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Introduction

1 Introduction

1.1 T cells

T cells play a central role in the cellular immune response. Their development takes place in
the thymus and as mature T cells they leave the thymus and circulate through the periphery.
There are two main subsets of T cells that differ in their effector function, MHC restriction
and accessory molecule usage. First, cytotoxic T cells (CDS), which kill target cells that dis-
play peptide fragments of cytosolic pathogens, most notably viruses, bound to MHC class 1.
Second, T helper cells (CD4), recognizing fragments of antigens degraded within intracellular
vesicles presented by MHC class II. These cells are characterized by their activity in support-

ing humoral and cell-mediated immune responses.

1.1.1 T cell development

T cells arise from hematopoietic stem cells in the bone marrow and migrate via the blood as T
cell precursors into the thymus. The thymus is responsible for the development, selection and
output of mature naive T lymphocytes into the periphery in a process called thymopoiesis
(Taub and Longo 2005). T cell development is not cell autonomous, but requires signals from
nonhematopoietic stromal cells such as thymic epithelial cells (TECs) and mesenchymal fi-
broblasts. These cells are located in distinct anatomical locations in the thymus (Anderson and
Jenkinson 2001; Taub and Longo 2005). Movement of the T cell precursors between these
distinct locations is critical for the perception of the different signals. In the earliest stage of
thymocyte development, the immature thymocyte progenitors are negative for CD4 and CDS8
cell surface expression and are termed double-negative (DN) cells. Their further maturation
can be distinguished by their differential expression of the adhesion molecule pgpl (CD44)
and the IL-2 receptor a chain (CD25) (Germain 2002; Taub and Longo 2005). After entering
the thymus, the thymocyte precursors start to express CD44 (DN1: CD44", CD25") followed
by an upregulation of CD25 (DN2: CD44", CD25") and a subsequent down-regulation of
CD44 (DN3: CD44", CD25"). The DN3 stage is accompanied by an up-regulation of RAGI
and RAG2 gene expression which are essential to start rearrangement of the TCR v, & and 3
loci (Pearse, Gallagher et al. 1988; Pearse, Wu et al. 1989; Taub and Longo 2005). The two
lineages of a/B- and y/d- T cells diverge at this stage (MacDonald et al. 2001; Taub and
Longo 2005). Successful rearrangement of a y and a & gene leads to the expression of a func-
tional y/d T cell receptor that signals the cell to differentiate along the y:0 lineage. Cells that

have successfully rearranged a -chain gene, produce a functional TCRf-chain that pairs with
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the invariant pre-TCRa-chain to create a pre-T cell receptor (Groettrup and Boehmer 1993;
Taub and Longo 2005), which results in downregulation of CD25 (DN4: CD44°, CD25"). In
addition, transcription of the RAG enzymes is terminated to ensure allelic exclusion (Alt,
Rosenberg et al. 1981; Aifantis, Buer et al. 1997). Successfully rearranged cells proliferate
extensively (Falk, Biro et al. 1996) and start to express CD4 and CD8 which mark the double-
positive (DP) stage of development (Fehling, Krotkova et al. 1995). In the DP stage, the tran-
scription of RAG1 and RAG2 is upregulated for the second time and the rearrangement of the
a-chain takes place (Mombaerts, Clarke et al. 1992; Wilson, Held et al. 1994) resulting in
expression of a complete o TCR on the cell surface. The TCRa and TCRp subunits are pro-
duced by programmed rearrangement of variable (V), diversity (D) and joining (J) gene seg-
ments. The extremely high number of possible combinations of these gene segments enables
the formation of a diverse TCR repertoire necessary for the recognition of a variety of foreign
antigens (Sommers, Samelson et al. 2004) and the ligand specificity of the receptor dictates

the cell fate.

Outer cortex

Cortico-medullary
L junction

Inadequate

CD8-committed DP

Negative
selection

Positive
selection

CD4-committed DP

Negative
selection

Figure 1: Traffic of thymocytes for T
cell development and selection. Lym-
phoid progenitors arise in the bone
marrow and migrate into the thymus.
They lack the expression of TCR, CD4

I.S;'Zfi‘n’;”"“ g;;pngf:; . and CD8 and are termed double-
{::/3 (A { . negative (DN) thymocytes, which can

- Zg'fgﬁ.'fﬁi‘/ ﬁ?o%ﬁ.'fgﬁ" A be further subdivided into four stages
S e \ of differentiation (DN1; DN2; DN3;
g ~ \ DN4). During DN2 to DN4, thymo-
g O & / t‘{t;gmgr cytes rearrange the TCRp-chain, fol-

lowed by coupling with the pre-TCRa-
chain to form the pre-TCR complex.
Next, cells rapidly proliferate, express
both CD4 and CDS§ co-receptors, and

@ .
- © functionally rearrange

L A4 precurso

Medulla
O
/ ™

Medulery  Death Death Medulary TCR and CD4 and CD8 surface recep-
epithelial cell/ l emheh_al cell/ .
dendritic cell denditic cel | tors are termed double-positive (DP)

Emigration to periphery

thymocytes.

DP thymocytes interact with thymic epithelial cells and begin the process of positive and negative selection,
resulting either to death via apoptosis or survival and subsequent maturation into CD4 single positive (SP) or
CD8 SP thymocytes. These cells are then ready for export from the medulla to peripheral sites. Picture was taken
from (Ronald N.Germain, 2002).

Once the mature TCR is expressed, DP thymocytes undergo two selection steps termed posi-
tive and negative selection. The positive selection is initiated by TCR recognition of pep-

tide/MHC complexes at low avidity interactions on cortical thymic epithelial cells (cTECs)

2

their TCRa-
Haomatocoltighain. Thymocytes expressing mature



Introduction

and dendritic cells, resulting in survival and further differentiation into single positive (SP)
thymocytes. The process of negative selection deletes via apoptosis thymocytes with high
affinity for self-peptides presented by medullary thymic epithilial cells (mTECs). This process
contributes to the deletion of self-reactive T cells, thereby ensuring self-tolerance and avoid-
ing autoimmunity. In addition to TCR ligation, negative selection appears to require secon-
dary signals delivered through contact with co-stimulatory molecules on antigen presenting
cells (APCs). This selection process ensures that only cells with functional TCRs that recog-
nize self-MHC but no self-peptides migrate into the periphery. The negative selection process
results in a loss of nearly 95% of developing thymocytes. The surviving thymocytes down-
regulate one of the co-receptors, becoming either CD4 SP or CD8 SP, and leave the thymus to

circulate in the periphery as mature T cells.

1.1.2 T cell receptor signaling

The TCR is a multimeric complex composed of a receptor module associated with various
signaling proteins (CD3y, §, € and TCRT chains). Stimulation of the TCR triggers signaling
cascades required for T cell differentiation and proliferation. Signal transduction from the
TCR is initiated by sequential activation of protein tyrosine kinases (PTKs) Lck/Fyn and
Zap70/Syk (Guy and Vignali 2009). Lck is constitutively associated with the cytoplasmic
domain of the co-receptors CD4 and CD8 whereas Fyn physically associates with the cyto-
plasmic domains of the CD3 chain from the TCR complex. After engagement of the TCR by
self-peptide-MHC complexes, the CD8 or CD4 co-receptor deliver Lck to the TCRC chain to
phosphorylate the immunoreceptor tyrosine based activation motifs (ITAMs). Phosphoryla-
tion of the T chains enables them to bind Zap70 and bring it in close proximity to Lck. Then,
Lck activates and phosphorylates Zap70, which subsequently phosphorylates the adaptor pro-
teins LAT and SLP-76 (Wang, Kadlecek et al. 2010). These proximal signaling events lead to
the activation of PLCy-1 (Smith-Garvin, Koretzky et al. 2009), which in turn hydrolyzes
phosphatidylinositol 4,5-biphosphate (PIP2) to generate two important second messengers,
diacylglycerol (DAG) and inositol 1,4,5-triphosphates (IP3) (Imboden and Stobo 1985).
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Figure 2: Schematic illustration of

[ca™| CARMA1 |-
| = maLT1 20 TCR signaling pathways. Upon
T— R‘I’ | TCR stimulation, PLC-y1 is activa-

ted generating inositol triphosphate

nAK B (IP3) and diacylglycerol (DAG). IP3
Vl, I induces calcium release, thus activa-
NFAT | SFOS) ap-1 NFd ting the NFAT pathway, and DAG

- phosphorylates PKCO, thus activa-
\ l / isecription ting the NF-kB pathway. In additi-
I on, DAG triggers Ras-Grp resulting
AN7ANZANZANZANZAN AN\ in the activation of the Ras-Mek1/2-
Erk1/2-AP1 pathway. Picture was
taken from (Hayashi, Mo et al.
2007).

IP3 binds to its receptor in the endoplasmic reticulum (ER) to trigger the release of Ca" to the
cytosol. Ca*™ is required to activate the serine/threonine phosphatase calcineurin, which
dephosphorylates the transcription factor NFAT. Then, dephosphorylated NFAT translocates
into the nucleus to induce the transcription of genes essential for T cell activation and T cell
tolerance. The second messenger DAG binds to PKCB to induce its rapid translocation to the
immunological synapse and its activation (Isakov and Altman 2002). Next, PKCO phosphory-
lates Carmal leading to the recruitment of Bcl10 and Maltl to the lipid raft. PKCO as well as
the Carmal/Bcl10/Malt]l complex associate with the IKK complex and induce its activation
(Lee, D'Acquisto et al. 2005). The activated IKK complex in turn phosphorylates IkB, which
subsequently become ubiquitinated and then fully degraded through the proteasome. Thus,
NF-xB complexes are freed and translocate into the nucleus to activate the expression of their
target genes (Vallabhapurapu and Karin 2009). In addition, DAG associates and activates
Ras-GRP1, which further induces the activation of the Ras-Mek1/2-Erk1/2-AP1 pathway
(Roose, Mollenauer et al. 2005). Altogether, the activation of the TCR promotes a number of
signaling cascades resulting in the activation of the transcription factors NF-kB, NFAT and
AP-1. Activation of these molecules initiates new gene transcription that results in the differ-

entiation, proliferation and effector actions of T cells.
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1.1.3 T helper cell lineages

CD4" T helper cells (Ty) are important mediators of humoral and cell immune responses
(Cantor and Boyse 1975). Following activation, naive Ty cells can differentiate into two func-
tionally different lineages of Ty cells (Mosmann and Coffman 1989). Each subset produces
mostly mutually exclusive panels of cytokines, which defines their distinct functions in im-
munity. First, the Tyl cell subset, which is characterized by their capacity to produce the cy-
tokines IFNy and IL-2 and differentiate from naive TyO precursors under the influence of IL-
12, IFNy and the transcription factors STAT-1, STAT-4 and T-bet (Szabo, Kim et al. 2000).
Second, the Ty2 cell subset, which produce the cytokines 1L-4, IL-5, IL-6, IL-10 and IL-13.
The development of T2 cells from naive Ty0 precursors is driven by IL-4 and the transcrip-
tion factors STAT-6 and GATA-3 (Zheng and Flavell 1997). Tul cell cytokines drive cell-
mediated responses, activating mononuclear phagocytes, natural killer (NK) cells and cyto-
toxic T cells to kill intracellular microbes and virally infected targets. Ty2 cell cytokines are
important for the host defense against extracellular pathogens and enhance the antibody pro-
duction by B cells. The initial source of the differentiation factors for both Tyl and Ty2 cells

are cells of the innate immune system responding to microbal anigens, parasitic antigens or

allergens.
STAT1/4
T-bet
Th1 o 'Y
IL-12
IFN-y /
Naive
cD4* GATA-3
TH cell STAT6
IL-4
IL-4 IL-5
Th2 IL-10
IL-6
IL-1
RORYT Figure 3: Development of T helper sub-
STAT sets from naive CD4" T cells. Cytokines
3 and transcription factors inducing the devel-
opment of Tyl, Ty2 and Tyl7 cells are
Thi7 IL-17A shown. On the right, the main effector cyto-
IL-17F kines produced by Tyl, Ty2 and Tyl7 cell
IL-21 lines are indicated. Picture was taken from
IL-22 (Andreotti, Schwartzberg et al. 2010).
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Recently, a third subset of effector Ty cells distinct from Tul or Tu2 cells has been identified
known as Ty17 cells, which play an important role in host defence against specific pathogens
and are potent inducers of autoimmunity and tissue inflammation (Harrington 2005; Langrish
2005; Park 2005). Ty17 cells are characterized by the production of IL-17A, IL-17F and IL-
22, which are potent pro-inflammatory cytokines capable of inducing IL-6 and TNF produc-
tion as well as driving granulocyte recruitment and tissue damage. Ty17 cells also secrete IL-
21 to communicate with cells of the immune system. The differentiation of Ty17 cells from
naive CD4" T cells is regulated by the cytokines TGFP and IL-6 and the transcription factors
STAT-3, RORyt and RORa. (Veldhoen 2006).

1.1.3.1 Regulatory T cells

Regulatory T cells (Tregs) play an important role in the maintenance of immunological ho-
meostasis and self-tolerance by suppressing the proliferation or function of autoreactive T
cells (Thompson and Powrie 2004). They have been shown in several murine in vivo models
to prevent the induction of autoimmune and inflammatory disease (Asano, Toda et al. 1996;
Read, Malmstrom et al. 2000; Read, Malmstrom et al. 2000; Salomon, Lenschow et al. 2000;
De Camargo Furtado, Olivares-Villagémez et al. 2001). There are two types of CD4 " Tregs:
natural Tregs (nTregs), which develop in the thymus during the course of positive and nega-
tive selection, and induced Tregs (iTregs), which are derived from naive conventional CD4" T
cells in the periphery following antigenic stimulation under a variety of conditions. In naive
mice, the nTreg cell population comprises 5-10% of all peripheral CD4" T cells (Sakaguchi
2004). The first identified cell surface marker which is preferentially expressed on nTregs was
the high affinity IL-2 receptor a chain CD25 (Sakaguchi, Sakaguchi et al. 1995). However,
CD25 expression is not unique to nTregs, since conventional T cells upregulate CD25 expres-
sion upon activation. The most specific marker of nTregs is the unique winged-helix/forkhead
transcription factor Foxp3 (also called scurfin), that is required for their development, mainte-
nance and function (Fontenot, Gavin et al. 2003; Hori, Nomura et al. 2003). Foxp3 is ex-
pressed exclusively in thymus-derived nTregs (Rudensky 2005) and also certain peripheral
1Treg populations that have suppressive capabilities (Chen, Jin et al. 2003; Fantini, Becker et
al. 2004). Genetic mutations in the gene encoding Foxp3 are fatal for both, mice and humans:
Mice (called scurfy mice) and humans (IPEX syndrome: Immune dysregulation Polyendocri-
nopathy Enteropathy X-linked syndrome) develop a profound autoimmune-like lymphoprolif-
erative disease displaying the importance of Tregs in the maintenance of peripheral tolerance

(Bennett 2001; Brunkow 2001; Wildin 2001).
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While nTregs develop in response to self-antigen or strongly ligating peptides in the thymus,
1Tregs develop in response to weaker, suboptimal TCR stimulation and exogenous antigens in
the periphery (Apostolou and von Boehmer 2004; Kretschmer, Apostolou et al. 2005). There
are two main subsets of iTregs generated in the periphery, which have been described based
on the cytokines causing their induction. First, the type 1 regulatory T cells (Trl), which are
induced by IL-10 (Groux, O'Garra et al. 1997; Vieira, Christensen et al. 2004), and second,
the T helper 3 (Tu3) cells, which are induced by TGFf (Weiner 2001). Both subsets exert
their suppressive activity primarily via soluble factors. Upon TCR triggering, Trl cells medi-
ate suppression by producing IL-10, whereas Ty3 cells secrete the cytokine TGFf (Chen,
Kuchroo et al. 1994; Chen 2003; Fantini, Becker et al. 2004). In addition to the concept of
soluble factor-mediated Treg suppression also other mechanisms of Treg suppression were
described. Tregs can induce cytolysis of target cells by perforin, granzyme A in humans and
granzyme B in mice (Gondek, Lu et al. 2005; Cao 2007). Recently, in several studies it was
shown, that Tregs mediate suppression of conventional T cells via metabolic disruption by IL-
2 deprivation which results in apoptosis, cCAMP inhibition or by CD39/CD73-generated A2A-
mediated immunosuppression (Sojka, Huang et al. 2008; Tang and Bluestone 2008; Vignali,
Collison et al. 2008). Finally, Tregs can suppress target cells by modulating DC maturation or
function via CD80/CD86 and CTLA-4 interaction or through the lymphocyte activation gene
3 (LAG-3) and MHC class II interaction (Sojka, Huang et al. 2008; Tang and Bluestone 2008;
Vignali, Collison et al. 2008). This interaction results in the reduced ability of DCs to activate
conventional T cells. In addition, they can induce the upregulation of the immunoregulatory
enzyme indoleamine 2,3-dioxygenase (IDO) in DCs (Mellor and Munn 2004). Altogether,
these mechanisms of Treg suppression provide a potent arsenal to maintain peripheral toler-

ance and preventing autoimmunity.

1.2 NF-B signaling

Nuclear factor-kB (NF-«B) plays a central role in the regulation of diverse biological proc-
esses, including inflammation, immunity and cell survival (Karin and Ben-Neriah 2000; Li
and Verma 2002). It comprises a family of transcription factors, which regulate numerous
genes that are involved in the innate and adaptive immune responses. In mammalian, the NF-
kB family consists of five inducible dimeric transcription factors belonging to the Rel familiy:

c-Rel, RelA (p65), RelB, NF-kB1 (p50/p105) and NF-kB2 (p52/p100), which function as
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homo- and heterodimers (Gilmore and Herscovitch 2000). All five contain a Rel-homology
domain (RHD) that is responsible for DNA binding, dimerization, nuclear translocation and
interaction with the inhibitory IkB proteins (Ghosh, May et al. 1998; Ghosh and Karin 2002).
In unstimulated cells, NF-kB proteins are sequestered inactive in the cytoplasm bound to an-
kyrin-rich regions of inhibitor of NF-kB (IxB) inhibitory proteins (IkBa, IkBf, and IxBe¢) or
the precursor proteins of NF-kB1 and NF-kB2, p105 and p100, respectively (Ghosh, May et
al. 1998). This binding serves to retain the dimers in the cytoplasm, therefore inhibiting the
transcription of target genes. In response to stimulation, IkBs are rapidly degraded by the
ubiquitin-proteasome pathway. The process of ubiquitination is an important signaling
mechanism involved in NF-kB activation. Thereby, linkage through lysine 48 (K**) targets
substrates to the proteasome while lysine 63 (K®) linkages seem to play important roles in
directing cellular signaling events. Degradation of the inhibitor IxB allows NF-kB dimers to
enter the nucleus and turn on a large number of target genes, particularly those involved in the
immune system and defense against pathogens, but also genes relating to inflammation, in-
jury, stress, and the acute phase response (Li and Verma 2002). The activation of the NF-xB
transcription factors is controlled by two signaling cascades, each activated by a set of signal
ligands: the canonical (also called classical) pathway and the noncanonical (also called alter-

natively) pathway.

1.2.1 The canonical NF-x B pathway

The canonical pathway of NF-kB activation is important at multiple stages of normal devel-
opment and function of the immune system, whereas a dysregulation may result in the initia-
tion and progression of autoimmune pathologies. A large variety of stimuli like mitogens,
cytokines, microbal components and DNA damage can rapidly activate the canonical pathway
(Pahl 1999) through a variety of cell membrane receptors such as tumour necrosis factor re-
ceptor (TNFR), IL-1 receptor and Toll like receptor (TLR), which results in phosphorylation,
ubiquitination and proteasomal degradation of the IkBs. Upon stimulation, specific membrane
receptors engage and trigger K® polyubiquitination and activation of TRAF (TNF receptor-
associated factor) ubiquitin ligases TRAF2, TRAF6 as well as RIP and NEMO (IKKY) (Sun,
Deng et al. 2004). TRAF ubiquitin ligases function together with a dimeric ubiquitin-
conjugated enzyme (Ubc; also known as E2) complex Ubc13-Uev1A to catalyze the synthesis
of a unique polyubiquitin chain linked through K of ubiquitin (Xia and Chen, 2005). The
polyubiquitin chains bind to a specialized Ub-binding domain on TAB2 and TAB3
(Kanayama, Seth et al. 2004), resulting in the recruitment and activation of the TAK1 com-
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plex. Activated TAK1 phosphorylates and activates the IkB kinase (IKK) complex, which is
composed of two catalytic subunits, IKKo and IKKp, and an essential regulatory subunit,

NEMO (Xia and Chen, 2005).

Canonical Noncanonical
TNFR BAFFR, LTBR, CD40 I
c-IAP1/2 f TRAF2 l

De novo synthesis

p100
processing

relB, nfkb2 cyclin D1 Chemokines
bcl3, ixba
proinflammatory genes

(O K48 Ub chain . K63 Ub chain

Figure 4: Regulation of the canonical and noncanonical pathways of NF-kB activation. NF-xB can be acti-
vated by canonical and noncanonical pathways, which rely on IkB degradation and p100 processing, respec-
tively. Noncanonical NF-kB signaling involves receptor-mediated degradation of negative regulatory ubiquitin
ligase complex, c-IAP/TRAF2/TRAF3, and accumulation of NIK. The canonical pathway involves K® ubiquiti-
nation of several signaling components, such as RIP1, which is required for the recruitment and activation of
IKK and its activating kinase, Tak1. The different NF-kB complexes regulate distinct target genes, although they
may function cooperatively in many cases. Picture was taken from (Sun 2009).

Next, IKKp phosphorylates IkB bound to cytosolic NF-kB, which subsequently triggers
bTrCP E3 ubiquitin ligase-mediated K48 polyubiquitination and proteosomal degradation of
IkB (Karin and Ben Neriah 2000; Verma et al. 1995). Degradation of IxkB releases NF-xB

heterodimers p50/RelA, which translocate into the nucleus to activate transcription of NF-kB
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target genes, including genes encoding pro-inflammatory cytokines and chemokines, cell-
adhesion molecules and anti-apoptotic proteins (Karin and Ben Neriah 2000). The deubiquit-
inases CYLD and A20 may block NF-kB activation by removal of K* chains from activated
TRAFs, RIP and NEMO. Additionally, CYLD may also indirectly inhibit the atypical NF-xB
pathways, as the inducible expression of noncanonical NF-kB members, RelB and NF-xB2

(p100) depending on the canonical NF-kB activation.

1.2.2 The noncanonical NF-k B pathway

The noncanonical pathway is usually triggered by non-inflammatory stimuli, such as lympho-
toxin-f receptor signaling (LTBR), LTaR, CD40L, RANK, and BAFFR. Activation of the
noncanonical NF-kB pathway is strictly dependent on IKKa (Senftleben, Cao et al. 2001),
and independent of IKKP and IKKYy (Dejardin, Droin et al. 2002). Upon stimulation, TRAF
proteins like TRAF2, TRAF3 and TRAF6 are recruited and activate the protein kinase NIK.
Subsequently NIK selectively phosphorylates and activates the IKKa catalytic subunit. In this
pathway acivated IKKo homodimers phosphorylate the precursor NF-kB2 (p100) at two C-
terminal sites (Senftleben, Cao et al. 2001). p100 is subsequently polyubiquitinated and then
processed to the mature subunit p52 by the proteasome (Xiao, Harhaj et al. 2001). p52, con-
taining the Rel homology domain (RHD), and its binding partner RelB translocate into the
nucleus to turn on the transcription of target genes (Sun and Chen 2004). Many data strongly
suggest, that the noncanonical NF-xB pathway plays a central role in the expression of genes
involved in development, maintenance and function of primary and secondary lymphoid or-
gans (Weih and Caamano 2003), in the development, selection and survival of B and T cells
and in the differentiation of antigen presenting cells such as DCs and mTECs (Zarnegar,
Wang et al. 2008). Hence, the noncanonical NF-kB pathway plays an essential role in the
regulation of immune central and peripheral tolerance, and therefore in autoimmune reactivity
of the immune system. The canonical and noncanonical NF-kB pathways do not exist in iso-

lation and the close cross-talk between both contributes to fine-tune signaling processes.

1.3 CYLD

1.3.1 Familial Cylindromatosis

Familial cylindromatosis (also called turban tumour syndrome or Brooke-Spiegler syndrome)
is a rare autosomal dominantly inherited disease characterized by the development of multiple

10
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benign tumours of the skin appendages (Oiso et al. 2004). The tumours are known as cylin-
dromas due to their characteristic microscopic architecture and are believed to arise from or
recapitulate the appearance of the eccrine or apocrine cells of the skin that secrete sweat and
scent, respectively. In familial cylindromatosis, the cylindromas usually begin to appear in the
second or third decade, accumulating in number and increasing slowly in size throughout
adult life (Bignell, Warren et al. 2000). It was shown, that this disease is caused by a variety
of mutations in the gene encoding the CYLD protein. To date, 23 different mutations of cyld
have been identified in cases of familial cylindromatosis. Most of these mutations result in
truncated CYLD proteins due to translational frameshift mutations, nonsense mutations,
splice site mutations, or missense mutations (Guangyong Zheng et al. 2004). The susceptibil-
ity gene cyld has the genetic attributes of a tumour suppressor gene. As with all classical tu-
mour suppressors, both copies of the gene must be inactivated to produce cylindromas. This
usually arise from a mutation in one copy and a deletion of the region of the chromosome

carrying the other copy (Wilkinson 2003).

1.3.2 The function of the CYLD protein

Cyld was originally identified as a tumour suppressor, that is mutated in patients with familial
cylindromatosis (Biggs, Wooster et al. 1995). The responsible cylindromatosis gene com-
prises 20 exons, extending over 56 kb of genomic DNA (Bignell et al. 2000). The CYLD
gene encodes several protein-interaction domains, including three cytoskeletal-associated
protein-glycine-conserved (CAP-Gly) domains, two prolin-rich motifs and a zinc-finger-like
domain (Bignell et al. 2000). The CAP-Gly domains are typically found in proteins that coor-
dinate the attachment of organelles to microtubules indicating a role for CYLD in cytoskele-
ton formation (Bignell et al. 2000). Indeed, CYLD was shown to have microtubule-
association function, which is dependent on the first CAP-Gly domain (Gao 2008). The
prolin-rich motifs mediate the interaction with proteins containing a Src homology 3 (SH3)
domain (Li 2005). Whether or not CYLD interacts with such proteins is still unclear. The hu-
man cyld gene is located on chromosome 16q12.1 and encodes a protein that encompasses
956 amino acids, containing a C-terminal catalytic domain with sequence homology to ubig-
uitin-specific proteases (USP) family members (Bignell et al. 2000; Kovalenko 2003). The
CYLD protein harbors a NEMO (IKKYy) binding site located between amino acids 470 and
684 and a TRAF2 binding site located between CYLD amino acids 394 and 470 (Kovalenko
et al. 2003). CYLD is known to be a member of the family of deubiquinating enzymes (DUB)

with restricted substrate specificity and its deubiquitinating activity was shown to down-

11



Introduction

regulate NF-kB activity by removing activating ubiquitin molecules from TRAF2 and NEMO
(Brummelkamp, Nijman et al. 2003; Kovalenko 2003; Trompouki, Hatzivassiliou et al. 2003).
Hence, mutations of CYLD at the C-terminal region disrupt its DUB catalytic activity and
cause dysregulated activation of the NF-kB pathway, which in turn promotes cell survival and

tumourigenesis.

Binding site__Catalytic domain

CAP-Glyl  CAP-Gly2 TRAF2 NEMO Bcl-3
FLCyld [ Il || N [ | 957

sCyld [ Il I 393 |————#58] 951

Figure 5: Structure of the FL-CYLD and sCYLD protein. FL-CYLD and sCYLD exhibit both their catalytic
domain at the C-terminus. In contrast to FL-CYLD, sCYLD lacks the TRAF2 and NEMO binding sites and the
third CAP-Gly domain, while it still retains the Bcl-3 binding site. Picture was taken from (Hovelmeyer,
Wunderlich et al. 2007).

The naturally occuring short splice variant of CYLD is normally found in murine cells in ad-
dition to full lenght CYLD (FL-CYLD) and misses exon 7 and 8 of the cyld gene
(Hovelmeyer, Wunderlich et al. 2007). Therefore, sCYLD still retains DUB activity but is
devoid of the domain that mediates binding to TRAF2 and NEMO.

1.3.3 The role of CYLD in NF-xB signaling

CYLD has been identified by three distinct laboratories as DUB enzyme that has an essential
role in the NF-kB signaling pathway (Brummelkamp et al. 2003; Kovalenko et al. 2003;
Trompouki et al. 2003). Brummelkamp ef al. could show by RNAi-based functional screening
study, that inhibition of CYLD resulted in enhanced NF-kB activity (Brummelkamp et al.
2003). Furthermore, a yeast two-hybrid screening assay identified that CYLD physically in-
teracts with NEMO, a regulatory subunit of the IkB kinase IKK (Kovalenko 2003;
Trompouki, Hatzivassiliou et al. 2003). This interaction occurs through a prolin-rich sequence
located near the N-terminus of NEMO and the third CAP-Gly domain of CYLD (Saito,
Kigawa et al. 2004). Moreover, ColP assays revealed the association of CYLD with TRAF2
and TRAF6, suggesting that the effect of CYLD on NF-kB activation is mediated by CYLD-
dependent deubiquitination of TRAF2 and TRAF6 (Brummelkamp, Nijman et al. 2003;
Kovalenko 2003; Trompouki, Hatzivassiliou et al. 2003). In another report, Regamey et al.
identified a direct interaction between TRAF-interacting protein (TRIP) and CYLD, which

resulted in a downregulation of the NF-kB activity following TNF-a stimulation (Regamey,
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Hohl et al. 2003). In previous studies, Reiley et al. suggest that inducible phosphorylation of
CYLD between the amino acids 420-446 is an important mechanism of its regulation (Reiley,
Zhang et al. 2005). They indicated that signal-induced TRAF2 ubiquitination is associated
with phosphorylation of CYLD, since when endogenous CYLD is replaced with a phosphory-
lation-defective CYLD mutant, the inducible ubiquitination of TRAF2 is severely attenuated.
The latter implicates, that phosphorylation serves as a mechanism that temporarily inactivates
the DUB activity of CYLD, allowing the accumulation of ubiquitin-conjugated TRAF2. Fur-
ther, Reiley et al. indicated that IKK regulates the function of DUB CYLD because CYLD
undergoes rapid and transient phosphorylation in cells stimulated with various known IKK
inducers. Additionally, they demonstrated that CYLD phosphorylation is dependent on IKKYy,
since it is blocked in IKKy-deficient Jurkat cells. In addition to its function as DUB, CYLD
can also be ubiquitinated at K** upon hypoxia-induced NF-kB activation in cancer cell lines
infected with high-risk human papillomavirus (HPV) serotypes. Ubiquitinated CYLD is then
targeted for proteosomal degradation resulting in prolonged NF-kB activation (An, Mo et al.
2008). Hence, post-translational modifications of CYLD such as phosphorylation and ubiquit-

ination appear to be critical for its function and activity in the NF-kB signaling pathway.

1.3.4 The role of CYLD in thymocyte development

CYLD was the first DUB which was found to regulate thymocyte development (Reiley et al.
2006). In contrast to the negative regulatory function of CYLD in the NF-kB pathway, it was
shown to positively regulate TCR signaling in thymocytes. Reiley et al. demonstrated, that
CYLD-deficient mice have decreased numbers of SP thymocytes and peripheral T cells, indi-
cating a regulatory role for CYLD in the DP-SP transition of thymocytes (Reiley et al. 2006).
Mechanistically, CYLD positively regulates the Src-family protein tyrosine kinase Lck, which
is required for TCR-proximal signaling and thymocyte development (Molina 1992). CYLD
was shown not to be required for Lck activation, but instead for recruiting activated Lck to its
substrate Zap70. The kinase Zap70 is known to specifically regulate the development of SP
thymocytes (Starr, Jameson et al. 2003). Hence, thymocytes of CYLD-deficient mice display
defects in TCR-stimulated phosphorylation of Zap70 and downstream signaling events, which
results in attenuated positive selection of SP thymocytes. The ubiquitination of Lck is medi-
ated by c-CBL and known to be a negative mechanism that regulates the signaling function of
Lck (Rao 2002), because ubiquitination of Lck results in its proteosomal degradation. Impor-
tantly, CYLD can remove both K- and K**-linked polyubiquitin chains from Lck, in contrast
to its selectivity in removing only K®-linked polyubiquitin chains from TRAF2 and Bcl-3.
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These findings implicate, that polyubiquitin chains might regulate Lck function by both deg-

radation-dependent and -independent mechanism.

1.4 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is a chronic, disabling and often relapsing disorder associ-
ated with high morbidity. The onset of IBD typically occurs in the second and third decades
of life and patients suffer from rectal bleeding, severe diarrhea, abdominal pain, fever, and
weight loss. In the healthy gut, the mucosal immune system ensures the balance between pro-
and anti-inflammatory mediators by allowing an effective defense against luminal pathogens
but preventing an overwhelming immune reaction directed against harmless luminal antigens
like components of food or nonpathological bacteria (Atreya, Atreya et al. 2008). In IBD this
immunological balance is strongly impaired shifting towards the pro-inflammatory side.
Crohn’s disease (CD) and ulcerative colitis (UC) are two distinct forms of IBD that share re-
lated characteristics. The pathological process of both diseases involves inflammation, ulcera-
tion and subsequent regeneration of intestinal mucosa (Warren and Sommers 1954;
Finkelstein, Sasatomi et al. 2002). Although the specific causes of IBD are poorly understood,
the pathological natures of UC and CD are well defined. UC involves the colon but largely
spares the small intestine except the terminal ileum. Inflammation is located in the mucosa,
while the deeper layers of the gut are usually not affected. In contrast, CD primarily involves
the small and large bowel. The inflammatory infiltrate in CD involves the entire thickness of
the intestinal wall and classically contains numerous epithelioid cell granulomas. In IBD, the
innate immune response plays an essential role. Upon activation, DCs and macrophages se-
crete several pro-inflammatory cytokines such as IL-6, IL-12, IL-23 and TNF-a, which ac-
tively regulate the inflammatory response in CD in UC. After secretion, these cytokines trig-
ger and differentiate a large number of T cells activating the adaptive immune response. In
addition to innate immune cells, mucosal CD4" T cells were shown to play a central role in
both the induction and persistence of chronic inflammation by producing pro-inflammatory
cytokines. CD is considered as a Tyl disease, since the mucosa of patients is dominated by
CD4" T cells producing IFNy, IL-2, IL-12 and TNF (Monteleone, Biancone et al. 1997). In
contrast, the mucosa in patients with UC is dominated by CD4" T cells with a Ty2 phenotype,
characterized by the production of TGF-f and IL-5 but no IL-4 (Fuss, Neurath et al. 1996),
indicating UC as a Ty2-mediated disease. However, the concept of CD being a Ty1- and UC
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being a Ty2-mediated disease has been challanged by studies reporting an up-regulation of
IL-4 or IL-5 in CD (Desreumaux, Brandt et al. 1997; Carvalho, Elia et al. 2003), and Ty1 cy-
tokines in UC (Tsukada, Nakamura et al. 2002; Y. Sawa 2003).
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Figure 6: Cytokine imbalance between
effector and T regulatory cells in IBD. In
patients with IBD, pro-inflammatory cyto-
kines produced by Ty17 and Tyl cells abo-

TNF-o & lish the effect of anti-inflammatory cytoki-
IL-6 nes secreted by Tregs. Cytokines derived
IL-18 from APCs following contact with microbi-
Tl‘é“ al products trigger the differentiation of
"cp"

Tyxl7 and Tyl cells or have a direct pro-
inflammatory effect by TNF-a production.
CD = Crohn’s disease; UC = Ulcerative

colitis

Recently, Ty17 cells were identified to play an essential role in the development of autoim-
munity and inflammatory responses such as IBD (Mangan 2006). It has been shown, that the
Tyl17-secreted cytokine 1L-17 is overexpressed in the inflamed mucosa from active CD and
UC patients and may therefore contribute to the pathophysiology of IBD (Fujino, Andoh et al.
2003). Also Tregs play a major role in the maintenance of the gut homeostasis, since they
suppress the differentiation and function of Tyl and Ty2 cells by the production of the anti-
inflammatory cytokine IL-10. This was demonstrated by experiments using IL-10-deficient
Tregs which fail to protect from IBD (Asseman, Mauze et al. 1999). The important inhibitory
function of IL-10 could be further manifested by the fact, that IL-10-deficient mice spontane-
ously develop IBD, associated with a Tyl-polarized immune response (Kuhn, Lohler et al.
1993). Therefore, a cytokine imbalance between effector T cells and Tregs is implicated in the
development of IBD. Altogether, APCs, Tyl, Tu2, Tregs and Ty17 cells and their cytokines
play a complex role in IBD. It is well known, that mutational genes can affect the develop-
ment of IBD via certain signaling pathways. The abnormal signaling can lead to dysregulation
of the inflammatory response, which is crucial in the pathogenesis of IBD. Disorders of sig-
naling pathways can act on the intestinal barrier and cause an uncontrolled release of effector
T cells, which mediate inflammation in CD. In genome-wide association studies more than 50
distinct loci that confer IBD susceptibility could be identified. Recently, mutations in the gene

encoding NOD2 (also designated CARDI15 and IBD1) were strongly associated with an in-

15



Introduction

creased risk of developing CD but not UC (Hugot, Chamaillard et al. 2001; Ogura, Bonen et
al. 2001; Cuthbert, Fisher et al. 2002). NOD2 activation is implicated in the induction of NF-
kB and the mitogen-activated protein kinase (MAPK) pathway resulting in the production of
pro-inflammatory mediators. Importantly, the cyld gene is located next to nod2, suggesting an

intriguing possibility that CYLD may also be involved in the regulation of human IBD.

1.5 Experimental autoimmune encephalomyelitis

Multiple sclerosis (MS) i1s one of the most common chronic inflammatory disorders of the
central nervous system (CNS), which is characterized by inflammation, destruction of myelin
sheaths, axonal injury and atrophy of the CNS (Steinman 1996). The disease usually begins in
the young adulthood and affects women more frequently than men. Moreover, the risk to de-
velop MS is significantly higher in family members of patients with the disease (Ebers,

Sadovnick et al. 1995), indicating a genetic predisposition to MS (Ebers and Dyment 1998).

Experimental autoimmune encephalomyelitis (EAE) was established nearly 70 years ago as
an animal model for MS (Rivers, Sprunt et al. 1933), because it shares some clinical and
pathological features with MS. EAE is a CD4" T cell-mediated demyelinating disease of the
CNS induced by active immunization with myelin antigens and Freund’s adjuvant (Wekerle,
Kojima et al. 1994). Upon immunization, myelin-specific effector T cells are primed and ex-
pand in peripheral lymph nodes. Then, the activated CD4" T cells migrate into the CNS,
where they cross the blood brain barrier (BBB). In the CNS, the infiltrated CD4" T cells are
reactivated by local APCs presenting myelin peptides and start to initiate tissue inflammation.
The entry of primed T cells into the CNS is dependent on the expression of the integrin of3;
(VLA-4), which interacts with the adhesion molecule VCAM expressed by inflamed endothe-
lial cells (Yednock 1992).

Until recently, Tul cells were thought to be the main effector T cells responsible for the auto-
immune inflammation, because EAE can be induced by adoptive transfer of myelin-reactive
Tyl cells (Baron 1993; Kuchroo, Martin et al. 1993). However, more recent studies have
highlighted an essential role of Ty17 cells in the onset and maintenance of EAE (Steinman
2007). It was shown, that mice lacking RORyt, IL-17 or IL-23 as well as mice treated with IL-
17 blocking antibodies are less susceptible to EAE than control mice (Hofstetter 2005;
Langrish 2005; Ivanov 2006; Komiyama 2006). Moreover, Ty17 cells could be detected in
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inflamed brain lesions from patients suffering from MS (Tzartos 2008). Therefore, it currently
appears that both Tyl and Ty17 cells have pathogenic potential in MS (Stromnes, Cerretti et
al. 2008).

1.6 Objectives

In our laboratory, we focus on the analysis of CYLD function in the immune system making
use of the CYLD" as well as the CYLD®™"® mice, which exclusively overexpress sCYLD
while FL-CYLD is completely absent. SCYLD is lacking exon 7 and 8 of the cyld gene and is
therefore devoid of the TRAF2 and NEMO binding site while it still retains an intact Bcl-3
binding site. CYLD®”® mice have enlarged spleens and secondary lymphoid organs due to a
massive accumulation of B cells as a result of enhanced survival and expression of NF-xB.
Moreover, bone marrow derived DCs (BMDC) from these mice show a hyperactive pheno-
type in vitro and in vivo, accompanied by increased nuclear translocation of Bcl-3. Because
sCYLD is important in B cell and DC regulation, we decided to investigate the impact of
sCYLD in T cell development and function. To examine a possible effect of SCYLD in posi-

D™ mice were crossed to HY TCR trans-

tive and negative selection of thymocytes, CYL
genic mice and thymocytes of the different genotypes were analyzed by flow cytometry.
Since CYLD was demonstrated to be essential in TCR signaling of thymocytes, we examined
the effect of sSCYLD in TCR signaling by Western Blot analysis. Additionally, the activation
of T cells of CYLD*, CYLD®””® and control mice was analyzed in vitro and in vivo by exam-
ining NF-xB signaling, proliferative response and cytokine production. Moreover, the func-
tional capacity of Treg cells overexpressing SCYLD was evaluated. Because the cyld gene
was shown to be downregulated in patients with IBD, we examined the contribution of
sCYLD in the development of intestinal pathology by using an adoptive transfer model of

colitis and analyzing mice by mini-endoscopy. As additional model of autoimmunity MOG-

induced EAE was used.
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2 Materials and Methods

2.1 Chemicals and Biological Material

Chemicals were purchased from Sigma (Steinheim), Fluka Chemie (Switzerland), Merck
(Darmstadt) or AppliChem (Darmstadt) unless stated otherwise. Solutions were prepared with

double distilled water (ddH,0).

Sterility of solutions and chemicals used in cell culture was maintained by working under a

sterile hood (Heraeus, Germany).

Name of chemical

Supplier

B-Mercaptoethanol (B-ME)

Fluka Chemie GmbH, Switzerland

Acetone

Merck, Darmstadt

Agar

Gibco Life Technologies GmbH, Karlsruhe

Agarose, electrophoresis grade

AppliChem, Darmstadt

L-Arabinose

Sigma-Aldrich, Steinheim

Bovine serum albumine (BSA)

Sigma-Aldrich, Steinheim

Calcium chloride

Sigma-Aldrich, Steinheim

Chloroform

Merck, Darmstadt

Citric acid

Fluka Chemie GmbH, Switzerland

2’-Deoxyguanosine Monohydrate

AppliChem, Darmstadt

Diethylpyrocarbonate (DEPC)

AppliChem, Darmstadt

Dextran sulfate

AppliChem, Darmstadt

Dextrose

Merck, Darmstadt

Diethylpyrocarbonate (DEPC)

AppliChem, Darmstadt

Dithiothreitol (DTT)

Boehringer Mannheim GmbH, Mannheim

18



Material and Methods

dNTPs

Pharmacia Biotech, USA

Ethanol, abs.

AppliChem, Darmstadt

Ethidium bromide

Sigma-Aldrich, Steinheim

Ethylendiamine tetraacetate (EDTA)

Fluka Chemie GmbH, Switzerland

Fetal calf serum (FCS)

Boehringer Mannheim GmbH, Mannheim

Ficoll 400

Amersham Pharmacia, Freiburg

Glacial acetic acid

Fluka Chemie GmbH, Switzerland

Hydrochloric acid (37 %)

Merck, Darmstadt

Isopropanol

AppliChem, Darmstadt

Magnesium chloride

Sigma-Aldrich, Steinheim

Magnesium chloride (for PCR)

Gibco Life Technologies GmbH, Karlsruhe

Mineral oil

Sigma-Aldrich, Steinheim

Orange G

Chroma Gesellschaft Schmidt & Co, Stuttgart

Phenol

Sigma-Aldrich, Steinheim

Potassium acetate

Fluka Chemie GmbH, Switzerland

Potassium chloride

Merck, Darmstadt

Proteinase K

Roche, Switzerland

Sodium azide

Fluka Chemie GmbH, Switzerland

Sodium carbonate

Fluka Chemie GmbH, Switzerland

Sodium chloride

AppliChem, Darmstadt

Sodium citrate

Fluka Chemie GmbH, Switzerland

Sodium dodecyl sulfate

AppliChem, Darmstadt
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Sodium hydrogencarbonate Fluka Chemie GmbH, Switzerland
Sodium hydroxide Fluka Chemie GmbH, Switzerland
Tris base Fluka Chemie GmbH, Switzerland
Tris/ HCI1 AppliChem, Darmstadt

Tween 20 Sigma-Aldrich, Steinheim

Table 1: Chemicals

2.2 Molecular biology

Standard methods of molecular biology were performed — if not otherwise stated — according

to protocols described in Sambrook ef al. (Sambrook 1989).

2.2.1 Preparation of genomic DNA

Cells or tail biopsy (0,5cm) were lysed over night (o/n) at 56°C in lysis buffer (10mM Tris-
HCI, ph 8; 10mM EDTA; 150mM NaCl; 0.2% (w/v) SDS; 400mg/ml proteinase K). Undis-
solved debris was pelleted (13000 rpm, 10 min) and the supernatant was mixed with an equal
volume of isopropanol to precipitate the DNA. Subsequently, DNA was pelleted by centrifu-
gation, washed in 70% (v/v) EtOH, dried at RT, and resuspendet in TE buffer (10mM Tris-
HCI, pH &; ImM EDTA).

2.2.2 Polymerase chain reaction (PCR)

PCR (Saiki, Scharf et al. 1985; Mullis and Faloona 1987) was used to screen mice for the
presence of targeted alleles or transgenes from tail tip DNA (primers shown in Table 2). Re-
actions were performed in either Hybaid machines (MWG-Biotech, Ebersberg, Germany) or
Triothermocyclers (Biometra, Gottingen, Germany). Genotyping of mice was generally per-
formed in a total volume of 30 pul in the following reaction mix: 10 pmol of each primer, 0.5
U of Thermus aquaticus (Taq) DNA polymerase (1U/ul, Segenetics, Bonn, Germany), 25
mM dNTPs, 10 mM Tris-HCI pH 8.3, 50 mM KCI, 2.5 mM MgClz, 100 ng template DNA.
Amplification started with denaturation for 4 min at 94 °C followed by 30-35 cycles of 94 °C
for 30 sec, 54-63 °C for 30-60 sec, 72 °C for 30-60 sec and a final extension step at 72 °C for

10 min.
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Name of Sequence (5°-3") Tam. °C | Direction
primer
CYLD wt CAT GGA AGG AGG CTG CGG TGG AGG AGA T 58 sense
CYLD 1 CCT ATG TGG TAC TGA CCA GA 58 anti-sense
CYLD 2 GTG AAT GAA GCT AGG CCA TAC 58 anti-sense
F4 ACA ACA TGG ATC CCA GGT TG 60 sense
R4 CCG CTA ATA AAG GTC CTC TC 60 anti-sense
LacZ fwd GCA TCG AGC TGG GTA ATA AGC GTT 63 sense
LacZ rev GAC ACC AGA CCA ACT GGT AAT GG 63 anti-sense
Cre 3 TCC AAT TTA CTG ACC GTA CAC 56 sense
Cre 7 TCA GCT ACA CCA GAG ACG G 56 anti-sense
CDllc fwd ACC CTG GTC ATC ATC CTG 65 sense
CDllcrev CGG CAA ACG GAC AGA AGC 65 anti-sense
Va3.2/2D2 CCC GGG CAA GGC TCA GCC ATG CTC CTG 58 sense
Ja18/2D2 GCG GCC GCA ATT CCC AGA GAC ATC CCT CC 58 anti-sense
HYtg fwd ACA CAT GGA GGC TGC AGT CAC 58 sense
HYtg rev CGT TTC TGC ACT GTT ATC ACC 58 anti-sense

Table 2: List of primers routinely used for genotyping. Sequences of oligonucleotides are shown from 5’ to 3°.
Direction is designated sense, if the primer orientation coincides with transcriptional orientation, and anti-sense
if otherwise.

2.2.3 RNA isolation and Quantitative Real Time PCR

RNA from mouse T cells was prepared using the RNeasy Mini kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions. DNA was removed by DNAsel digestion
(QIAGEN, Hilden, Germany). RNA was subsequently used for Quantitative Real Time PCR
in an iCycler (Light Cycler 1.2, Roche) using the QuantiRect SYBR Green RT-PCR Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Primers for Quantita-
tive Real Time PCR were obtained from Qiagen as described on their homepage
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https://wwwl.qiagen.com/GeneGlobe/Default.aspx. Expression was normalized to that of the

house-keeping gene GAPDH.

2.2.4 Agarose Gel Electrophoresis and DNA Gel Extraction

Separation of DNA fragments by size was achieved by electrophoresis in agarose gels (0.8% -
2% (w/v); 1x TAE (Sambrook et al. 1989); 0.5 mg/ml ethidium bromide). DNA fragments
were recovered from agarose gel slices with either the QIAEX II or the QIAquick Gel Extrac-
tion Kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions.

2.2.5 Quantification of DNA and RNA

The concentration of nucleic acids was determined by measuring the absorption of the sample
at 260 nm and 280 nm, respectively, in a spectrophotometer. An OD260 of 1 corresponds to
approximately 50 ug/ml for double stranded DNA or 40 pg/ml for RNA and single stranded
DNA. Purity of nucleic acids was estimated by the ratio OD260/0D280, with 1.8 and 2.0 op-
timal for DNA and RNA, respectively. Alternatively, the DNA was electrophoresed in an
agarose gel, and the concentration was evaluated from the band intensity in comparison with a

standard.

2.3 Cell biology

2.3.1 Preparation of single cell suspensions from lymphoid organs

Organs of interest were taken and placed into ice-cold PBA (PBS-BSA-azide (NaNs); PBS,
0.1% (w/v) BSA, 0.01% NaN3). Thymus, spleen and lymph nodes were passed through a ny-
lon cell strainer (40pum, BD Falcon; Heidelberg, Germany) to obtain single cell suspensions.
Bones were flushed with medium (DMEM, 10% (v/v) FCS, 2 mM L-glutamine) to extract
bone marrow cells. Erythrocytes were lysed from spleen and thymus preparations in 140 mM
NH4Cl, 17 mM Tris-HCI pH 7.65 for 2 min at RT. To stop lysis, cells were washed with
PBA, centrifugated (6 min, 1200 rpm, 4°C), resuspendet in the appropriate amount of PBA
and kept on ice. For isolation of DCs, spleens were subjected to mild collagenase type II di-
gestion (2mg/ml; Gibco) in the presence of DNase (2-4 Kuniz units/spleen of one mouse;
Sigma, Steinheim, Germany) for 30 min at 37°C. Then, normal preparation of single cell sus-
pensions by passing digested tissues through nylon cell strainers followed. Blood from the tail

vein was collected in a tube with heparin (Liquemin, Roche, Mannheim, Germany) and then
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layered on top of 7% (w/v) Ficoll 400 (Pharmacia, Freiburg, Germany). After 1400 g cen-
trifugation at 23°C for 15 min, lymphocytes were recovered from the interphase of the gradi-

ents and resuspended in DMEM, 10% (v/v) FCS, 2 mM L-glutamine and kept on ice.

2.3.2 Cell counting

Viable cells were assessed using the trypan blue dye exclusion test and counted using a Neu-
bauer chamber (Assistent, Sondheim, Germany). To this end, an aliquot of the cell suspension
was diluted with physiological trypan blue solution (Gibco, Long Island, NY, USA). Dead
cells are stained blue whereas live cells cannot take up the dye due to their intact membrane.
After counting 16 single quadrants, the counted cell number (N) was multiplied by the dilu-
tion facto