo findings, A20-deficient CD8" T cells
strongly upregulated CD95 expression upon TCR stimulation in vitro, indicating that
upregulation of CD95 could be initiated upon NF-kB activation. Blocking of NF-xB
activation in vitro using an IKK-inhibitor, resulted in downregulation of CD95 in A20-
sufficient and -deficient CD8* T cells. Furthermore, the difference between both groups
was completely abolished, providing a strong evidence that A20, by inhibiting NF-xB
activation, indirectly suppresses CD95 expression. In addition, A20 could also be directly
involved in the death receptor pathways. RIPK1, a known target of A20, is a key regulator
in both, CD95- and TNF-R signaling pathways (Festjens et al., 2007; Ma and Malynn,
2012). Further studies could provide insight into the regulation of death receptor
pathways by A20 in T cells.

CD95 expression does not only induce cell death but the threshold of CD95 signaling
determines whether cell death or T cell activation is induced (Paulsen and Janssen, 2011).
CD95L stimulation resulted in increased caspase-dependent apoptosis of A20-deficient
CD8" T cells in vitro. However, we can not rule out that CD95 signaling may initially also
contribute to the augmented activation of A20-deficient CD8" T cells.

The regulation of expansion versus AICD of pathogen-specific T cells is necessary to regain
immune homeostasis after bacterial clearance. AICD-experiments showed an increased
activity of caspase-3/7 in A20-deficient CD8" T cells, which is induced by interaction of
CD95 with CD95L after repeated stimulation of cells (Krueger et al., 2003).

CD95 expression was increased not only on in vitro stimulated CD8" T cells but also in
vivo on pathogen-specific CD8* T cells. It has been shown, that CD95 is upregulated upon
NF-xB activation (Chan et al., 1999), thus, we hypothesized that NF-kB activation is
restricted by A20 and thereby reduces apoptosis by limiting CD95 expression. To support
this, we used an IKK-inhibitor, which impedes IkB degradation and translocation of
NF-xB to the nucleus, thus, preventing NF-kB-mediated gene expression. The IKK-

inhibitor abolished the difference in CD95 expression between both A20-sufficient
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and -deficient CD8" T cells, confirming an indirect effect of A20 on the regulation of CD95
expression.

Dudani et al. reported that CD95/CD95L did not influence the expansion or contraction of
pathogen-specific CD8* T cells, but is important for memory CD8* T cell response (Dudani
et al., 2008). To prove the involvement of CD95 during the contraction phase in our model,
mice with A20- and CD95 double-deficient T cells should be generated. At present, we can
not assume that only CD95 regulates T cell contraction, but also other factors might play
a role, such as TNF-R signaling, the intrinsic cell death pathway or cytokine signaling.
Previous reports could show an involvement of the TNF/TNF-R complex as well as CD40L,
another member of the TNF-R family, in regulating the contraction phase and memory
T cell formation (Borrow et al., 1996; Suresh et al., 2005; Whitmire and Ahmed, 2000;
Zhou et al., 2002). Moreover, in vitro stimulation of CD8" T cells with TNF induced
cleavage of caspase-8 and caspase-3 in both groups, but A20-deficient CD8* T cells
exhibited increased sensitivity towards TNF stimulation. However, in vitro experiments
can not fully reflect the complex inflammatory environment in vivo, thus, indicating that
death of A20-deficient pathogen-specific CD8* T cells is mediated by several mechanism,
including TNF and CD95.

Taken together, our study uncovers that A20 restricts expansion of pathogen-specific CD8*
T cell during primary response, regulates the contraction phase and is important for
memory T cell formation, survival and re-expansion.

In conclusion, A20 has a essential function in the regulation of pathogen-specific CD8*
T cells, which cannot be compensated by other DUBs. This places A20 in an important
position, indicating that therapeutic manipulation of A20 may be an attractive strategy to

either augment or suppress CD8* T cell responses in human diseases.
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DISCUSSION

4.4 Conclusions

The present study uncovers the opposing role of A20 for the CD8* T cell response in vivo.
In primary listeriosis, A20 restricts CD8* T cell expansion resulting in an improved
pathogen control. However, A20 positively regulated memory CD8* T cell formation and
survival, resulting in an improved pathogen control upon secondary infection.

In addition, we used for the very first time IFC to determine the type of pathogen-specific
CD8" T cell death and demonstrated that both, apoptosis and necroptosis contribute to the
contraction of pathogen-specific CD8* T cells in primary infection. Furthermore, we could
show that A20 inhibits both pathways in CD8" T cells.

Not only the reduced number of pathogen-specific CD8" T cells, but also a defective
expansion and impaired production of effector molecules lead to increased bacterial
burden in reinfected CD4-Cre A20% mice, indicating that A20 promotes re-expansion and

function of memory CD8* T cells.
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Figure 29: Graphical summary of this study.

Upon systemic L. monocytogenes infection, CD4-Cre A20%l mice had reduced bacterial loads at the peak of
infection and were able to clear the pathogen faster. During the contraction phase, however, increased cell
death of A20-deficient pathogen-specific CD8" T cells occurred, resulting in an impaired memory T cell
response after reinfection.

Understanding the maintenance and regulation of immunological memory is important
for improving vaccination strategies and immunotherapies. Identification of molecules
and pathways, regulating T cell responses can be used in a therapeutic manner to help in
designing new vaccines to boost T cell immunity and treat autoimmune disorders.

The present study complements our knowledge of how the immune system is regulated by
deubiquitinating enzymes and demonstrates their important role in immune regulation
and provides the basis to further explore the therapeutic potential of A20-modulating
drugs.
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