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1. Introduction

The immune system protects our body against a bvaagty of pathogens and ensures
homeostasis within the body. The immune systemistnsf two parts — the innate immune
system and the acquired (or adaptive) immune system

Innate immunityrepresents the basic resistance to pathogers.thteifirst line of defense,

acting immediately after infection. Its action isnspecific and it does not possess any immune
memory. The innate immune system includes also akth surfaces of mucous membranes as
anatomical barriers, various physiological barrieggy. low pH within stomach) and soluble
factors like lysosyme, interferons, acute-phaseere and the complement system. The cellular
components of innate immunity consist mainly ofrgracytes, monocytes and macrophages,
specialized cells capable of phagocytosis — ingestf particles and whole microorganisms.

Adaptive immunity is able to specifically recognize and selectivelyminate foreign

microorganisms and molecules. The adaptive imm@sponse is induced only later during
infection. Its main properties are specificity (abpity of distinguishing even subtle differences
among antigens), diversity (generation of a brgaecsum of recognition molecules), memory
(second encounter with the same antigen inducastarfand stronger response) and self/nonself
recognition (ability to respond only to foreign iens and tolerate self-antigens). Adaptive

immunity consists of two distinct components:

- Humoral response — mediated by antibodies pratiand secreted by B lymphocytes
- Cellular response — mediated primarily by T lyrapytes

T lymphocytes are further divided into helper Ti€€T'h), cytotoxic T cells (Tc), suppressor

T cells (Ts) and regulatory T cells (Tregs). Helpecells express the CD4 coreceptor on their
surface. They recognize foreign antigens presdoyeathajor histocompatibility complex (MHC)

class Il molecules on the surface of professionéiban presenting cells (i.e. dendritic cells, B
cells or macrophages). Upon activation, Th celtsete a variety of cytokines and provide help
to B cells and cytotoxic T cells leading to theill factivation. B cells proliferate and mature into
plasma cells producing huge amounts of antibodlgtotoxic T cells on the contrary express the
CD8 coreceptor and recognize antigens presentddH@ class | molecules expressed on any

nucleated cell within the body. Activation of Tdlsanduces multiple mechanisms leading to an
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apoptosis of the target cell. Ts and Treg cellslag the activities and the activation status of
other T cells.

Every immune cell originates from a pluripotentnsteell in bone marrow. The pluripotent
stem cell differentiates initially into either a elgid stem cell or a lymphoid stem cell, which
then give rise to a committed progenitor for eaghetof immune cell. Immature lymphocytes
then mature and become immunocompetent within thegoy (central) immune organs — bone
marrow (in the case of B cells) and thymus (in tdase of T cells). A variety of secondary
(peripheral) immune organs exist, which trap amggm the periphery and provide sites where
immunocompetent cells can interact effectively witlese antigens. Such secondary immune
organs are lymph nodes, spleen and mucosa-assbdiatghatic tissues (MALT) within

respiratory and gastrointestinal tracts.

1.1. T-cell development

Thymocyte development had been fairly well stud®kortman and Wu, 1996; Sebzda et al.,
1999). T-cell precursors develop, as mentioned apmvthe bone marrow and then migrate to
the thymus where they gain immunocompetence. HEmsy receive survival and instructive
signals to initiate thexp T-cell developmental pathway. At this stage, tlaeg called double
negative (DN1) cells as they express neither theelT eoreceptor CD4 nor CD8. Various DN
stages exist, which are mainly characterized byetkression of CD44 and CD25, with DN1
being CD44CD25, DN2 CD44CD25', DN3 CD44CD25" and DN4 CD44D25. The cells
then proceed to the DN2 and DN3 stage, for whiclhich@nd interleukin-7 (IL-7) signals are
required. The DN3 stage is where the first critdackpoint takes place, the so called TCR (T-
cell receptor)p selection checkpoint. Only cells that have pronhety rearranged the TCR
chain can develop further. This newly formed T@Rhain pairs with an invariant pre-TGR
chain and this heterodimer is transported togeitigr the CD3 and TCR molecules to the
plasma membrane. Here the pre-TCR provides sunsgigihals that rescue the cell from
apoptosis, initiate allelic exclusion and lead @&l cycle entry and proliferation. Thymocytes
downregulate CD25 expression and upregulate exprestthe coreceptors CD4 and CD8. Note
that this signal is ligand independent as pre-ToCéhain lacks any antigen binding site. T cells
that are unable to generate a proper pre-TCR sayeahrrested and die via apoptosis at the DN3
stage.
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The DN thymocytes then proceed through the DN4estaghe double positive (DP) stage,
expressing both CD4 and CD8, where the seconaaritheckpoint occurs, TC&3 selection.
This stage requires that a properly rearranged &@Rain pairs with the previously expressed
TCR B chain. As the rearrangements of gene segmentaadom andx chains pair randomly
with B chains, every T cell expresses a unique T-cedipter with one specificity. The selection
of functional TCR-bearing cells is very critical this point. Therefore, newly formed TG
heterodimers interact with self-peptides preserigdMHC molecules expressed on stromal
thymic epithelial cells. Each thymocyte will undergne of three fates. The cells without a
functional TCR are not able to generate a positiselecting signal and die by neglect. The cells
with too strong interaction with self-peptides/MH€present potentially autoreactive cells and
are deleted via apoptosis (= negative selectiomly @he cells with low affinity binding
transduce the proper survival signal allowing tHemther development (= positive selection)
(Starr et al., 2003). They selectively downregukiteer CD4 or CD8 becoming single positive
(SP) thymocytes and can migrate into the periphEmg mechanism responsible for CD4 versus
CDS8 lineage commitment is not fully clarified. Thength of the signal that these cells receive
may play a role, however Notch signaling and Srilfakinase Lck involved in the positive

signal might also contribute.

However, thymic selection is not a perfect procass some T cells expressing self-reactive
TCRs do escape into the periphery. Such cells waldsh recognize self-peptides, become
activated and initiate immune reaction against sedfues leading to autoimmunity. To prevent
the development and activation of these potent@digtructive T cells, several mechanisms of
peripheral tolerance have developed: activatiomided cell death (AICD), anergy, regulatory T
cells (Tregs) and T-cell ignorance (Walker and A)I2902).

1.2. Peripheral T-cell tolerance

1.2.1. AICD (Activation-induced cell death)(van Parijs et al., 1998)

Activation-induced cell death is initiated by refeehactivation of T cells with their cognate
antigen and is accompanied by high interleukini2-2) production and cell death. T cells
undergoing AICD co-express Fas (CD95) and Fas tig&asL) and the consequent engagement

of Fas delivers the death-inducing signal. Fasadigg seems to be the major pathway involved
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in AICD-mediated peripheral tolerance as mice wliffects in either Fas or FasL exhibit defects
in AICD and develop a fatal lupus-like systemicaamimune disease. A similar disease has also
been observed in humans with mutations in the Fateip (Poppema et al., 2004).

Note that AICD is a phenomenon distinct from a pessell death occurring after inadequate
stimulation or the depletion of growth factors. $tas cell death is not receptor mediated and is
prevented by CD28 and IL-2 signals, well known stalkfactors inducing the expression of
proteins of the Bcl family. On the contrary, CD28 la-2 signaling does not prevent Fas-
mediated death, but rather potentiates it. The ar@sm behind this is not well understood, but
IL-2 is known to enhance the expression of FasL @@y promote the association of various

proteins with the cytoplasmic domain of Fas thatstibute a functional death complex.

1.2.2. Anergy

Anergy is a cellular state in which a lymphocytealise but fails to display certain functional
responses when optimally stimulated through bathaittigen-specific receptor and any other
receptors that are normally required for full aatisn (Schwartz, 1996). Thus, anergic cells are
functionally inactivated and are characterized Wylack in their ability to produce IL-2 and to
proliferate upon subsequent challenge with Ag prek on a mature antigen-presenting cell
(APC) (i.e. with full costimulation) (Jenkins et,al987). Anergy is not an intermediate step to
cell death, but rather persists for a prolongee@tiifCR ligand is both necessary and sufficient to

induce anergy (Quill and Schwartz, 1987).

1.2.2.1. Models of anergy

There are several different approaches that haem lsed to generate anergic T cells
(reviewed in Schwartz, 1996; Lechler et al., 20@Agcian et al., 2004). Traditionally, anergy is
induced by TCR occupancy in the absence of posito&timulation (i.e. CD28) or on the
contrary in the presence of inhibitory costimulatip.e. via CTLA4) (Greenwald et al., 2001).
Also addition of IL-10 into a mixed lymphocyte réian renders T cells anergic (Groux et al.,
1996). Alternatively, anergy can be induced by gsftered peptide ligands (Sloan-Lancaster et
al.,, 1993) or in the presence of high concentratiohsoluble peptides (O’Hehir et al., 1991;
LaSalle and Hafler, 1994). Also immature dendwttls proved to be a potent tolerogenic agent

since they express only moderate levels of MHCsclhand almost no costimulatory molecules
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(Kubsch et al., 2003; Steinbrink et al., 2002). Aye cells generated with these models possess
different degree of unresponsiveness, which usualylts from defective Ras signaling and
blocked cytokine production (see below). Here lllsdascribe two commonly used anergy
models — anergy induction in the absence of cossitimn and the ionomycin-induced anergy.

a) Anergy induced by TCR occupancy in the absencd ocostimulation

The two-signal model proposes that a T cell regulreth antigen recognition via the T-cell
receptor and an additional costimulatory signal @B28 or another costimulatory molecule
(Bretscher and Cohn, 1970). TCR engagement alon¢hen absence of costimulation is
insufficient to provide a stimulatory signal anditaluce IL-2 production, but instead results in
long lasting anergy, i.e. the cells fail to proldee when restimulated with normal APC and
antigen (Schwartz, 2003). Several models have bdesronstrated to induce this type of anergy —
antigen presentation on chemically fixed APCs, @B&sslinking with immobilized antibodies,
purified MHC complexes with peptide (Jenkins antvgartz, 1987; Jenkins et al., 1990; Wolf et
al.,, 1994; Quill and Schwartz, 1987). The defecpinliferation is caused by a block in IL-2
production (Jenkins et al., 1987). Beside IL-2,rgiecells also possess reduced production of
IL-3, IFNy (interferony) and GM-CSF (granulocyte and monocyte-colony skatimg factor),
whereas IL-4 secretion is unaffected (Jenkins gt1#187; Trenn et al., 1992; Beverly et al.,
1992). Interestingly, anergic cells are unablertdiferate to IL-4 (Chiodetti and Schwartz, 1992)
or IL-12 (Quill et al., 1994) mediated signals. Atitzhally, anergic CD2 cells cannot provide
help to B cells due to their impaired expressiorCof40 ligand (Bowen et al., 1995). Anergic
CD8' cells have a block in IL-2 production, but notTi€R-dependent cytotoxicity (Otten and
Germain, 1991).

Costimulation. When fully stimulated, naive T cells produce higmounts of IL-2.
However, if only the TCR is triggered without costilation, the amount of produced IL-2 is low
and the cells enter an anergic state. Costimulafioen up to 2 hours after TCR triggering is still
sufficient to block the induction of anergy (Jerskiet al., 1988; Harding et al., 1992). Thus,
costimulation provides not only the second sigreded for proliferation, but it also delivers
signals that prevent anergy induction. This “secaidgnal” pathway either prevents the
production of the molecular inhibitors responsilideé anergy, or the large amount of IL-2
produced upon costimulation prevents the expressidme inhibitors through an IL-2R signaling

pathway. Alternatively, the inhibitor may be dildteut after multiple rounds of division that are
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induced by IL-2. Costimulation via CD28 causes \ation of PI3K (phosphatidylinositol-3-
kinase) (Prasad et al., 1994), followed by thevatiobn of JNK (c-Jun N-terminal kinase) (Saez-
Rodriguez et al.,, 2007), which together with MAPKmitogen-activated protein kinases)
activated by the TCR induces activation of thedaaiption factor AP-1 and augments IL-2 gene
transcription (Su et al.,, 1994). Additionally, CD28gnaling increases the stability of IL-2
MRNA (Lindsten et al., 1989).

In summary, costimulation is critically importardrfthe decision of the immune system to
make a response or not (Janeway, 1992; Matzin@®&4)1 Importantly, costimulatory receptors
are upregulated during inflammation, infection andler other pathological conditions, therefore
sensing their expression levels seems to be ahngdeeshanism that enables T cells to make the
decision between “non-infectious self’ and “infects non-self” (Medzhitov and Janeway,
2000).

Anergy reversal. The anergic state can be reversed by stimulatigh @xogenous IL-2
(Beverly et al., 1992). The reversal was demorestrdtoth on the level of cytokine production
(Beverly et al., 1992) and by transcriptional aatiion of the IL-2 gene (Kang et al., 1992). This
IL-2 responsiveness demonstrates that anergic adlpartially activated, in that they express a
high-affinity IL-2 receptor upon their surface, amdo confirms that it is indeed an unresponsive
state instead of non-viability (Macian et al., 200%he block in anergic cells can be also

overcome by stimulation with phorbol ester plusamycin (Schwartz, 2003).

b) lonomycin-induced anergy

In this model, anergy is induced simply by treatifigcells with the calcium ionophore
ionomycin (Jenkins et al., 1987; Trenn et al., 99his causes an influx of calcium without
inducing diacylglycerol and thereby leads to thévation of the transcription factor NFAT
(nuclear factor of activated T cells) without aating either AP-1 or NEB. The selective
activation of the calcium/NFAT pathway alone reséaslihe processes occurring in the previous
model induced by TCR triggering without costimwati(see also 1.2.2.3.). Activation of NFAT
alone leads to the transcription of a new set afegebelieved to be responsible for the
unresponsive state (Macian et al., 2002; Im and R@04). Since the ionomycin-induced anergy
mimics the characteristics of anergy induced by Ti@§gering alone, the ionomycin model is
considered to be very similar to the one inducethénabsence of costimulation (Jenkins et al.,
1987).
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1.2.2.2. Clinical applications of anergy

Establishing anergy is of particular interest ie tiheatment of patients with autoimmunity
and after transplantation, as specific toleranceeif-antigen is desired without inducing total
immunosuppression. Systemic or mucosal administratif antigens or altered peptide ligands
causes TCR stimulation in the absence of costimulai olerance induction depends upon the
route of administration and the dose and form efdntigen. Soluble peptide:MHC complexes
have been used to induce anergy in autoreactive® @BHs of diabetic mice (Casares et al.,
2002). In bone marrow transplantation, blockadeC@f28-B7 costimulation by CTLA4-Ig
induces long-lasting tolerance and extended guatit\gal (Wekerle et al., 2002).

Genetically modified DCs have also been used tat talograft rejection and autoimmune
diseases (Morel et al., 2003). Thus, tolerogenics d¥&re effective in modulating long-term
allograft survival (Guillot et al., 2003) and prenmg autoimmune diabetes (Feili-Hariri et al.,
2003), multiple sclerosis (Menges et al., 2002)astlgenia gravis (Yarilin et al., 2002) and
collagen-induced arthritis (Morita et al., 2001).

1.2.2.3. Biochemical characteristics of anergic del

Here | shall focus on anergy induced in the absefiadstimulation, one of the most well
studied and best characterized types of anergy.n\describing changes within anergic cells
though, one should distinguish between the indaaticanergy and its maintenance.

Anergy induction. Calcium signaling was shown to be critical for @yeinduction (Jenkins
et al., 1987; Jenkins et al., 1990). CD28 signailirigiences only the pathways of TCR signaling
that do not induce calcium flux, thus the lack ddZ8 costimulation causes an unbalanced
signaling in which the calcium signal predominaf®kacian et al., 2002). Anergic cells have
been shown to possess increased levels of intwdaetalcium (Gajewski et al., 1994; Gajewski
et al., 1995). Calcium signaling results in theivatton of NFAT, which normally cooperates
with AP-1 to induce the expression of genes requfor full activation (Hogan et al., 2003).
Activation of NFAT alone without other transcriptidactors, however, leads to the transcription
of a completely different set of genes encodindggins that could function as negative regulators
of TCR signaling (Macian et al., 2002; Im and R2004). Such proteins include phosphatases,
proteases and transcriptional repressors. The Riphession of anergy-associated genes was

investigated by the group of Jan Buer using gemayaanalysis (Lechner et al., 2001).
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Interestingly, fusing anergic and non-anergic Tiscalaintains the anergic phenotype, meaning
that anergic T cells indeed express proteins thatiglantly suppress TCR activation (Telander et
al., 1999).

Maintenance of anergy. There are many factors believed to be important tioe
maintenance of the anergic state. These factorauaregulated during anergy induction and
might be responsible for both inducing and also nta@ming the unresponsive state. Some
mechanisms interfering with the proper signal pesgion are found already at the membrane
proximal level, i.e. at the level of Src kinasesl &\T (Linker for activation of T cells). The Src
family kinase Fyn has been implicated in anergyFys was shown to be upregulated in anergic
cells both on the protein level (Quill et al., 19%¥elke and Zavazava, 2002) and in its kinase
activity (Gajewski et al., 1994; Gajewski et al995). Additionally, the CD4-Lck complex
appears to be displaced from lipid rafts in cefisrgized by dimeric peptide:MHC molecules and
consequently the recruitment and phosphorylatioZA®70 is reduced (Thomas et al., 2003).
Recently, impaired palmitoylation of the adaptootpn LAT has been observed, leading to
defective LAT localization within plasma membramel ats impaired phosphorylation (Hundt et
al., 2006). A reduction in ZAP70 and LAT phosphatign was also shown using vivo
anergized transgenic T cells (Utting et al., 2000).

Another mechanism hindering the activation of aitecglls is based on the regulation of IL-
2 promotor transcriptional activity. A hallmark ahergic cells is the block in Ras activation
(Fields et al., 1996; Rapoport et al., 1993). Tib&ls to a decrease in the activities of ERK and
JNK (Li et al.,, 1996) and consequently to a faildoeactivate AP-1 (Kang et al., 1992), a
transcription factor critical for IL-2 productioldditionally, increased expression of Nil-2a, a
negative regulator of AP-1 transactivation, waseobsd (Becker et al., 1995). Anergic cells also
overexpress Tob, a protein enhancing the bindinm&d proteins to the negative regulatory
element in the IL-2 promoter (Tzachanis et al., DO@dditionally, the CREB/CREM (cAMP
response element binding protein/CAMP responsiveneht modulator) repressor complexes
bind to the IL-2 promoter in anergic cells (Powetlal., 1999).

Three E3 ubiquitin ligases were also shown to lregudated in anergic cells — GRAIL (gene
related to anergy in lymphocytes), Itch and Cbhiattspecifically ubiquitinate and degrade
important signaling proteins like PkC (phospholipase C gamma 1) and BK@rotein kinase C
theta) (Anandasabapathy et al., 2003; Heissmeyal.,2004). Interestingly, T cells from lItch-
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and Cbl-b-deficient mice are resistant to anergiuation (Heissmeyer et al., 2004; Jeon et al.,
2004).

Another key feature of anergic cells is the laclpailiferation caused by a block in the cell
cycle progression at the G1 to S stage transit@®ifbért et al., 1992). To this end, increased
expression of p27kipl and p2lcipl were found arebsehinhibitors of the cyclin-dependent
kinases (Cdk) were proposed to promote cell cycksaat the G1 phase (Boussiotis et al., 2000;
Jackson et al., 2001). Surprisingly, anergy st ®e induced in p27kipl and p21cipl deficient
cells (Verdoodt et al., 2003). However, when p2Ikiacking the Cdk-binding domain is
expressed in murine T cells, these cells prolieenatder tolerizing conditions suggesting that

intact p27kipl is indeed required for anergy inchrc(Li et al., 2006).

1.2.3. Regulatory T cells (Tregsfreviewed in Jonuleit and Schmitt, 2003)

Regulatory T cells are a specific population of dll< with suppressive properties. Two
different subsets of Tregs can be distinguishededagpon their suppressive mechanisms.
Naturally occurring CDACD25" Tregs were suggested to exert their regulatoryvities
probably via cell-cell contact, although the memigranolecules responsible have not yet been
fully identified. CD4CD25 regulatory T cells are hyporesponsive to TCR skation, but they
remain responsive to IL-2. However, they need toabivated through their TCR in order to
suppress the proliferation of conventional COB25 cells. Once activated, their suppressive
ability is nonspecific to the antigen, meaning tlsafppression is independent of antigen
specificity of the responding population. The exaeichanism of their suppressive effects is not
clear, but it results in the inhibition of IL-2 trecription.

The second subset consists of Th3 and Trl cellschwhkevelop from conventional
CD4'CD25 cells in the periphery and represent altered stafedifferentiation rather than a
unique cell lineage. Their suppressory propertiesiadependent of cell contact and thus are
mediated via soluble suppressive cytokines. Trik @gre found to produce large amounts of IL-

10, whereas Th3 cells preferentially secrete PGF-

1.2.4. T-cell ignorance

Self-reactive T cells can exist in the peripherthéir antigen is sequestered from them or is

not presented in its immunogenic form. In this ¢dbese autoreactive T cells persist in the
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periphery without meeting their cognate antigen tnedeby not becoming activated (Walker and
Abbas, 2002). Additionally, there are specializegbhms that are immunologically privileged, e.g.
the brain, eyes, testes and ovaria. These orgas$ Ipeuprotected from the consequences of
inflammatory damage, which would destroy the mioatamical structure of these organs
(Streilein, 1996). Therefore, these organs posseshanisms to attenuate both the innate and
adaptive immune response, e.g. the presence ofldiegue barriers, reduced migration of
dendritic cells due to limited number of drainingmiphatic vessels, production of
immunosuppressive and anti-inflammatory cytokind® ITGF{§ and expression of death
inducing molecules like FasL (Chen et al., 1998ffiBr et al., 1995).

1.3. Ras proteins

Ras proteins are members of the guanine nuclebiiting protein superfamily. They are
highly conserved, ubiquitously expressed and playiraportant role in signaling pathways
activating transcription factors involved in cyto&i gene induction in lymphocytes (Downward
et al.,, 1990). Ras is activated in a rapid andasustd manner by the TCR, but also by some
cytokines, mainly IL-2, IL-3 and GM-CSF (Satoh &t 4991; Graves et al., 1992). Ras was
originally identified as a proto-oncogene and itstated forms are found in many human tumors
(Bos, 1989). These mutations usually confer restetato the GTPase-activating proteins or
decrease GTP hydrolysis. Additionally, Ras is esakrior thymocyte development, as it
mediates some of the pre-TCR signals dufirsglection and is required for positive selectién o
thymocytes (Swat et al., 1996; Alberola-lla et 2296).

1.3.1. Ras structure and localization

There are three main isoforms of Ras expressedrmhs — N-Ras, K-Ras and H-Ras. They
are highly homologous, with conserved effector-bigddomains, but distinct hypervariable
regions constituting the last 23 amino acids, whiohy be responsible for their distinct
localization. Ras proteins contain a CAAX box aithC-terminus, which becomes isoprenylated
upon the cysteine residue, the last three amirdsauie cleaved off and consequently the new C-
terminal cysteine is methylated (Hancock et al.89)9 Isoprenylation is essential for their
biological activity as it anchors Ras to the membrgWillumsen et al., 1984; Hancock et al.,

1989). Additionally, H- and N-Ras proteins can l#nptoylated on cysteines adjacent to the
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CAAX box (Hancock et al., 1989) and this is presbimaesponsible for their targeting into lipid
rafts. Whereas K-Ras is constitutively located io@tof lipid rafts, H-Ras can shuffle laterally
within the membrane depending upon its activati@tes(Prior et al., 2001). Inactive H-Ras sits
in lipid rafts, however the activation of H-Ras istdbutes it from the lipid rafts into the nontaf
membrane by a mechanism requiring its hypervarigggen. This redistribution is necessary for

the proper activation of H-Ras and interaction waheffectors (Prior et al., 2001).

1.3.2. Ras regulation

Ras exists in one of two forms — either a GDP-bofomoh that is catalytically inactive or a
GTP-bound form, which is active and interacts wtth downstream effectors. Ras is able to
rapidly cycle between these two forms and thisingcis controlled by the balanced activities of
two groups of proteins. Guanine nucleotide exchdagmrs (GEFs) promote the transition from
the inactive GDP-bound form to the active GTP-bostade. This activity is opposed by GTPase-
activating proteins (GAPs), which stimulate therimgic Ras GTPase activity resulting in
hydrolysis of bound GTP to GDP thereby inactivatihg protein (se€igure 1.1). Note that in
lymphocytes, there are relatively high basal lew#laucleotide exchange onto Ras (Genot and
Cantrell, 2000). Importantly, there has been ardgancy whether Ras activation and signaling

occurs at the plasma membrane or rather upon endbraees of the Golgi apparatus (Perez de

GAPs
(GTPase-activating proteins)
Pi

A N
&

active inactive
outside of lipid rafts in lipid rafts

GDF GTF
GEFs
(guanine-nucleotide exchange factors)

Figure 1.1 Regulation of Ras Inactive Ras (Ra&DP) is located in lipid rafts where it is loadedh
GTP by GEFs and csequently moves out of lipid rafts. Its GTPasevégtiis enhanced by GAPs there

inactivating the protein.
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Castro et al., 2004; Rocks et al., 2005). Howeaeecent approach has enabled visualization of
endogenous Ras and has illustrated preferentiabBastion at the plasma membrane (Augsten
et al., 2006).

1.3.3. RasGEFs (Ras guanine-nucleotide exchangettas)

There are two RasGEFs known in T cells, Sos (ssewénless) and RasGRP. Sos forms a
complex with the SH3 (Src homology 3) domains & dytosolic adaptor protein Grb2 (growth
factor receptor-bound protein 2) (Cheng et al.,89%pon TCR triggering, Grb2 binds to
phosphorylated LAT, bringing Sos to the plasma mamb, thereby inducing Ras activation
(Zhang et al., 2000). The other GEF, RasGRP, amntaidiacylglycerol/phorbol-ester binding C1
domain (O’Ebinu et al., 1998; Tognon et al., 1998CR stimulation induces tyrosine
phosphorylation of LAT and recruitment and actieatiof PLG1, which hydrolysis
phosphoinositide-4,5-bisphosphate @PIRo produce inositol-1,4,5-trisphosphate sjIRand
diacylglycerol (DAG) (see 1.4.3.). DAG, in turn, mound by the C1 domain of RasGRP
recruiting it to the plasma membrane. However, dbetribution of each GEF pathway to Ras
activation is not clear. On one hand, the PL&nediated pathway was found to be required for
Ras activation in Jurkat T cells (Yablonski et 4B98), while on the other hand, experiments
with peripheral blood T cells showed Ras activagwen in the absence of P{LCactivity and
DAG production (Izquierdo et al., 1992). Thus, kkiog down one or the other GEF directly in
primary T cells should help to resolve this isséi®as activation and this approach is currently

being performed in our institute by Dr. Luca Simieon

1.3.4. RasGAPs (Ras GTPase-activating proteins)

The ever-growing family of RasGAPs contains 14 mersbin human so far. The best
characterized RasGAPs in T cells are p120RasGARBrdflbromin 1 (NF1) and CAPRI. All of
them are ubiquitously expressed. CAPRI containdeganC2 domains, which recruit the protein
to the plasma membrane in a calcium dependent mandkethereby CAPRI switches off the Ras
pathway following elevated calcium levels (Lockyral., 2001). NF1 was originally identified
as the protein mutated in patients with neurofibatoais (Bernards, 1995). It seems that beside
Ras regulation, NF1 may also link Ras signalingutoulin as NF1 was found to interact with
microtubules and tubulin (Bollag et al., 1993; Xwa&Gutmann, 1997).
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p120RasGAP contains two SH2 (Src homology 2) dosnand one SH3 domain that mediate
its association with other proteins and additionallPH (pleckstrin homology) and C2 domain
(protein kinase C conserved region 2 domain) thatrasponsible for binding to membrane
phospholipids. The central region of the C2 domsaiknown as a CalLB domain (calcium and
lipid binding domain). The CaLB domain interactsttwihe calcium-dependent phospholipid-
binding protein annexin VI in response to increasedhcellular calcium and thus may increase
p1l20RasGAP association with the plasma membratieeipresence of elevated calcium (Chow
et al., 1999). p1l20RasGAP was shown to interach wie phosphorylated adaptors p62dok
(downstream of kinase) (Yamanashi and Baltimor87)@&nd Sam68 (Src-associated in mitosis)
(Guitard et al., 1998; Jabado et al., 1998) upocellstimulation and these interactions are
supposed to regulate GAP activity either by chamgis conformation or by recruiting GAP to
the appropriate location. Furthermore, p1l20RasGggd@ates with p190RhoGAP and thereby
contributes to the coordinated downregulation ahlbiRas and Rho GTPases. Additionally, the
function of p120RasGAP may be also regulated thnatsgtyrosine phosphorylation and binding
to the Src family kinase Lck (Amrein et al, 199R\terestingly, mice deficient for p120RasGAP
diein utero by embryonic day 10 due to defects in vascularremdonal development, indicating
the importance of proper Ras regulation during gnipenesis (Henkemeyer et al., 1995).

Although a downregulation of RasGAP activity hasngobeen observed upon TCR
stimulation (Downward et al., 1990; Izquierdo et 41992), the molecular details of antigen
receptor-mediated GAP regulation are not understéattlitionally, the contribution of GAP
regulation to the overall Ras equilibrium has disen ignored for the past few years (Genot and
Cantrell, 2000; Cantrell, 2003).

1.3.5. Ras effectors

The best characterized Ras effector pathway i8MBRBK (mitogen-activated protein kinase)
pathway - Ras-Rafl-ERK cascade (Marshall, 1994P ®dund Ras recruits the serine/threonine
kinase Raf-1 to the membrane, where Raf becomégsed and in turn phosphorylates Mek,
which in turn phosphorylates and activates both ERKd ERK2. The main substrate for ERK is
the transcription factor Elk-1, which regulates 8fRF (serum response factor) controlling c-Fos
and Egr expression (Marshall, 1994; Turner and @4ntl997). The Ras-ERK pathway also

controls serine phosphorylation of STAT3 (signahsducer and activator of transcription), thus
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forming a link between the antigen receptor and d¢kokine signaling pathways (Ng and
Cantrell, 1997). Additionally, a direct associatibetween Ras and PI3K leading to PI3K
activation was observed (Rodriguez-Viciana et 4994; Rubio et al., 1997), however the

evidence of such an interaction and its physioklgisle in T cells is obscure.

1.4. T-cell signaling

1.4.1. T-cell receptor (TCR)

Peptide/MHC complexes bind to the variable regweitBin the extracellular portion of the T-
cell receptor. During thymocyte development, thaggeencoding the variable region of the T-
cell receptor undergo somatic recombination rasglih a unigue random combination of gene
segments. This ensures that each T cell has aaidiGR specificity. Note that all of the TCRs
within one T cell possess a single specificity. Theell receptor exists as a multisubunit
complex consisting of one and onef chain, which form the antigen binding subunit tisat
capable of specific recognition of peptide/MHC. Hoar, these chains are themselves not able
to transmit this signal. Instead, additional imm@o@ptor associated signal-transducing proteins
are required to perpetuate the signal. Therefoexyi heterodimer noncovalently associates with
CD3 subunits, namely one heterodimer consisting ahde and the other 0é and ¢ chain.
Additionally, two { chains pair with the TCR (Weissman, 1994). Alltlbése proteins possess
specialized signaling motifs called immunorecepgtioosine-based activation motifs (ITAMs),
which are dually phosphorylated by a member of $ne family of protein tyrosine kinases,
namely Lck. The ITAM sequence is D/EXYxxLgXxL where n is between 6 and 8 amino acids
(Reth et al., 1989). The spacing between tyrogmbelieved to be crucial for signaling. Cp3-

0 and € chains each contain one ITAM, whereas the TGfRains each contain three of them
(Cambier, 1995). Thus the TCR possesses 10 ITAMstal. Both tyrosines within the ITAM

are phosphorylated and serve as binding sites rfoteips containing tandem SH2 domains,
mainly ZAP70, a member of the Syk family proteimosine kinases. The six tyrosines within
TCR< chain are sequentially phosphorylated in a higiigered manner and their complete
phosphorylation is dependent upon the strength GRToccupancy (Kersh et al., 1998).
Interestingly, since T cells constantly encountf-geptide/MHC complexes in the periphery,
there is a low level signaling (so called tonionsiting) within T cells, which induces constitutive

basal phosphorylation of TCR-chains even in resting state (Pitcher et al., 2003is
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phosphorylation is believed to be mediated by d pbByn kinase constitutively associated with
the TCR complex (Samelson et al., 1990; Timson Gateal., 1992).

Interestingly, resting T cells were shown to exprasnixture of monovalent and multivalent
TCR complexes upon the membrane, having two or rigreo 20)af ligand-binding subunits
(Schamel et al., 2005). This observation seemsréwige an answer as to how the T cell
maintains high sensitivity and specificity of irdetion with pMHC despite low-affinity binding
of TCR-pMHC. At low concentrations of pMHC, only géhmultivalent complexes become
phosphorylated, whereas the monovalent receptersplaosphorylated only when the antigen
concentration increases. Thus, the multivalent dergs may be responsible for sensing low
antigen doses, where they can augment the setysitivantigen by increasing the avidity or by
spreading the signal through cooperative interastibetween different receptors. On the
contrary, the monovalent receptors may be resplenfb producing the concentration dependent
response even at high antigen doses, when thevalaelit complexes might be saturated
(Schamel et al., 2005). Recently, it has been shdvan full TCR activation requires both
receptor clustering and conformational changes BB Ghat are mediated by cooperative
rearrangements of two TCR-CD3 complexes (Minguel.e2007).

1.4.2. Lipid rafts

Lipid rafts are also called glycosphingolipid-eted membrane microdomains (GEMs) and
were originally described as detergent-resistarhbmanes (DRMs). Lipid rafts are islets within
the plasma membrane enriched in glycosphingoligpkingomyelin and cholesterol (Brown and
London, 1998) and have been found in most celldygtedied. Because of the high content of
cholesterol and lipids with saturated acyl chalimsg rafts form a specific ordered liquid phase
separated from the less-ordered bulk membrane ¢8dar et al., 1998). This ensures their
relative resistance to solubilization by some typkdetergents (e.g. Brij 58, Triton X-100, NP-
40) and enables their isolation by sucrose demgadient ultracentrifugation (Brown and Rose,
1992).

The lipid raft-associated components on the exlitdee side of the membrane are anchored
to the outer membrane leaflet via a glycosylphosgflanositol anchor. The cytoplasmic side of
lipid rafts is associated mainly with heterotrinces proteins, Src family kinases and some

transmembrane adaptor proteins. The signal redgenfsir targeting proteins into the lipid rafts
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is believed to be fatty acid modification of thein, mainly acylation with long saturated fatty
acids, e.g. myristoylation and/or palmitoylationglonian et al., 1999). Whereas myristoylation
occurs co-translationally, palmitoylation is a ptranhslational event. Palmitoylation is also a
reversible process and may occur at any time dwihig span of the proteins. This enables that
certain proteins can be targeted into the lipidsrahce they are required for the signaling and
moved out again (i.e. depalmitoylated) when theyres longer needed. Indeed, the initiation of
TCR signaling is accompanied by the aggregatiolipaf rafts and the lateral recruitment of the
T-cell receptor components towards these aggredXteger et al.,, 1998; Janes et al., 1999;
Kosugi et al., 1999). Merging of the immunoreceptomplexes with the lipid rafts brings the
TCR chains closer to the raft-associated Src fakilgses and enables phosphorylation of their
ITAMs and the initiation of the signaling. Furthesre, the critical adaptor protein LAT is also
localized in lipid rafts (Zhang et al., 1998). Téfare, lipid rafts seem to act as signalosomes
important for both the initiation and spatial orgation of immunoreceptor signaling. However,

the exact role and requirement of lipid rafts f@R signaling is still a lively discussed question.

1.4.3. T-cell signaling pathways (see Figure 1.2.)

The signaling pathways activated upon triggerinthefT-cell receptor have been extensively
studied and are reviewed in many publications (@#nt1996; van Leeuwen and Samelson,
1999; Kane et al., 2000; Samelson, 2002; CanzéD2). Lymphocyte activation is initiated by
the T-cell receptor encountering its antigen présgbm complex with an MHC molecule. This in
turn leads to the activation of Src family kinaskeswever the exact mechanism as to how Src
kinases are activated is not well understood. Thieeat model proposes that a subpopulation of
Lck constitutively associated with the corecept@4@BCD8 becomes activated upon coreceptor
dimerization (Moldovan et al., 2002). These acwtdat.ck molecules then phosphorylate the
tandem tyrosine residues of the ITAMs located witthe cytoplasmic tail of the CD3 molecules
and the zeta chains. Phosphorylated ITAMs provatkihg sites for the tandem SH2 domains of
the Syk family kinase ZAP70, which is thereby réted to the plasma membrane and itself
becomes activated via phosphorylation by Lck (Chaml., 1992; Chan et al., 1995). ZAP70
consequently trans-autophosphorylates to achidiadtivation. The main substrate for ZAP70
is the transmembrane adaptor protein LAT (Zhangl,e1998), which functions as a signaling

scaffold for the Grb2/Sos complex and thé Gaitiation complex. When phosphorylated, LAT
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recruits several key signaling molecules contairfild? domains, such as Grb2, Gads (Grb2-
related adaptor downstream of Shc) and PLZhang et al., 2000). The SH2 domain of Grb2
and Gads is flanked by two additional SH3 domai these adaptors can thus recruit additional
signaling molecules to LAT. Grb2 binds the guamieleotide exchange factor Sos, which then
contributes to activation of the GTPase Ras. Gad®smstitutively associated with SLP-76 (SH2
domain containing leukocyte protein of 76 kDa), ethiwhen phosphorylated binds the SH2
domain of the Tec-family tyrosine kinase Itk. Itkeh phosphorylates PkC leading to its
activation. Activated PL{l cleaves membrane phosphoinositide-4,5-bisphosp(fRif) to
produce the second messengegsalil diacylglycerol.

IP; causes the mobilization of Edrom intracellular stores into the cytoplasm, wehibinds
to the calcium-binding protein calmodulin. Calmdduln turn activates calcineurin, which
dephosphorylates the transcription factor NFAT. bdephosphorylation, NFAT moves into the

nucleus to initiate the transcription of specifengs.

CD4/CD8

TCR

Actin polymerization Adhesion

Figure 1.2 T-cell receptor signaling pathwaysA scheme of the main signaling pathways activ
upon TCR triggering is presented. See 1.4.3. fdhéu details.
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Diacylglycerol activates conventional and noveltpim kinase C (PKC) isotypes and the
guanine nucleotide exchange factor RasGRP. AmoadPKC isoforms, PKC theta is of special
interest, as it is required for activation of thaniscription factor NF-kB. Additionally, PKC theta
phosphorylates RasGRP, thereby further enhancis@GRR activation (Roose et al., 2005). The
function of RasGRP appears to be the same as thteoGrb2/Sos complex, namely the
activation of the Ras/MAPK pathway leading to tleéiveation of a transcription factor AP-1. At
present, it is unclear whether Grb/Sos or the R&@&hway is the main contributor to Ras
activation.

The Tec-kinase Itk also phosphorylates LAT resgltin the recruitment of the guanine
nucleotide exchange factor Vav both to SLP-76 (Wal.e 1996; Tuosto et al., 1996) and directly
to LAT (Perez-Villar et al., 2002). Vav then actiea small G-proteins of the Rho family, i.e.
Cdc42 and Rac, required for the activation of WASWskott-Aldrich syndrome protein) and
cytoskeletal reorganization (Crespo et al., 1993¢Her et al., 1998). Additionally, SLP-76 binds
the ADAP (Adhesion and degranulation promoting #olagorotein)/SKAP55 (Src kinase
associated phosphoprotein of 55 kDa) complex, wihieh becomes phosphorylated by Fyn. The
ADAP/SKAP55 module then recruits GTPase Rapl tarteenbrane, thereby increasing integrin
affinity, inducing integrin clustering and integnmediated adhesion further stabilizing conjugate
formation between the T cell and the antigen-presgreell (Griffiths et al., 2001; Peterson et
al., 2001; Kliche et al., 2006), leading to fornsatiof the immune synapse.

1.5. Adaptor proteins

Adaptors are proteins that lack both enzymatic &adscriptional activities. Instead, they
participate in the regulation of lymphocyte activatby mediating constitutive and/or inducible
protein-protein or protein-lipid interactions viaeir modular interaction domains. The role of
adaptor proteins in lymphocyte signaling has beg¢ansively reviewed (Leo et al., 2002; Horejsi
et al., 2004; Togni et al., 2004; Simeoni et al0%). Adaptors can be divided into two main
groups: transmembrane adaptor proteins (TRAPs)cgtabolic adaptor proteins (CAPS). Upon
TCR triggering, CAPs are recruited from the cytasothe plasma membrane where they bind
via their modular domains to other critical signglimolecules like receptors, adaptors and
enzymes and thereby enable the formation of théowsrmultiprotein complexes that are

required for signal transduction (see 1.4.3.).
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1.5.1. Transmembrane adaptor proteins (TRAPS)

TRAPs are integral membrane proteins possessiimpih extracellular domain, which does
not bind ligand. Their transmembrane domain isofe#dd by a long cytoplasmic tail that lacks
any modular protein-protein interaction domainst lbontains proline rich regions and/or
multiple tyrosine based signaling motifs (TBSMsheTTBSM is a short peptide sequence
containing a core tyrosine residue (YxxV/L/I). Teesesidues become phosphorylated by Src
and/or Syk family protein tyrosine kinases aftetigan receptor triggering and provide binding
sites for the SH2 and PTB domains of intracellgignaling and effector molecules, with the
binding specificity being determined by the amimida surrounding the core tyrosine residue.
By recruiting these proteins to the plasma membrdarensmembrane adaptors allow the
nucleation and formation of membrane associatechasiggy scaffolds required for the
propagation of receptor-mediated signals into titeacellular compartment. Notably, TRAPs
have also recently been suggested as potential naBtig/prognostic markers in

hematopathological studies for their distinct esgien patterns in different types of human

LAT PAG NTAL LIME SIT TRIM LAX
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EBP5
Nucleates key Inhibits Src Mediates Increases Lck Regulates Inhibits TCR  Sequesters
signaling kinases by  calcium flux activity upon signaling internalization key signaling
complexes  recruiting Csk  and Erk coreceptor threshold Augments molecules
upon TCR (see 1.6.) activation crosslinking CTLA4 from LAT
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}palmitoylation @ phosphotyrosine == disulfide linkage § N-glycosylation

Figure 1.3 Overview of known TRAP< (with their MW). Structure, localization, knowntémacting
partners and the main function for each adaptorshmvn.Arrows show known binding sites for the prote

Binding sites within LAX are unidentified yet.
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lymphoid neoplasms (Tedoldi et al., 2006).

So far, seven transmembrane adaptor proteins emreidentified — LAT, the T-cell receptor
interacting molecule (TRIM), SHP-2 interacting tsamembrane adaptor protein (SIT), the
phosphoprotein associated with glycosphingolipidedred microdomains (PAG) also called the
Csk-binding protein (Cbp), the non-T cell activatibnker (NTAL) also called the Linker for
activation of B cells (LAB), the Lck-interacting necule (LIME), and the Linker for activation
of X cells (LAX) (seeFigure 1.3).

The TRAPs can be further subdivided into two grotips TRAPS associated with lipid rafts,
which include LAT, PAG, NTAL and LIME, and the TRARocalized outside of lipid rafts —
SIT, TRIM and LAX. The raft-associated TRAPs are nomeric type Il transmembrane
proteins that possess a palmitoylation motif Cxugtgposed to the transmembrane region. This
motif becomes palmitoylated and is believed todsponsible for the targeting of these proteins
into lipid rafts. The non-raft TRAPs are either raareric (LAX) or disulfide-linked homodimers
(SIT and TRIM) (sedigure 1.3).

1.6. PAG (Phosphoprotein associated with glycosphingolipienriched microdomains;
also called Csk-binding protein, Cbp)hereafter referred to as PAG]

1.6.1. Structure and expression of PAG

The adaptor protein PAG is unique among the trandgmnane adaptor proteins as it is
expressed ubiquitously rather than being restritdezhly hematopoietic cells, suggesting a more
general function in the regulation of cell actieatiand differentiation. PAG is strongly expressed
in lymphocytes and monocytes and weakly in neuitephut the expression of PAG-encoding
MRNA was found in almost all tissues examined, \ligh highest levels in the immune system,
developing brain, lung, heart, testis and placéBtdicka et al., 2000; Kawabuchi et al., 2000).

PAG is a type lll transmembrane protein, meanirgd its initial methionine is not followed
by a typical signal sequence, but rather the N4prakamino acids regulate its insertion into the
membrane during protein synthesis (Brdicka et26lQ0). PAG consists of a short extracellular
domain (16 amino acids), a single membrane-sparimidgophobic domain (20 amino acids) and
a long cytoplasmic tail, in total having 432 amamds in humans (429 in mouse and 425 in rat).
The extracellular part appears to lack any extdrgahd and no functional significance has been

shown so far.



INTRODUCTION 21

PAG predominantly localizes to the plasma membraaejely into the lipid rafts or GEMs
(Brdicka et al., 2000; Kawabuchi et al., 2000).cysoplasmic domain contains a dicysteine motif
CSSC juxtaposed to the transmembrane region. Thif mas shown to be palmitoylated and
this is believed to be responsible for targetingaPito the lipid rafts. The exact role of this
motif and its importance for PAG function is thesis topic of another PhD student in the lab,
Anita Posevitz-Fejfar (Posevitz-Fejfar et al., 2p07

The cytoplasmic tail of PAG contains ten tyrosin@iage of which are found within so called
tyrosine-based signaling motifs. These are potepti@asphorylation sites for Src kinases and
thus potential binding sites for PTB or SH2 domeamtaining proteins. Six of them are arranged
into three ITAM-like motifs, but with a longer spag between the tyrosinel vitro GST-SH2
pull-down assays revealed that phosphorylated Pé&Gapable of binding the tandem SH2
domains of ZAP70 and Syk as well as the SH2 domafnisck, Fyn, Lyn, Csk, Shc, Vav,
RasGAP and PI3K (Brdicka et al., 2000; Durrheimaket 2001). Additionally, the cytoplasmic
domain contains multiple Ser and Thr residues @ihes and 10 threonines) that are potential
sites of phosphorylation by casein kinase 2 andeprokinase B and C. Furthermore, PAG
contains two proline rich regions that may bind Sti8nain-containing proteins. The overall
acidic nature of PAG and its multiple sites of ghtusrylation result in an anomalous binding of
SDS and retarded migration on SDS-PAGE leadingnt@@parent molecular mass of 70 — 85
kDa rather than predicted MW of 47 kDa (Brdickalket2000; Kawabuchi et al., 2000).

1.6.2. Interacting partners of PAG

While it was suggested that multiple proteins cobilod to PAG, only three proteins have
been reproducibly shown to be associated: Csk ¢Radet al., 2000; Kawabuchi et al., 2000),
Fyn (Brdicka et al., 2000) and EBP50 (Brdickovalket2001; Itoh et al., 2002). The interaction
between PAG and Fyn was shown to be independesttadphorylation and thus it was proposed
to be mediated via the SH3 domain of Fyn binding toroline-rich region of PAG (Brdicka et
al., 2000). The mapping of the Fyn binding sitehmitPAG is also a topic of the PhD thesis of
Anita Posevitz-Fejfar. In contrast, the interactioh Csk (C-terminal Src kinase) with PAG
requires tyrosine phosphorylation of PAG by Src ifgnkinases. Mutational analysis has
demonstrated that this association is mediatedgpiiynvia the phosphorylation of tyrosine 317
of PAG (in human; Y* in mouse and rat), which is then bound by the Sidthain of Csk
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(Brdicka et al., 2000; Kawabuchi et al., 2000). #&dditional Csk binding site at tyrosine 299 has
been suggested (Lindquist, unpublished observation)

Fyn is the main kinase responsible for PAG phosghton and thereby mediates Csk
recruitment to PAG. Fyn deficient T cells show inmpd PAG phosphorylation, Csk recruitment
and thus reduced Csk activity towards Lck (Yasudal.e2002; Shima et al., 2003; Filby et al.,
2007). However other kinases like Lck and Lyn may ibvolved in PAG phosphorylation
(Brdicka et al., 2000; Ohtake et al., 2002).

1.6.3. The PAG phosphatase

The phosphorylation of PAG is a tightly regulatedogess as it is very rapidly
dephosphorylated upon TCR triggering. Although salvattempts have been made to identify
the PAG phosphatase, they have however not brocighat results. On one hand, CD45, a
positive regulator of TCR signaling, appears tothee PAG phosphatase, since CD45 deficient
cells have enhanced basal phosphorylation of PAGG kasically no detectable decrease upon
stimulation (Davidson et al., 2003). On the othandy PAG still becomes dephosphorylated in
Jurkat cells lacking CD45 (Brdicka et al., 200Q)rthermore, CD45 expression is restricted only
to hematopoietic cells and thus other PAG phosgleataust exist. One candidate would be PEP
(PEST-enriched phosphatase), which can directlycaste with the SH3 domain of Csk (Cloutier
and Veillette, 1996). PEP is also able to dephogéite the activatory tyrosine within Src
kinases (Gjorloff-Wingren et al., 1999; Cloutiedaeillette, 1999). However, mice deficient in
PEP show normal PAG dephosphorylation upon stinarlatDavidson et al., 2003). Also
experiments on protein tyrosine phosphataseocR¥gfcient cells excluded this phosphatase as a
potential candidate (Maksumova et al., 2005). Adddlly, the SH2 domain-containing
phosphatases SHP-1 or SHP-2 might contribute to B&@osphorylation, especially as SHP-1
was found to be recruited to lipid rafts upon TGRnslation (Kosugi et al., 2001). PAG was,
however, again found to be normally dephosphorglatestimulated thymocytes from SHP-1
deficient mice (Davidson et al., 2003). Interedgn&HP-2 was found in a complex with PAG
and was shown to influence PAG dephosphorylatiamthErmore, hyperphosphorylation of
endogenous PAG and sustained Csk recruitment weseneed in SHP-2 deficient cells (Zhang
et al., 2004). However, this observation was dernatesl only in fibroblasts and only upon

growth factor stimulation. Importantly, as mentidnabove, PAG is ubiquitously expressed,
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whereas the phosphatases are usually specificrtairceell types. Thus, it appears that several
distinct phosphatases could be responsible for Eag@hoshorylation depending upon the cell
type. Also note, that, due to tonic signaling ($€€3.), PAG is phosphorylated in resting T cells,
but in mast cells is not and becomes phosphorylatdyl upon FeRI triggering (Ohtake et al.,
2002). Therefore, the PAG phosphatase(s) seemadtsbalifferentially regulated in different cell
types.

1.6.4. Function of PAG

The main function of PAG seems to be the recruitneérCsk, a negative regulator of Src
family kinases, to the plasma membrane; thereliingethe threshold for activation and keeping
cells in a resting state. PAG is constitutively gilmorylated in resting T cells and binds the
tyrosine kinase Csk. The activity of Csk increagesn binding to PAG (Takeuchi et al., 2000).
Csk in turn phosphorylates the C-terminal inhibjittyrosine within Src kinases and keeps them
under tonic inhibition in the resting state (déigure 1.4, bottom right panel). Upon TCR
triggering, PAG becomes rapidly dephosphorylatedabyet unknown phosphatase at the Csk
binding site, leading to the release of Csk. Thialdes the activation of Src kinases and the
initiation of T-cell signaling (seEigure 1.4, top panel). However, when Fyn becomes activated,
it re-phosphorylates PAG after several minutes (Sgere 1.4, bottom left panel), recruiting
Csk back to the plasma membrane where Csk inh#yitskinases by phosphorylation of their
inhibitory tyrosine. In this way, the Src kinasescbme inactivated and signaling is shut down
(Brdicka et al., 2000; Kawabuchi et al., 2000; Teveeen et al., 2001). Fitting with this model, the
overexpression of PAG decreases overall tyrosiresgiorylation and inhibits TCR-mediated
proximal events like Ca flux (Davidson et al., 2003), downregulates TCRdiaed NFAT
activation in Jurkat T cells (Brdicka et al., 200)}-2 production both in Jurkat T cells (Itoh et
al., 2002) and in transgenic mice (Davidson et26lQ3) and causes a block in cell proliferation
(Davidson et al., 2003).

Interestingly, this proliferative defect was pdiyiarestored by exogenous IL-2 and the
production of IL-4 and IFN- was not affected by PAG overexpression. On thetrapn
mutation of the Csk binding site®¥ (respectively Y*in mice) results in a drastic reduction of
PAG phosphorylation, complete abrogation of Cskuiment and the restoration of calcium

flux, IL-2 production and cell proliferation (Dawddn et al., 2003).
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Figure 1.4. PAG regulatory functionin T-cell signaling PAG is phosphorylated in resting T ¢
and binds Csk (bottom right). Upon activation, PB&omes dephosphorylated, thereby loosing Csk koalirzg

activation (top). Fyn then re-phosphorylates PAgading to Csk recruitment and ibhion of signaling (bottor
left).

Notably, tyrosine 317 is the only tyrosine withiA® for which a functional significance has
been shown. The role of the other nine tyrosinesrwd been clarified. Clearly, there might be
more proteins in addition to Csk associated wittGPand thus, PAG may have other distinct
functions in addition to the negative regulationSt kinases. Identification of new binding
partners and one novel function of PAG are theaug of this thesis.

PAG seems to be implemented also in other pathwagsgle TCR signaling. Experiments
with mast cells suggested a role in the negatieddack of FeRI signaling (Ohtake et al., 2002).
Upon FeRI aggregation, PAG becomes rapidly phosphorylatsdi recruits Csk, thus inhibiting
Lyn kinase activity. Furthermore, the overexpressad PAG leads to an inhibition of ERI-

mediated cell activation. A role for PAG has alseei suggested in cell migration and cell
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spreading (Shima et al., 2003). Upon adhesionbtoffiectin, PAG becomes phosphorylated and
recruits Csk, which in turn inactivates the Srcasies. Knocking down PAG expression leads to
impaired cell spreading.

An additional function of PAG is based upon itsenaiction with the cytoplasmic adaptor
EBP50 (ezrin-radixin-moesin binding protein of 5@& also known as NHERF (N&*
exchanger regulatory factor) (Reczek et al., 199if et al, 1997). EBP50 binds through one of
its two PDZ domains to the C-terminal VTRL motif BAG and through its C-terminus to the
ezrin-radixin-moesin family proteins, thus linkiRAG to the actin cytoskeleton (ltoh et al.,
2002; Brdickova et al., 2001). Considering the fiztt PAG is located within the lipid rafts,
PAG may in this way regulate their mobility. Indedlde overexpression of PAG reduces the
mobility of lipid rafts and inhibits immune synapfemation and subsequent T-cell activation
(Itoh et al., 2002). The expression of a mutant RAGpable of EBP50 binding restored both
synapse formation and T-cell activation. This sstg¢hat PAG also regulates the dynamics of
the membrane, namely it keeps mobility of lipidisdbw in resting cells, but upon activation the
association of EBP50 is lost (by an unknown medmahand the rafts become more mobile and
thus able to aggregate within the immune synapsk @t al., 2002).

Recently, PAG has been shown to play an importatg in Theileria parva infection.
Transformation of B lymphocytes with this intracddir parasite causes the downregulation of
PAG and concomitant loss of Csk from lipid raftidslin turn enables the constitutive activation
of the Src kinase Hck, activation of the transemptfactor AP-1 and continuous proliferation
reminiscent of leukemic cells (Baumgartner et 2003). Histologically, PAG was found
expressed also in germinal centers of lymphoiddel and in follicular lymphomas. Thus, the
presence of PAG may potentially be a new markefollitular lymphomas and its absence a

marker of some mantle cell ymphomas (Svec e2aD5).

In spite of the apparent importance of PAG, twogrggcharacterizing PAG knockout mice
have been recently published suggesting that PAGbasically dispensable for T-cell
development and function (Xu et al., 2005; Dobepeakt al., 2005). The first paper showed
generally normal T-cell development with increaseaimber of thymocytes in PAG deficient
mice. Although they observed mild reduction in @stalization within lipid rafts in cells lacking
PAG, the TCR-induced calcium flux, cell prolife@ti and production of IL-2, IL-4 and IFiN-

were normal (Xu et al., 2005). However, the autlwory deleted the last coding exon in the hope
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of inactivating the whole PAG gene. But they thelvse show expression of a protein in their
mice detectable by anti-PAG antisera and claimtthlse nonspecific band. This might, however,
very well be the truncated form of PAG, which caill gartially fulfill PAG function. The
second study demonstrated that PAG deficiency hacdeffect upon embryogenesis, thymic
development and T-cell functioms vivo. Moreover, Csk recruitment into the lipid raftsswaot
affected by the loss of PAG and proximal signalexents like the phosphorylation of key
signaling molecules was not altered (Dobeneckeal.et2005). Thus it seems, that there is a
redundancy among transmembrane adaptor proteinsaamne are able to compensate for the loss

of PAG by taking over its function.

1.7. Src family kinases (SFKS)
1.7.1. Structure and localization of Src family kimses

The Src family consists of 9 members: Blk, Fgr, Fiatk, Lck, Lyn, Src, Yes and Yrk.
Among these, Src, Yes and Fyn are mainly ubiquiyoegpressed. Myeloid cells express Hck,
Fgr and Lyn, B cells express Lyn, Fyn and Blk andé€lls express primarily Lck and Fyn
(Thomas and Brugge, 1997). Src kinases have a constnocture consisting of an N-terminal
region possessing sites for fatty acid modificatimiowed by a unique region, an SH3 domain,
an SH2 domain, a linker region, a tyrosine kinasenain (SH1) and a C-terminal negative
regulatory tyrosine. The N-terminal region is casiationally myristoylated on a glycine residue
at position 2. This modification enables the kinasattach to the cell membrane. Furthermore,
Src kinases undergo posttranslationally reversialknitoylation on dual cysteines and this is
believed to target them into the lipid rafts. Adualitally, Fyn was observed to be methylated at
lysine residues within the N-terminal region andstmay be required for its function in cell
adhesion and spreading (Liang et al., 2004). Istergly, the localization of Lck and Fyn within
plasma membrane is largely different. Whereas Lek wredominantly detected in the non-raft
fraction, Fyn in contrast is highly enriched in ttadt fractions (Yasuda et al., 2002; Filipp et al.
2003). The unique domain, as well as different iniggpartners, are likely to contribute to their

distinct subcellular localization.
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1.7.2. Regulation and activation of Src family kinaes

When the crystal structure of Src and Hck was shlveinspired the model for a common
mechanism of Src kinase activation (Xu et al., 19Sicheri et al., 1997) (see Figure 1.5.).
According to this model, a Src kinase adopts arctima conformation when its C-terminal
inhibitory tyrosine (Y°° of Lck, Y°*° of Fyn) becomes phosphorylated. In this conforomtthe
inhibitory phosphotyrosine is bound by the SH2 dmmlaringing the SH3 domain closer to the
linker region located between the SH2 and kinageailw. The SH3 domain forms an additional
interaction with the proline-rich region within thieker, further stabilizing the closed inactive
conformation (Xu et al., 1997, Sicheri et al., 1p909n the other hand, dephosphorylation of the
inhibitory tyrosine releases the structure intorempd state, from which the kinase can then
autophosphorylate the activatory tyrosine withir thctivation loop of the kinase domains
leading to its full activation.

However, activatory tyrosine phosphorylation is tieg only way to activate an Src kinase.
Phosphorylation of other tyrosines have also bemmashstrated that enhance kinase activity,
although only for Src and only upon growth factiomsilation. In these studies, epidermal growth
factor and platelet-derived growth factor seledyivaduced phosphorylation of a tyrosine within

the SH2 domain of Src &) causing a dramatic increase in the kinase agtfviadlamudi et al.,
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Figure 1.5. Src kinase regulationThe inactive form of SFKs has the linker region hato its SH3 an
phosphorylated @erminal tyrosine bound to its SH2 domain (middIEhis tyrosine can be dephosphorylater
CD45, thereby priming the kinase (right), which déwen autophosphorylate, leading to the activeestHie
phosphorylation of a tyrosine within SH2 domairaddition to the QGerminal tyrosine phosphorylation results in

hyperactive form of kinase (left). For further dstsee 1.7.:
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2003; Stover et al., 1996). This phosphorylated 8biain specifically prevents binding of the
phosphorylated C-terminal negative regulatory tyr@sand thus prevents folding of the kinase
into an inactive state. This in consequence lea@tover 50-fold increase in the kinase activity
(Stover et al., 1996) (see Figure 1.5. hyper-agtive

The main proteins regulating the phosphorylatiatus and thereby the activity of SFKs are
the phosphatase CD45 and the kinase Csk, whichraagonistically. CD45 is believed to be a
critical positive regulator, which forms a complexth Lck (Schraven et al.,, 1991) and
specifically dephosphorylates the C-terminal intoky tyrosine (Hermiston et al., 2003). On the
other hand, Csk is able to phosphorylate this itdnp tyrosine, thereby inactivating the enzyme
(Okada et al., 1991; Bergman et al., 1992). Themezdephosphorylating the activatory tyrosine
was shown to be the PEP (Gjorloff-Wingren et aB99; Cloutier and Veillette, 1999).
Interestingly, this phosphatase binds to Csk (@ownd Veillette, 1996), thereby forming a
functional complex that synergistically inhibitsettSrc kinases by acting upon both critical
tyrosines simultaneously (Cloutier and Veillette99%). An additional protein tyrosine
phosphatase (PTP) involved in the regulation of SIEKvity, particularly that of Fyn, seems to
be PTR. PTR: deficient thymocytes exhibit enhanced phosphaogadf both the activatory and
inhibitory tyrosines of Fyn, increased Fyn actiyibyperphosphorylation of PAG and reduced
proliferation (Maksumova et al., 2005).

Furthermore, SFKs can be activated by interactiositber their SH2 or SH3 domains with
other proteins. In this case, this domain is n@é&navailable for the intramolecular interaction
and thus the kinase cannot fold into its closedtima conformation. One such interacting protein
is SAP (SLAM-associated protein), which binds t¢3%lomain of Fyn leading to its activation
(Simarro et al., 2004). Another SFK activator isch9 (Uncoordinated 119), which was shown
to increase the kinase activity of both Lck and Bynbinding to their SH3 domain. Since Lck
and Fyn are found associated with CD3 and the eptec CD4, Unc119 was found complexed
with both CD3 and CDA4. Recruiting Unc119 to the C2Bd CD4-associated Src kinases may
provide the mechanism activating SFKs upon TCRyatmg (Gorska et al., 2004).

Since Fyn and Lck are differentially localized withthe plasma membrane (Fyn being
mainly in the lipid rafts and Lck predominantly eide), the question arises as to how the TCR
recruits and activates both proteins. The groudulius, however, has proposed a model of

sequential activation, according to which Lck igially activated outside of lipid rafts, and then
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translocates into the lipid rafts to activate Faigp et al., 2003). Supporting this hypothesis is
also the observation that Fyn cannot be activatddak deficient cells (Filipp et al., 2003).

1.7.3. Function of Lck and Fyn

Src family protein tyrosine kinases play a crucdiale in cell differentiation, motility,
adhesion, proliferation and survival. In T cellsfraction of Lck interacts with the coreceptors
CD4 and CD8 (Veillette et al., 1988; Barber et 4989). This noncovalent interaction is
mediated via a dicysteine motif within the uniquendhin of Lck and two cysteines in the
cytoplasmic region of CD4 or CD8 alpha (Turnerlet ¥90). It facilitates participation of Lck
in the initiation of TCR signal transduction upontigen recognition. During TCR-pMHC
interaction, Lck is recruited into the complex thgh its association with either the CD4 or CD8
coreceptor (Holdorf et al., 2002). Upon clusterio§ the coreceptors, Lck molecules
transphosphorylate the tyrosine within the actoatioop leading to their full activation.
Additionally, a pool of Lck interacts with the costlatory molecule CD28 and this interaction
further sustains the activation of Lck (Holdorf &t, 2002). Furthermore, Fyn was shown to
directly interact with CD3 subunits and TGRhains (Samelson et al., 1990; Timson Gauen et
al., 1992). Thus, active Lck and Fyn coclusterethwhe receptors are perfectly positioned to
phosphorylate the tyrosine residues within the ITAMF both the CD3 complex and TCR
chains. Phosphorylated ITAMs recruit ZAP70, whishthen phosphorylated and activated by
Lck. The subsequent events of proximal signalirgderscribed in section 1.4.3. Underlining the
essential role of Lck in TCR signaling is the findithat Jurkat cells lacking Lck possess a block
in ZAP70 phosphorylation and activation, a lackLi8T phosphorylation and calcium flux and
no NFAT activation and IL-2 production (Straus aldiss, 1992; Denny et al., 2000).

Lck was suggested to be involved in a negative Ifaekl pathway allowing the cell to
discriminate between self and nonself antigen. @Gdlye activated Lck induces the
phosphorylation of the phosphatase SHP-1, which Hieds to the SH2 domain of Lck leading
to a downregulation of the activity of the lattendadephosphorylation of TCR-associated
ITAMs. However, Lck can also be phosphorylated IRKEOn a serine residue, which interferes
with SHP-1 binding. Thus, strong binding ligand£.(iantigenic peptides) induce sufficiently
rapid ERK activation to phosphorylate Lck and tusvent SHP-1 binding. On the contrary,

weak ligands (i.e. self peptides) induce a deldyBdK activation, which is simply too slow to
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protect Lck from accumulated phospho-SHP-1 andadigg is in this case aborted (Stefanova et
al., 2003).

Fyn appears to play a more negative regulatory i[€CR signaling by phosphorylating
PAG, thereby mediating Csk recruitment and PAG-@gkraction (Yasuda et al, 2002; Shima et
al., 2003; Filby et al., 2007). The loss of Fynufesin a lack of PAG phosphorylation, a loss of
Csk recruitment and reduced phosphorylation of ititgbitory tyrosine of Lck. This then
correlates with elevated cytokine production angdrgroliferation (Filby et al., 2007). Reducing
Lck levels additionally to Fyn deficiency cause®msfaneous T-cell activatiom vivo and the
development of severe autoimmune disorders (Fitbgle 2007). Fyn deficient mice show a
reduced presence of naive CI4@D62L"" T cells in the periphery, presumably due to the
inhibition of PAG phosphorylation and Csk recruitith€Yasuda et al., 2002).

Fyn was additionally shown to associate with thepaer proteins SKAP55 (Src kinase-
associated phosphoprotein of 55 kDa) (Marie-Caraihal., 1997) and ADAP (Adhesion and
degranulation promoting adaptor protein), also kmaag Fyb (Fyn binding protein) or SLAP
(SLP-76 associated protein) (da Silva et al., 199%grefore Fyn also seems to be involved in
integrin signaling. Upon TCR triggering, Fyn phosphates ADAP and consequently ADAP
induces integrin clustering and integrin-mediatddesion (Griffiths et al., 2001; Peterson et al.,
2001). In addition, Fyn contributes to the regulatiof cytoskeletal reorganization as Fyn
phosphorylates WASP (Wiskott-Aldrich syndrome pmotea critical regulator of the Arp2/3
complex and actin polarization in T cells (Badotuak, 2004). Fyn was also suggested to bind
phosphorylated alpha-tubulin and to regulate tubeltoskeleton reorganization upon T-cell
activation (Marie-Cardine et al., 1995; Martin-Gafes et al., 2006).

A role for Lck and Fyn in naive T cell maintenaraoed survival in the periphery has been
suggested, since there is a constant low levelgoifing in peripheral T cells and a constitutive
low level of TCR{ chain phosphorylation (Pitcher et al., 2003). Axdls are continuously
scanning their environment, their TCRs are conkta@ncountering self-peptide/MHC
complexes inducing weak signaling. Especially Fyasvbelieved to be responsible for the
constitutive low level of zeta chain phosphorylatias Fyn associates with CD3 and TCR
chains (Samelson et al., 1990; Timson Gauen etl882). This so called tonic signaling is
believed to be responsible for naive T cell suivarad lymphopenic expansion in the periphery.
An elegant series of experiments performed by Zak@t al. suggested that both Fyn and Lck



INTRODUCTION 31

(at least one of them) are required for TCR dependaive T cell survival in the periphery and
Lck, but not Fyn, is essential for TCR dependemhéostatic proliferation (Seddon et al., 2000;
Seddon and Zamoyska, 2002a; Seddon and Zamoysk2h R0

Finally, Src kinases are required during thymoadgegelopment. Knockout mice deficient for
both Fyn and Lck possess an absolute block atrémsition from DN3 to DN4 stage during
TCRP selection (Groves et al.,, 1996; van Oers et &96) Additionally, Lck is primarily
responsible for transmitting the positive selectiagnal during the DP stage and it seems that
this signal also determines the fate of CD4 vefSDS8 lineage (Hernandez-Hoyos et al., 2000;

Legname et al., 2000).

1.8. Csk (C-terminal Src kinase)

Csk is a ubiquitously expressed cytoplasmic praigiosine kinase with a structure similar to
the SFKs, consisting of an SH3, SH2 and a kinaseatio (Nada et al., 1991). However, it lacks
both an N-terminal acylation signal and a C-terriagulatory tyrosine.

Csk is the major negative regulator of Src kinaassit phosphorylates their inhibitory
tyrosine at the C-terminus and these adopt theedlogactive conformation (see 1.7.2.) (Nada et
al., 1991; Okada et al., 1991; Bergman et al., 1992erexpression of Csk results in a dramatic
inhibition of TCR-induced protein tyrosine phospylation and IL-2 production (Chow et al.,
1993). The SH3 and SH2 domains of Csk were fouraketabsolutely critical for Csk function,
therefore Csk probably requires association witieoproteins to inhibit SFK activation in the
cell (Cloutier et al., 1995). In resting T cellspartion of Csk is localized within the lipid rafts
through its interaction with various membrane prate(e.g. PAG) and sets an activation
threshold for TCR signaling (Brdicka et al., 20@@&ywabuchi et al., 2000). PAG can not only
relocate Csk to the lipid rafts, but was also sheevactivate Csk and increase its kinase activity
up to 6-fold (Takeuchi et al., 2000). Additionallgsk can be phosphorylated upon a serine
residue within the catalytic loop by the cAMP-degent protein kinase (PKA), resulting in a 2-4
fold increase in Csk activity (Vang et al., 2004hich is additive to the increase caused by PAG
binding (Vang et al., 2003). Upon TCR triggerindy@is dephosphorylated and Csk association
is lost, thus enabling activation of Src kinased proper signaling (Torgersen et al., 2001). In
this phase, Csk may be sequestered by anothempinmirtner G3BP (RasGAP-SH3-binding
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protein), which is located outside of lipid raftsdsaugments T-cell activation simply be reducing
the amount of Csk in the rafts (Rahmouni et al05)0

Csk forms complexes with all three members of tB® Bhosphatase family, protein tyrosine
phosphatase PEP and PTP-PEST (PTP containing PBS8iRiM) bind to the SH3 domain
(Cloutier and Veillette, 1996; Davidson et al., I9whereas PTP-HSCF (hematopoietic stem
cell fraction derived PTP) binding was shown toS#2 domain mediated (Wang et al., 2001).
As PEP phosphatases are believed to dephosphotikatactivatory tyrosines within the Src
kinases (Gjorloff-Wingren et al., 1999; Cloutierdaxeillette, 1999), the formation of Csk-PEP
complex would constitute an efficient mechanisnnttivate Src kinase-mediated signaling.

The adaptor proteins Dok-1 and Dok-3 were also ntedato associate with Csk through its
SH2 domain (Neet and Hunter, 1995; Lemay et aDO20Dok proteins are efficient inhibitors of
immunoreceptor signaling (at least in B cells) heyt coordinate the recruitment of three
inhibitory effectors, Csk, the phosphatase SHIRwid p120RasGAP, to the membrane upon
receptor stimulation (Lemay et al., 2000; Tamiraét 2000). Additionally, Csk was shown to
bind to the transmembrane adaptor protein iBIV¥itro and might contribute to the inhibition of
TCR induced NFAT activation caused by SIT overegpien (Pfrepper et al., 2001). Csk is also
recruited to another transmembrane adaptor prot#iiE, that is phosphorylated upon CD4 or
CD8 crosslinking (Brdickova et al., 2003). Csk @dso associate with focal adhesion-associated
proteins paxillin, tensin and FAK (focal adhesiondse), although the physiological relevance of
such interactions is unclear at present (Sabe, €it94).

Csk deficient mice die in utero because of abndtmslin neuronal development, which
result from uncontrolled Src kinase activity (Naelaal., 1993; Imamoto and Soriano, 1993).
Conditional inactivation of Csk in thymocytes abates the requirement for pre-TCR mediated
signals during TCH checkpoint and also uncouples positive selectiomfthe TCR-mediated
signal, presumably because of hyperactive Src &Bjaand single positive CDZ cells develop
and leave into periphery (Schmedt et al., 1998n&xtt et al., 2001).

Given the lethal phenotype of Csk knockout mice dedfact that PAG is believed to be the
main protein recruiting Csk to the plasma membréneas expected that PAG deficiency would
also have fatal consequences (Hermiston et al2)20herefore it was surprising to find that
PAG knockout mice have no severe phenotype (Xu.e2@05; Dobenecker et al., 2005; see
1.6.4.). However, if one investigates the newborcenthey indeed possess enhanced Src kinase

activity, which is then downregulated at three rhentof age, clearly demonstrating a
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development of compensatory mechanism (J. Lindguispublished observation). For this
reason, a simple knockout may not be the ideal cgmgbr and therefore we applied RNA
interference to knock down PAG expression in pryrrarman T cells in order to demonstrate the
importance of PAG as a negative regulator of T sigtaling.

1.9. Aim of the project

The aim of this study was to investigate the altena in signaling pathways upon induction
of an unresponsive state, anergy, in primary humamells. We were mainly interested in the
membrane proximal signaling events with the spdorlis on PAG, the negative regulator of T-
cell signaling. There are three main observatitra this project was based on. First, the Src
family kinase Fyn was shown to be upregulated ®rgic T cells both on the protein level and
activity (Quill et al., 1992; Gajewski et al., 19946econd, Fyn is the kinase responsible for
phosphorylation of the transmembrane adaptor pro®AG (Yasuda et al., 2002). And third,
most importantly, T cells overexpressing PAG weneven to be unresponsive to any further
stimulation via TCR and this is phenotype very &amio anergy (Brdicka et al., 2000; Davidson
et al.,, 2003). Moreover, PAG overexpressing cehlisdpce reduced levels of IL-2 whereas
normal amount of IFN- and IL-4 (Davidson et al., 2003). The similar et®on in cytokine
production has been observed also in anergic B ¢@dnkins et al., 1987, Blish et al., 1999).
Therefore we hypothesized that PAG may play airothe maintenance of the anergic state.
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2. Methods
2.1. Antibodies used in this study
Antibody Species and clone Application Source
. mouse monoclonal 1gG .. .
actin (AC-15) WB - 1:10,000 Sigma
anti-mouse rabbit coating - 1@/ml DAKO
anti-mouse-HRP goat WB -1:10,000 Dianova
anti-rabbit-HRP goat WB - 1:10,000 Dianova
mouse monoclonal 1gG ) L
CD25-FITC (M-A251) FACS - 1:10 BD Biosciences
mouse monoclonal Igiyl co_atlng ) 11 hybridoma grown in oy
CD28 stimulation -
(248.23.2) . laboratory
undiluted
CD3 mouse monoclonal Igy  stimulation - HQ?’;Q?%T: fng X).w
(MEM92) undiluted rejsi, Frague, g
in our laboratory
CD3 mouse monoclonal Ig& coating - 1:100, 1:1phybridoma grown in oy
(OKT3) stimulation - 1:1 laboratory
mouse monoclonal 1gG ) L
CD3-PE (UCHT1) FACS - 1:10 BD Biosciences
mouse monoclonal Ig&g i .
CD59 (MEM43/5) WB - 1:250 V. Horejsi, Prague
cpeo-FiTc  |Mmousemonoclonallgl  pacg 1.0 BD Biosciences
(FN50)
rabbit polyclonal 19gG 1.
Csk (C-20) WB - 1:200 Santa Cruz
Csk-pSer364 rabbit polyclonal WB - 1:50 K. TasKearway
DGK alpha rabbit polyclonal W?P' _1;;'000 I. Merida, Spain
DGK zeta rabbit polyclonal WB - 1:1,000 T. Juddablt
FLAG rabbit polyclonal WB - 1:400 Sigma
FoxP3 rabbit polyclonal 1gG WB - 2g/ml E. Schmitt, Mainz
Fyn rabbit polyclonal WB - 1:1,000 Biosource
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Fyn mouse margc'ona' 9% wB - 1:1,000 Biosource
mouse monoclonal 1g& -

Fyn (Fyn-02) IP - 0.5ul V. Horejsi, Prague
mouse monoclonal Ig&g i

GAPDH-HRP (mAbcam 9484) WB - 1:10,000 Abcam
Grb2 rabbit polyclonal IgG | 5 _ 14 900 Santa Cruz
(C-23)

Lamin A rabbit polyclonal WB - 1:500 BioLegend
LAT rabbit polyclonal W?P- -1i1L£|OOO V. Horejsi, Prague
Lck rabbit polyclonal IP - 0.l A. Magee, London
Lck rabbit polyclonal WB - 1:1,000 Biosource

mouse monoclonal Ig&g i .
Lck (3A5) WB - 1:200 Biosource
mouse monoclonal Ig IP - 30ul coupled to -
Lck (Lck-04) sepharose V. Horejsi, Prague
Lck-pY505 rabbit polyclonal WB - 1:1,000 Biosource
LIME rabbit polyclonal WB - 1:1,000 V. Horejsi, Ryae
mouse monoclonal ) .
NTAL (NAPO3) WB - 1:1,000 V. Horejsi, Prague
p62Dok mouse m&%‘;c'ona' 96 wB - 1:250 BD Biosciences
PAG rabbit polyclonal WB - 1:2,000 V. Horejsi, Puzg
mouse monoclonal Ig& hybridoma from V.
PAG WB - 1:100 Horejsi, Prague, grown
(MEM255) .
in our laboratory
hybridoma from V.
PAG-C6 mouse monoclonal Ig&g IP - 30ul coupled to Horejsi, Prague, growh
(PAG-C6) sepharose .
in our laboratory
] . Py produced in our
PAG-pY317 rabbit polyclonal WB - 1:10,000 laboratory
pan-Ras mouse monoclonal lgq WB - 1:1,000 Oncogene
(Ab-4)
mouse monoclonal Igfs 1. hybridoma grown in oy
pTyr (4G10) WB - 1:100 jaboratory
mouse monoclonal Ig&4 WB -1:100
RasGAP (B4F8) IP -5l Santa Cruz
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mouse monoclonal IgG WB -1:10,000 N
Sam68 (15) P - 4yl BD Biosciences
Src-pY215 rabbit polyclonal W?P' 141“|0 00 Abcam
Src-pY418 rabbit polyclonal WB - 1:1,000 Biosource
Src-pY529 rabbit polyclonal WB - 1:1,000 Biosource
. mouse monoclonal Igl  WB - 1:1,000 :
zeta chain (6B10) P -3yl Sigma
2.2. General reagents for cell culture
RPMI 1640 medium with NaHC{and stable glutamine Biochrom AG
PBS without C&Mg** Biochrom AG
PBS with Ca4'Mg*"* Biochrom AG
FCS PAN Biotech GmbH
CiproBay 200 Bayer
Phorbol myristate acetate (PMA) Calbiochem
lonomycin Sigma
Interleukin 2 Tebu-bio
Trypan blue Sigma
2.3. T cellisolation and purification
Reagents and instruments:
Ficoll Biochrom AG
Heparin Biochrom AG
Pan T cell isolation kit Il Miltenyi Biotec
AutoMACS Miltenyi Biotec

Peripheral blood mononuclear cells (PBMCs) weréated by Ficoll gradient centrifugation
of heparinized blood collected from healthy vol@rge A ring containing PBMCs formed during
the gradient centrifugation. PBMCs were carefulfpisated and washed 3x with RPMI 1640
medium. The cells were rested in RPMI 1640 mediuppkmented with 10% FCS for 2 hours
in an incubator. T cells were further purified ynAT cell depletion on the AutoMACS machine
using the Pan T cell isolation kit Il. T cell poptibns of greater than 95% purity were obtained,

as determined by flow cytometry analysis.
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2.4. Anergy induction

Reagents and instruments:

24-well flat-bottomed tissue culture plates TPP

To induce anergyn vitro, 24-well flat-bottomed tissue culture plates wprecoated with 10
pg/ml rabbit-anti-mouse immunoglobulin in 0.3 milWeBS without CA'Mg?* overnight at 4C.
After washing the plates three times with 0.5 mIMABS, anti-CD3 (OKT3) supernatant diluted
to approx. 1pg/ml was immobilized in 0.3 ml/well EBvernight at A2C. The plates were
washed again three times with 0.5 ml/well PBS arlls were inoculated at 6x16ells/ml in 1
ml/well RPMI 1640 medium supplemented with 10% F&fal CiproBay 200 (1:200). Rescued
samples received additionally 18 PMA to mimic costimulation. The resting samplasikept
in culture without stimulus.

After three days of incubation in a humidified aspbere at 3TC and 5% CQ the cells
were collected, centrifuged and transferred intev,nencoated 24-well plates again in 1 ml/well
fresh RPMI/10% FCS/CiproBay and rested for one tamithl day. After a total of 4 days in
culture, the cells were harvested, cell viabilistetmined by trypan blue staining and the dead

cells removed by Ficoll centrifugation.

2.5. Proliferation assay

Reagents and instruments:

96-well round-bottomed tissue culture plates t@os
[*H]-thymidine ICN

PHD cell harvester Inotech AG
liquid scintillator 1450 Microbeta Wallac Peml&Eimer

To assess the proliferative capacity after anemgyction, the cells were restimulated in 96-
well round-bottomed tissue culture plates. Thegslatere coated with anti-CD3 (OKT3, 100 ul
supernatant/well) or with anti-CD3 plus anti-CD280 pl of each supernatant/well) as described
above. The cells were then plated at Sxd@lis/well in triplicates and restimulated withtheir
anti-CD3 alone, anti-CD3 plus anti-CD28, anti-CD31gp exogenous IL-2 (100 Ulwell),
exogenous IL-2 alone or PMA (£0V) plus ionomycin (0.25 pg/ml).

[*H]-thymidine (0.3 pCi/well) was added for the 1810 hours of the three-day incubation
and the plates were harvested using the PHD cellebter. Thymidine incorporation was

measured by liquid scintillation and the resultgressed as the mean cpm.
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2.6. Stimulation of T cells

Buffers:

TBS (per 1 liter) - 8.0 g NaCl
0.2 g KClI
3.0g Tris

to pH 8.0, dl HO to 1 liter final

Resting, anergic and rescued cells coming fronptireary stimulation described in section
2.3. were washed once with 1 ml RPMI 1640 witho@SFand re-challenged by anti-CD3

(MEM92) stimulation for 2 min at 3C; 100 ul antibody supernatant was used for 8xlls.

Stimulation was stopped by adding 1 ml ice-cold T8® cells were quickly spun down at 5,000

rpm, 2 min, 4C and lysed.

2.7. Cell lysis, immunoprecipitation and Western kit analysis

Reagents and instruments:
BSA
protein A sepharose CL-4B

CNBr-activated sepharose 4B beads

Gel electrophoresis system

Western blotter Multiphor 11

nitrocellulose membrane

Milk powder

Tween 20

ECL Western Blotting Detection reagents
Hyperfilm ECL

Buffers:

NP-40 lysis buffer — 1% Nonidet P-40
100 mM NacCl
50 mM Hepes pH 7.4
5mM EDTA

1% Lauryl maltoside

Sigma
Pharmacia Biotech
GE Heathcar
Bio-Rad
GE Healthcare
GE Healthcare
Lasana
Roth
GE lthealre
GE Healthcare

Sigma

Calbiochem

1 mM phenylmethylsulfonylfluoride (PMSF)
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1 mM sodium orthovanadate
50 mM sodium fluoride

10 mM sodium pyrophosphate

Digitonin lysis buffer — 1% digitonin Sigma
100 mM NaCl
50 mM Hepes pH 7.4
5 mM EDTA
1 mM PMSF
1 mM sodium orthovanadate
50 mM sodium fluoride

10 mM sodium pyrophosphate

NP-40 washing buffer — 0.05% NP-40
5mM EDTA
150 mM NacCl
50 mM TrispH 7.4

Digitonin washing buffer — 0.05% digitonin
5mM EDTA
150 mM NaCl
50 mM TrispH 7.4

Sample buffer — 10% glycerol
60 mM Tris pH 6.8
2% SDS
0.002% bromphenol blue
1% 2-mercaptoethanol

10% SDS-polyacrylamide gel — 4.7 mi®
2.5 ml 40% Acrylamide/Bis solution 37.5:1 Bio-Rad
26ml1.5MTris pH 8.8
0.1 ml 10% SDS
0.1 ml 10% APS
0.004 ml TEMED

39
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Stacking gel — 2.19 ml #©
0.375 ml 40% Acrylamide/Bis solution 37.5:1
0.375ml 1.0 M Tris pH 6.8
0.03 ml 10% SDS
0.03 ml 10% APS
0.003 ml TEMED

Electrophoresis buffer — 10x TGS buffer Bio-Rad
Blotting buffer (per 1 liter) — 5.8 g Tris base

2.9 g glycine

0.37 g SDS

to 800 ml dl H20, add 200 ml methanol
TBS — see section 2.6.

Cells (5x16) were lysed in 120 pl ice-cold NP-40 lysis buffafter 30 min incubation on
ice, lysates were centrifuged for 15 min at 13,00, £C. Post-nuclear supernatants were
transferred into new tubes containing 30 pl 5x caty sample buffer and heated for 5 min at
95°C.

For immunoprecipitation, 20xf0cells were lysed in 500 pl NP-40 lysis buffer, 1@
postnuclear lysate was kept for whole cell analgsid the rest incubated together with 1 mg/ml
BSA, the immunoprecipitating antibody and 30 pltpio A sepharose for 2-18 h with gentle
rotation at 4C. Note, that some antibodies were produced frobmitigma cells in our laboratory
(see section 2.1.). In this case, the antibody (#dx purified from the hybridoma supernatant by
affinity chromatography on a column filled with pes A sepharose. The antibody was eluted,
concentrated to 6 mg/ml and covalently coupled BGactivated sepharose 4B beads. 30 ul of
the Ab-sepharose was then used for immunopredgitalmmunoprecipitates were washed five
times with 1 ml low detergent NP-40 washing buffeid the immunoprecipitated material was
released by heating with 30 pl 1x reducing sampifeb for 5 min at 95C. To detect the
Sam68-p120RasGAP-PAG complex, cells were lysedOd |3l digitonin lysis buffer and the
immunoprecipitates washed afterwards with low digih washing buffer.

Whole cell lysate or immunoprecipitates were etgatoretically separated on 10% SDS-

polyacrylamide gel (30 pl sample/lane) at 130V tmadsferred onto nitrocellulose membrane at
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140 mA/gel for 1 h 15 min. The blots were blockadb?% non-fat milk in TBS pH 8 for 1 hour.

Primary antibodies were diluted in 2% milk-TBS pHa8d incubated for 1 hour at room
temperature with gentle shaking. Blots were wagheek times with TBS + 0.01% Tween 20 (5
min each wash), followed by 45 min incubation widippropriate horseradish-peroxidase
conjugated secondary antibody. After three addilievashing steps with TBS/Tween, blots were

developed using ECL Western Blotting Detection ezxdg and exposed on Hyperfilm ECL.

2.8. Mass spectrometry (MS)

Reagents and instruments:

Non-reducing sample buffer (2x) Bio-Rad
Buffers:
Fixative — 10% acetic acid

30% methanol

To identify the p120 protein recognized by anti-DGdpha antibody using mass
spectrometry, the DGK alpha immunoprecipitates weashed with NP-40 washing buffer as
described above and heated with non-reducing sabufer for 5 min at 98C. The supernatants
were then reduced in a new tube by heating witmM0 dithiothreitol (DTT) for 5 min, 95C.
The cysteines within proteins were modified by imation with 55 mM iodoacetamide for 30
min in the dark. Samples were loaded onto largep8¥gacrylamide gel and SDS-PAGE was
performed. The gel was then fixed for 30 min aradn&td with Silver. The bands of interest were
excised from the gel, digested with trypsin andjetted to MALDI-TOF-MS, which was
performed by Dr. Thilo K&hne in the Institute ofdmal Medicine, Magdeburg. The results were

then compared to the protein database.

2.9. Subcellular fractionation

Buffers:

Buffer | — 10 mM Hepes pH 7.9
10 mM KCI
0.1 mM EDTA

0.1 mM EGTA
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1mMDTT

1 mM PMSF

2 mM NaOV4

2 mM NaF

10 mM sodium pyrophosphate

Buffer Il— 1% NP-40
1% LM
50 mM TrispH 7.4
170 mM NaCl
1 mMDTT
1 mM PMSF
2 mM NaOV4
2 mM NaF
10 mM sodium pyrophosphate

Cells (10x16) were lysed in 50 pl buffer | for 20 min on icehdh 3 ul 10% NP-40 was
added and the sample incubated for an additionahihO Samples were then centrifuged at 2,000
rpm, 5 min, 4C. Supernatant represented the cytoplasmic frac@maining both the cytosol
and the membranes. The pellet was washed twicebwifer |. The pellet was then lysed in 25 pl
buffer Il for 1 hr at 4C with agitation, then centrifuged at 13,000 rp,min, £C. Supernatant

represented the nuclear fraction.

2.10. Flowcytometry

Reagents and instruments:
FACS Calibur Becton Dickinson

Cell Quest Pro software Becton Dickinson

Cells (5x10) were stained with FITC- or PE- labeled antibodigginst CD3 and surface
activation markers CD25 and CD69 for 20 min &€ 4After one wash with cold PBS, samples
were measured on a FACS Calibur and the data athlyzing the Cell Quest Pro software.
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2.11. Lipid raft preparation

Reagents and instruments:

80% sucrose Sigma
dounce homogenizer Wheaton
ultracentrifuge tubes Beckmann
Sorval OTD-Combi ultracentrifuge DuPont Compan
rotor TH-660 Sorvall
Buffers:
Brij 58-lysis buffer — 3% Brij 58 Pierce

50 mM Hepes pH 7.4

100 mM NaCl

1 mM PMSF

5 mM EDTA

1 mM sodium orthovanadate
50 mM sodium fluoride

10 mM sodium pyrophosphate

MNE buffer — 25 mM MES pH 6.5 Sigma
5mM EDTA
150 mM NacCl

To isolate lipid rafts, 50x10cells were lysed in 0.5 ml Brij 58-containing kydiuffer for 10
min on ice. Lysates were mixed with 0.5 ml ice-cd@8% sucrose in MNE buffer and
homogenized with 10 strokes in a dounce homogenBamples were then transferred into
ultracentrifuge tubes and overlaid with 2 ml icédc80% sucrose and 1 ml ice-cold 5% sucrose.
The sucrose gradients were centrifuged in SorveD@bmbi ultracentrifuge, rotor TH-660, at
44,000 rpm (200,0009),°€ for 20 hours without brakes. The following da@, dqual fractions,
400 pl each, were collected from the top of thedgnat. Fractions containing lipid rafts were
detected by spotting 3 pl of each fraction ontoiteocellulose membrane, which was then
blocked in 5% milk/TBS and probed for the localiaatof the lipid raft-associated marker CD59.
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2.12.In vitro kinase assay

Reagents and instruments

Hyperfilm MP GE Healthcare
Buffers:
Kinase buffer — 50 mM Tris-HCIpH 7.4

10 mM MnChk

0.1% NP-40

10 pg acid-denatured enolase Sigma

10 uCi -*P] ATP GE Healthcare

Cells (10x16/sample) were lysed as described in section 2d.immunoprecipitated with
either 30 ul PAG-C6 sepharose; 0.5 ul Fyn02 angl3@rotein A sepharose; or 0.5 pl Lck and
30 pl protein A sepharose for 18h aCAwith gentle rotation. Immunoprecipitates were s
5x with NP-40 washing buffer (see 2.7.) and 10%afor Western blotting analysis. Remaining
90% was resuspended in 40 pl kinase reaction boéfetaining y->*P]-ATP. The reaction was
allowed to proceed for 5 min at room temperatue stopped by adding 10 pl 5x sample buffer
(see 2.7.) and heating at°@for 5 min. Samples were analyzed on 10% SDS-PAG& gels

were dried and exposed to film for 10 min—-6 h & & with intensifying screen.

2.13. cAMP measurement

Reagents and instruments:

CAMP Biotrak Enzymeimmunoassay System GE Heatthc
ELISA reader Dynatech MR 5000 DPC Biermann GmbH
GraphPad Prism software [version 3.0]

TMB liquid substrate system Sigma

Intracellular cyclic AMP levels from 1x£0T cells were determined using the cAMP Biotrak
Enzymeimmunoassay System according to the manuéastinstructions. Briefly, the cells were
lysed in 200 pl lysis buffer provided. 100 pl ottlysate or of the cAMP standard dilutions
ranging from 12.5-1,600 fmol were inoculated togetith rabbit anti-cAMP antiserum into
duplicate microplate wells precoated with donkeyi-eabbit immunoglobulin. The plate was

incubated for 2 hours in fridge and then 50 pl cApHtoxidase conjugate was added, which
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competes with the endogenous cAMP of the samplstaordard for the binding sites of anti-

CAMP antiserum. After additional 60 min incubationfridge, the plate was washed and shaked

with 150 pl/well enzyme substrate TMB at room terapere for 60 min. The intensity of the

color reaction was read at 630 nm. Data were aadlysing the GraphPad Prism software.

2.14. Transfection

Reagents and instruments:

BTX cuvette, gap size 4 mm

Gene Pulser I

QuickChangé&" site-directed mutagenesis kit

Nucleofection kit
Nucleofector instrument

12-well-plate

DNA constructs:

pEF Bos

wt FLAG-PAG
Y317F-FLAG-PAG
Y181F-FLAG-PAG
Y181/317F-FLAG-PAG
FLAG-LAT

Fyn
pCMS3-EGFP/Renilla
pCMS3-EGFP/PAG
siRNA PAG

SiRNA Renilla

Qbiogene
Bio-Rad
Stratagene
Amaxa biosystems
Amaxa biosystems
TPP

Mizushima and Nagata, 1990
Brdicka et al., 2000
Brdicka et al., 2000
Brdicka et al., 2000
Smida et al., 2007
Brdicka et al., 2002
Dr. A. da Silva, Boston, USA
Smida et al., 2007
Smida et al., 2007
Invitrogen

Invitrogen

The Y181/317F-FLAG-PAG construct was generated gusire QuickChange site-directed
mutagenesis kit according to the manufacturersuogons. For RNA interference, the human
sequence 5° GCGAUACAGACUCUCAACATT 3’ corresponditmg Shima et al. (Shima et al.,
2003) was cloned as shRNA into the vector pPCMS3-EGYs a control, Renilla SIRNA was also

cloned into pPCMS3-EGFP. All constructs were seqedrto ensure integrity.
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Jurkat T cells (20x19 grown at a density of 2-5x16ells/ml were washed once with 20 ml
PBS with C4" and Md"* and resuspended in 350 pl PBS. The cells weréreperated in BTX
cuvette with 30 pg DNA at 210V, 950 pF using a Biad Gene Pulser Il. 1 ml of prewarmed
medium was immediately added to the cells in ceyelte precipitated DNA was removed and
the cells were transferred into 40 ml medium anitloed for 20-24 hours in an incubator. Jurkat
cells transfected with sSiRNA constructs were cwturfor 72 hours to ensure protein
downregulation.

Primary human T cells (3xfpwere washed once with PBS with®Cand Md", resuspended
in 100 ul Nucleofector solution and nucleofectethvd g siRNA oligonucleotides (of the same
sequence as cloned into pPCMS3-EGFP) using the Nigdgon kit on a Nucleofector instrument
with program U-14. 0.5 ml of prewarmed medium wasnediately added to the cells in cuvette
and the cells were transferred into 1.5 ml prewarmedium in 12-well-plate and cultured for 72

hours in an incubator.

2.15. Ras activation assay

Reagents and instruments:

GDP Sigma

IPTG BTS
Glutathione-sepharose 4B GE Healthcare

LB Broth Sigma

Branson sonifier 450 Branson Ultrasonics
GST- Rafl-RBD Foschi et al., 1997
Buffers:

Starving medium — RPMI 1640 medium supplementet wit
0.2% BSA, endotoxin low Sigma
50 mM Hepes Biochrom AG

Lysis buffer — 25 mM Hepes
150 mM NacCl
1% NP40
10 mM MgChb



METHODS a7

1 mMEDTA

1 mM PMSF

1 mM sodium orthovanadate
50 mM sodium fluoride

Bacterial lysis buffer — 49.5 ml PBS
25ul IM DTT
1 tablet protease inhibitor cocktail Roche
0.5 ml Triton X-100

Cells (18x16/time point) were washed once with 20 ml starvingdium and resuspended in
50 ml starving medium. After 2 hours of starvinbe tcells were stimulated with anti-CD3
(OKT3) plus anti-CD28 supernatants (1:1, 200 phe¢dor 0, 1, 2, 5 and 10 minutes at°G7
Cells were quickly spun down and lysed in 1 mldybuffer supplemented with 1 mM GDP,
vigorously vortexed and centrifuged at 13,000 rpnmin, £C. 10 % of the postnuclear lysate
was kept as a loading control and the rest was fosete pull-down assay.

GST-Rafl-Ras binding domain (RBD) was expresseHfaicteria by induction with 1 mM
IPTG for 3 hours. The bacteria were then sonicalgskd and the extranuclear lysate was
incubated with glutathione-sepharose (120 pl seggeam 1 ml of bacterial lysate) for 1 hour
with gentle rotation at RT. The Rafl-RBD-sepharass washed twice with 1 ml cold TBS and
as 50% slurry with TBS used for pull-down assaytivicRas was pulled down with 30 pl Rafl-
RBD-sepharose by rotating for 35-45 min 4C4Pull-downs were washed twice with 0.5 ml
lysis buffer (without GDP), heated in 50 pl 2x rethg sample buffer (see 2.7.) at°@5 5 min
and separated on 14% SDS-PAGE. The gel was thatedland stained with anti-Pan-Ras

antibody to detect precipitated active Ras.

2.16. Scanning and quantification

Western blots were scanned with an Epson Perfect®8®0 Photo scanner. The optical
density of the bands was determined using KodakB Bsoftware. The fold induction (FI) was
then calculated as the density of the band ofeasten proportion to the density of the loading
control normalized to the value in resting cells.

e.g. Fl = [(Fyn/Actin)/(Fyrs{Actinies)]
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3. Results

3.1. Proximal alterations within Anergic T cells
3.1.1. Induction ofAnergic T cells

To prepare anergic T cells, we applied a well dstadd protocol using stimulation of the
cells with immobilized anti-CD3 antibodies in thlesance of costimulation (Wolf et al., 1994).
Note that this is the only system reproducibly shdw induce anergy in naive T ceifsvitro
(Fathman and Lineberry, 2007). Thus, fresh humakl®8 (peripheral blood mononuclear cells)
were isolated from healthy human volunteers by IFg@dient centrifugation and T cells were

further purified by magnetic separation to morent®&% purity as determined by CD3 versus
CD19 staining (Figure 3.1.).

Ficoll MACS

CD19T 100 10t 102 103 10

e
CD3

Figure 3.1. T-cell purity. T cells were isolated by Ficoll gradient centrditign and further purified by
magnetic separation (MACS). The purity was deteaahiby staining with CD3 and CD19 antibodies andsueag
by flow cytometry. Result from one representatixpeziment is shown. Note that T cells used intedl éxperiments
were of more than 95% purity. Also please note #ibhthe experiments were performed at least tiiraes and
always one representative experiment is shown.

Purified T cells were then divided into three paians. The first population was left
untreated and is referred toResting cells. The second population was inoculated inte@B3-
coated plastic plates and cultured for three daysmduce anergy (#Anergic cells). The third
population, so calledRescued cells, was cultured also in anti-CD3 coated plabeg received
additionally the phorbol ester PMA (phorbol myrtsteacetate) to mimic costimulation and
thereby prevent anergy. After three days of cultéreergic and Rescued cells proliferated as
expected and increased their numbers approximated/fold (Figure 3.2.).
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Figure 3.2. Anergic and Rescued cells proliferate on CD3-coated platesPurified T cells (6x1%) were
inoculated into plastic plates coated with eitheramtibody Resting), anti-CD3 @Anergic) or with anti-CD3 plus

PMA (Rescued). Averaged cell numbers and standard deviatioms fLt0 experiments after 3 days of culture are

shown.
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Figure 3.3. Anergic and Rescued cells upregulate activation markers.Expression of activation markers
CD25 (top) and CD69 (bottom) updResting, Anergic and Rescued cells after 3 days of culture was analyzed by
staining with appropriate antibodies and measupipdlow cytometry. Results from one representatxperiment
are shown.
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Proliferation was accompanied by an upregulatiornthef surface activation markers CD25
and CD69 as measured by flow cytometry (Figure)3\Whereas the late activation marker
CD25 was still expressed at high levels (top panéle early activation marker CD69 was
already being downregulated after three days ofidtition (bottom panels).

Following 3 days of culture, the cells were allowedrest without stimulus for 1 additional
day and then restimulated with no stimulus, antidCilone, anti-CD3 plus anti-CD28 or anti-
CD3 plus IL-2 to demonstrate that the cells aragingFigure 3.4.). The cells do not proliferate
without stimulus, showing that they are indeede@siTheResting cells will proliferate to all
stimuli (white bars), as is the case also of Rescued cells. The magnitude dRescued cell
proliferation (grey bars) is much higher than tbBResting cells, becaus®escued cells already
possess a preactivated phenotype. On the confagygic cells (black bars) will not proliferate
when restimulated with either anti-CD3 alooe anti-CD3 plus anti-CD28. However, this
proliferative block is broken by adding exogenou£ Ito the culture. This is because these cells
are not able to produce their own IL-2, indicatthgt these cells are indeed anergic (Jenkins et
al., 1987).

*% Kk Kk *%
70000+
OResting T
60000 W Anergic 1 i
O Rescued T
50000 J_ B
e 40000+
o
(&)
30000
20000
10000
O T 1
w/o restim. anti-CD3 anti-CD3+anti-CD28 anti-CD3+IL-2

Restimulation with

Figure 3.4.Anergic T cells are able to proliferate only in responseot exogenous IL-2Resting (white bars),
Anergic (black bars) an&escued (grey bars) cells were restimulated with no stisubknti-CD3, anti-CD3 plus anti-
CD28 and anti-CD3 plus IL-2 and the proliferatidten72h was assessed #ythymidine incorporation. Average
values and standard deviations from triplicate sveflone representative experiment are shown. Watta analyzed
using one-way ANOVA (** p<0.01, *** p<0.001).
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However, we also needed to show that we are innfaicinducing the expansion of regulatory
T cells (Tregs), which are also unresponsive andldvadditionally suppress the proliferation of
other T cells. Regulatory T cells are known to havmarkedly upregulated expression of the
transcription factor FoxP3 (Hori et al., 2003; Fardt et al., 2003), which has become their main
characteristic. Therefore, to exclude the posgibf Tregs induction in our culture, we
immunoblotted lysates dlesting, Anergic andRescued cells with an antibody against FoxP3. To
determine the basal level of FoxP3 expression immabcells, lysates of Th cells were used and
compared to Tregs, the positive control. As shownfigure 3.5., Tregs indeed possess an
increased amount of FoxP3 on the protein level @etpto Th cells. On the contrary, there is no

increase in FoxP3 expression in any of our culturedicating that we are not inducing

regulatory T cells.

Resting

Anerqic

Rescued
‘ Th cells

FoxP3
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Figure 3.5. Absent induction of FoxP3 in the unregpnsive cells Lysates ofResting, Anergic and Rescued
cells were imunoblotted with anti-FoxP3 antibodysates of Th and Treg cells were included as negathd

positive control, respectively. Actin staining fsosvn for equal loading.

3.1.2. Increased Fyn activity and expression withiAnergic T cells

We next investigated whether our anergic cells afgegulate the level of Fyn protein and/or
kinase activity as originally described (Quill & 4992; Gajewski et al., 1994; Gajewski et al.,
1995).Resting, Anergic andRescued cells were lysed, Fyn and Lck were immunoprecipdaand
in vitro kinase assays (IVKs) were performed (Figure 3.8r). exogenous substrate of Src
kinases, acid-denatured enolase, was added toViKerdactions. We found that both Fyn
autophosphorylation and phosphorylation of the sates enolase were dramatically enhanced in
Anergic cells compared to thdResting sample and approximately 2-fold increased when

compared to theRescued cells, meaning that Fyn is hyperactive in anecgits. (Figure 3.6.A).
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The levels of phosphorylation were normalized wilspect to Fyn protein levels and are
presented as relative ratios. Lck activity, howeweas only slightly increased compared to
Rescued cells as visible by the phosphorylation of enolageigure 3.6.B). Lck
autophosphorylation was not detected, becausentif®dy chosen for immunoprecipitation (IP)
seems to preferentially recognize the autophospdiey form of Lck. We additionally
determined the expression levels of Fyn and Lck abhderved a specific increase in the
expression level of Fyn inergic cells [1:2,6:1,6], but only a marginal increase Liok

expression that was also detecte&aacued cells [1:1,7:1,7] (Figure 3.6.C).

A B
IP: Fyn 1P: Lek
Rest. Aner. Resc. Rest. Aner. Resc.
FI:  Fyn 100 405 236 FI- enolase 100 150 1,41
Enolase 1,00 2,46 2,01 < LCk
VK .. <«—Fyn IVK S e (<«— enolas
W [ <4—enolas

1B anti-LoK| e sse s |

IB: anti-Fyn| s e s |

Rest. Aner. Resc.
Fl: Fyn: 1,00 2,55 1,64
Lck: 1,00 1,69 1,73

— | Fyn

|
| - s S | Lck
|

S Dot W | aCtm

Figure 3.6. Anergic cells show markedly enhanced Fyn kinase activityFyn (A) and Lck (B) were
immunoprecipitated froniResting (Rest.), Anergic (Aner.) and Rescued (Resc.) T cells andin vitro kinase (IVK)
assays were performed. Phosphorylation was visshby autoradiography. The amount of precipitaiedde was
detected by immunoblotting with specific antibodiBfiosphorylation of Fyn and enolase were nornthlipethe
level of precipitated kinase and are presented lasrehe fold induction (FI) of th&esting cells value. (C)

Expression of Fyn and Lck in whole cell lysatestiswn and normalized to the amount of actin.
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3.1.3. Altered phosphorylation profile inAnergic T cells

Due to the increase in SFK activity, we next exadithe global tyrosine phosphorylation in
whole lysatesResting, Anergic and Rescued cells were either left untreated (-) or rechalleshg
with anti-CD3 antibody for 2 minutes (+), lysed asubjected to Western blotting (Figure 3.7.).
The basal tyrosine phosphorylation Amergic cells is markedly increased when compared to
Resting cells and corresponds more to that seerRascued cells. Whereas the only protein
phosphorylation observed Resting cells is that of PAG, Src kinases and the cortstéubasal
phosphorylation of ITAMs within TCR-zeta chaimfergic and Rescued cells show a dramatic
increase in phosphorylation at 55 kDa (i.e. phosghtion of Src kinases), in the range of 60-80
kDa and around 30 kDa. AdditionallyAnergic cells also react differently upon TCR
restimulation and show an increased number of gimyfated proteins. Further experiments
have excluded that the band induced at 30 kDahgrihe Lck interacting molecule (LIME) or
the non-T-cell activation linker (NTAL), two adapt@roteins involved in immunoreceptor
signaling (Brdickova et al., 2003; Brdicka et &002) (data not shown). It is important to point
out that since botAnergic andRescued cells originally received the same stimulus via TCR,

the pattern observed with anti-phosphotyrosinenstgiis quite similar.

Resting Anergic Rescued

anti-CD3: - + - + - +
e m -
10C - - ' V-
PAG —» 70 - Y M } &

Src kinase —»5s - e W SRS e e
: anti-pTyr
45 -

35- —— T W Gu—

A D G G G & | ot

Figure 3.7. Anergic cells have altered phosphotyrosine profileResting, Anergic and Rescued cells were
either left untreated (-) or restimulated with &@B3 antibody for 2 minutes (+). The cells wereelyssubjected to
Western blotting and probed with anti-phosphotyresantibody (4G10) to show changes in overall phosggation

pattern. Actin staining is shown for equal loading.
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The difference between these cells is found mos&adin the signaling cascadeescued cells
received additional stimulation via PMA, an analegd diacylglycerol, which acts directly upon
PKC-8 (protein kinase C theta) and RasGRP (Ras guatedsiag protein) to activate Ras and

promote transcription, thereby preventing anerglation.

3.1.4. Defective proximal signaling irAnergic T cells

We next investigated the alterations in proximghsaling caused by the induction of anergy.
One of the most proximal events upon TCR triggensighe phosphorylation of zeta chain
associated with the TCR complex (see 1.4.3.). Bhisllowed by the recruitment and activation
of ZAP70, which in turn phosphorylates the adaptotein LAT (Zhang et al., 1998). Figure 3.8.
shows that the phosphorylation of the zeta chapenulCR triggering is almost completely
abolished in bottAnergic andRescued cells in comparison witResting cells. Note thaAnergic
cells possess an even more profound defect, hawilyg50% of the zeta-phosphorylation seen in
the Rescued sample (compare Fl of lane 4 versus lane 6, lefhep). However, the
phosphorylation of LAT is undetectable in both tAsergic and Rescued cells. Thus, the
proximal signaling appears to be affected to tmeilar extent in both cell populations, which
reflects the fact that bothnergic andRescued cells originally received the same stimulus via th
TCR.

IP: zeta IP: LAT
Resting Anergic Rescued Resting _Anergic _Rescued
anti-CD3' - + - + - + anti-CD3: - + - + - +
Fl: 1,00 3,19 0,21 0,39 0,26 0,76 -—— pTyr
W [ - LAT
zete

Figure 3.8. Anergic cells have abolished phosphorylation of zeta chaiand LAT. Resting, Anergic and
Rescued cells were either left untreated (-) or restimedatvith anti-CD3 antibody for 2 minutes (+). Thélsevere
lysed and zeta chain (left panel) or LAT (right pirwere immunoprecipitated. Western blots of phosyosine
staining (4G10) and total protein are shown. Thewmhof zeta chain phosphorylation was normalizethe total

zeta immunoprecipitated and is presented as thdrfdliction (Fl) of theResting cell value.
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3.2. Alterations within PAG-associated complex i\nergic T cells

3.2.1. PAG-associated kinase activity is enhancedAnergic T cells

Considering the fact that Fyn constitutively asates with PAG and that we found enhanced
Fyn activity in anergic cells, we were interestedwhether also the activity of the Fyn pool
bound to PAG had specifically increased. Thus, wdopmedin vitro kinase assays on PAG
immunoprecipitates and found markedly enhanced gitwylation of the substrate enolase in
Anergic cells when compared to both tResting andRescued cells (Figure 3.9.). Interestingly, it
seems that PAG is the preferred substrate for Fgnwea observed only very minor
phosphorylation of enolase Resting cells, despite clear PAG phosphorylation mearirag Eyn
was indeed active. Note that Fyn kinase levelsempitated with PAG were similar throughout
the samples and thus the differences in phosphmwylare indeed caused by increased kinase

activity and not by an increased amount of Fyn e@issed to PAG.

IP: PAG

Rest. Aner. Resc.
FI - enolase 1,00 1,72 1,19

. ’<—PAG

<+— Fyn
IVK
<4 enolase

IB: anti-PAG [ s ds]
IB: anti-Fyn | e

Figure 3.9. Anergic cells show markedly enhanced PAG-associated Fynndse activity. PAG was
immunoprecipitated froniResting (Rest.), Anergic (Aner.) and Rescued (Resc.) T cells andin vitro kinase (IVK)
assays were performed. Phosphorylation was viggbliyy autoradiography. The amount of precipitaté Rnd
coprecipitated Fyn was detected by immunoblottinith vepecific antibodies. Phosphorylation of enolagas
normalized with respect to the level of precipitafeAG and is presented here as the fold inductidh ¢f the

Resting cell value.
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3.2.2. PAG is hyperphosphorylated at ¥’ in Anergic T cells

Since Fyn is the kinase primarily responsible fé&\GPphosphorylation and we observed an
increase in PAG-associated Fyn kinase activityhext investigated PAG phosphorylation and
its changes upon restimulation of the cells (FigBuH).). Note that in the resting state, PAG is
phosphorylated and becomes dephosphorylated by rdmown phosphatase upon TCR
stimulation, thereby releasing Csk and allowing €ll-activation (see 1.6.4.). Probing the
Western blots of whole cell lysates with a phosppeeific antibody to the Csk binding site
(pY317) showed that PAG becomes hyperphosphoryldigthg anergy induction. An increase
in PAG phosphorylation was also observedRascued cells, but the increase in phosphorylation
was not so dramatic as in the case Askrgic cells. Upon restimulation, PAG becomes
dephosphorylated in all samples, includivgergic cells, indicating that the phosphatase is still
active. However, irAnergic cells the level of PAG dephosphorylation uponinesiation never
falls below the level observed in unstimulateekting T cells. On the other hand, upon TCR
triggering of theRescued cells, PAG is rapidly dephosphorylated to the sdmeel as in
restimulatedResting T cells. Also note that the expression of PAG @rrotloes not seem to be
altered by the induction of anergy. We have quiaatithe level of PAG phosphorylation, since
the expression of phospho-PAG in the cells is, adbelieve, the critical event for the regulation

of signaling.

Resting Anergic Rescued

anti-CD3: - + - + - +
FlI: 1,00 0,70 1,63 1,08 1,28 0,78

- e pY317
bt L F F 1 JeYe

— — — —— | QCTIN

Figure 3.10. PAG is hyperphosphorylated inAnergic cells. Resting, Anergic and Rescued cells were either
left untreated (-) or restimulated with anti-CD3ilaody for 2 minutes (+). The cells were lysed,avaped by SDS-
PAGE, subjected to Western blotting and probed witthospho-specific antibody recognizing®p\of PAG and
with an antibody against total PAG. Actin stainisghown for equal loading. The level of phosphd=PA the cells
(determined by Y’ phosphorylation) was normalized to actin and isspnted as the fold induction (FI) of the
Resting cell value.
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3.2.3. Hyperphosphorylated PAG recruits more Csk irAnergic T cells

Having found that PAG becomes hyperphosphorylatefinergic cells, we next wanted to
analyze how does this hyperphosphorylation affeetamount of the proteins associated to PAG.
Therefore we immunoprecipitated PAG from untreatedrestimulated cells and probed by
Western blotting for the presence of Fyn and Cskuffé 3.11.). Here we demonstrate that
hyperphosphorylation of %' observed inAnergic cells leads also to an enhanced Csk
recruitment to PAG. InResting and Rescued cells, Csk association decreases upon TCR
restimulation, whereas iAnergic cells, Csk is only partially lost, but the Csk ééus still
increased compared fResting unstimulated cells. Fyn association, which wappsed to be

phosphorylation-independent (Brdicka et al., 200@s largely unchanged in these samples.

IP: PAG
Resting Anergic Rescued
anti-CD3. - + - + - +
FI-Csk 1,00 0,78 1,62 1,04 158 0,82
“ e G | Csk
- Fyn

RO e s B o | PAG

Figure 3.11. Hyperphosphorylated PAG recruits moreCsk in Anergic cells.Resting, Anergic and Rescued
cells were either left untreated (-) or restimuateith anti-CD3 antibody for 2 minutes (+). PAG was
immunoprecipitated and the associated proteinsctieteby immunoblotting with anti-Csk and anti-Fymtibody.
The amount of Csk co-precipitated with PAG was radized to the PAG level and is presented as thkifmluction
(F1) of theResting cdll value.

3.2.4. Elevated levels of the PAG-Csk complex creatan inhibitory environment in

Anergic cells

Once Csk is recruited by PAG to the plasma membriamman phosphorylate the inhibitory
tyrosines within the C-terminus of the Src kinasgisice we observe increased Csk association
with PAG, we next investigated whether the phosglation of the inhibitory tyrosine residues
within the SFKs was altered. Thus, whole cell lgsaromResting, Anergic andActivated cells
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were probed with phospho-specific antibodies agatmes inhibitory tyrosine of Fyn (¥% and
Lck (Y°%), and against their activatory tyrosine residué$at Y*** respectively (Figure 3.12.).
Reflecting the increased Csk recruitment, we foariifold enhancement in the phosphorylation
of the inhibitory tyrosine within Fyn imAnergic cells (Figure 3.12.A, upper panel). We also
observed increased levels of?Y phosphorylation irRescued cells, but this change was not as
dramatic as that seen Amergic cells. In contrast, the inhibitory tyrosine witHikk is not altered

in Anergic cells. This we attribute to the fact that littlel_resides within lipid rafts (Yasuda et
al., 2002; Filipp et al.,, 2003) where the PAG-Csinplex is located (Figure 3.12.B, upper
panel). Surprisingly, we observed a mild decreasthe phosphorylation status of the activatory
tyrosines in both Fyn and Lck #nergic andRescued cells (Figure 3.12.A and B, lower panels).
Since both protein tyrosine kinases show substhnitecreased kinase activity (compare Figure

3.6.), we conclude that autophosphorylation is pbdpnot a direct measure of kinase activity.

A B
Rest. Aner. Resc. Rest. Aner. Resc.
Fl: 1,00 1,99 1,31 Fl: 1,00 1,01 0,83
| — | pY529 | | pY505
[ [ -] | ck
FI: 100 083 061 F 1,00 094 068
[ o | PY418 [T e | pY394
| oy ox | Fyn | IR — a_| Lck

Figure 3.12. Fyn possesses increased inhibitory tysine phosphorylation in Anergic cells. (A) Whole
lysates ofResting (Rest.), Anergic (Aner.) and Rescued (Resc.) T cells were immunoblotted with phosphospecific
antibodies against the inhibitory T¥; upper panel) and activatory {* lower panel) tyrosines of Fyn. The level of
phosphorylation was normalized to the total amairfyn and is presented as the fold induction ¢fthe Resting
cell value. (B) The same lysates as in A were probed piosphospecific antibodies against the inhilgif*®;
upper panel) and activatory {: lower panel) tyrosine of Lck and the phosphoigtatwvas normalized to the total

amount of kinase.
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3.2.5. Increased cAMP level and pS&¥-Csk in Anergic T cells

There are two explanations for the increased plargfdtion of the inhibitory tyrosine within
Fyn observed idnergic cells. It may be either due to a decrease in diatsge activity or on the
contrary to an increase in kinase activity, whiabwd result from enhanced Csk recruitment to
the lipid rafts and/or increased Csk activity. Altigh we indeed observed increased amounts of
Csk associated with PAG inergic cells compared t&esting cells (Figure 3.11.), the amount
was basically equal to that in unstimulateescued cells. Therefore we presumed that there
might be difference in Csk activity betwe@nergic andRescued cells, which is responsible for
the specific increase in Fyn inhibitory tyrosineopphorylation observed iAnergic cells. Csk
activity was shown to be enhanced upon binding &GPand additionally upon S&?
phosphorylation through PKA (cAMP-dependent protéimase). As cCAMP levels increase upon
TCR triggering, we measured the cAMP levels in celts (Figure 3.13.A). We indeed found an
approximately 2,5-fold increase in cAMP levels Amergic and Rescued cells compared to

Resting cells. Next we investigated the phosphorylati@tust of Csk using the phospho-specific
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Figure 3.13.Anergic cells contain both increased cAMP levels and augmied Sef®-Csk phosphorylation.
(A) Resting, Anergic and Rescued cells were lysed and cAMP levels measured usirgg ¢AMP Biotrak
Enzymeimmunoassay System. The mean values andastiaddviations from four independent experiments ar
shown. Data were analyzed using one-way ANOVA (&901). (B) The level of S&* phosphorylation within Csk
was determined by Western blotting. Total Csk @tgins shown for equal loading. The level of phasgytation
normalized to total Csk is presented as the faddigtion (FI) of theResting cell value.
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antibody against S&f (Yagub et al., 2003) (Figure 3.13.B). We observedyaproximately 20%
increase in PKA-dependent phosphorylation at®ef Csk inAnergic cells, whereas there was
a decrease in S8 phosphorylation inRescued cells. Although it does not seem to be
proportional with the elevations of the cAMP levellse increase in pSer-Csk argues for an
increased activity of Csk specifically #nergic cells. However, the increase in Fyn inhibitory
tyrosine phosphorylation was much higher (+100%pnththe increase in S&kCsk
phosphorylation and therefore we must concludeithatalso the phosphatase activity of either
CD45 or RPTR that is altered irAnergic cells and thus contributing to the differenced=ym
inhibitory tyrosine phosphorylation observed (F3:12.A).

3.2.6. Fynis dually phosphorylated on its ¥° and Y?*in Anergic T cells

A somewhat puzzling observation is the fact thatolserve increased inhibitory tyrosine
phosphorylation and, simultaneously, increaseddarectivity of Fyn in anergic cells. Normally,
one would expect phosphorylation of inhibitory tswe to lead to a closed conformation of the
kinase and thereby inhibit its activity. Howevenhogphorylation of the inhibitory tyrosine may,
in some cases, lead to a hyperactive state ifasitye located within the SH2 domain of the Src
kinase is also phosphorylated at the same timevéBet al., 1996). To investigate whether this
mechanism applies to our system, we probed whalatdg fronResting, Anergic and Rescued
cells with a phospho-specific antibody to the tjmeswithin SH2 domain of the SFKs (i.e. )
(Vadlamudi et al., 2003) (Figure 3.14.A). Interegty, we observed an increase ity
phosphorylation in bothAnergic and Rescued cells. However the epitope recognized by this
antibody is conserved among the SFKs and therefoise difficult to judge which kinase is
responsible for the increased staining. To solve phoblem, we decided to immunoprecipitate
Src kinases with the anti-pY215 antibody and reerfdy the presence of Fyn (Figure 3.14.B).
The phosphorylation of #°within Fyn is clearly enhanced Anergic cells compared to both the
Resting andRescued cells and even further increases upon TCR triggefReprobing the same
blot with a phosphospecific antibody against*tlemonstrates that Fyn phosphorylated 6t Y
is simultaneously phosphorylated also on its irtbilgi tyrosine. This in turn results in the
hyperactive state of Fyn observedAinergic cells. Interestingly, Lck does not seem to follthe
same kinetic as Fyn and it¥is rather dephosphorylated upon restimulatiorRegting and

Anergic cells.
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A B
whole lysate pY215-IP
Resting Anergic  Rescued Resting Anergic  Rescued
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Figure 3.14.Anergic cells possess increased phosphorylation of*'Ywithin SH2 domain of Fyn.(A) Whole
cell lysates oResting, Anergic and Rescued cells were immunoblotted with antibodies agairsbgpho-¥*, Fyn
and actin. (B) Lysates from A were used for immumegjpitation with pY215 antibody, samples were hesd by
SDS-PAGE, blotted and probed for the presence of pY529 and Lck.

3.2.7. Increased Fyn kinase activity and inhibitorytyrosine phosphorylation within the
lipid rafts of Anergic T cells

Fyn and Lck kinases are differentially localizedhin the plasma membrane and this spatial
distribution is believed to be important for th@iroper activation and function (Filipp et al.,
2003). As we observed a specific increase in botitep level and kinase activity for Fyn in
whole lysates of anergic cells, we looked to seetiadr the localization and/or activity within the
lipid rafts and the non-raft fraction had chang€derefore, we lysed the cells and isolated lipid
rafts by sucrose density gradient centrifugatiofiquots of fractions taken from the gradient
were spotted onto nitrocellulose and the raft-coing fractions identified using an antibody
against CD59, a known lipid raft-associated prot@ata not shown). Pooled raft-containing
fractions (fractions 2-4) and non-raft fractionsactions 9-10) fromResting, Anergic and
Rescued cells were then analyzed by Western blotting &eddistribution of Fyn and Lck within
the various fractions was detected with specificibadies (Figure 3.15.A). As previously
described, Fyn was mainly localized in the lipidft réractions, whereas Lck is found
predominantly outside of the lipid rafts. We obsehincreased expression of both Fyn and Lck
in Anergic and Rescued cells in comparison to thResting sample. However, this increase was
observed in both the rafts as well as the nonfraftions and no specific shift in the localization

of these kinases upon anergy induction was found.
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Consequently, Fyn and Lck were immunoprecipitatedhfeither lipid rafts or the non-raft
fractions andn vitro kinase assays were performed (Figure 3.15.B). Wéemved that Fyn kinase
activity predominates within lipid rafts, where&® thon-raft-fractions had to be exposed for an
extended time to obtain a good signal. In agreemwitit the previously observed Fyn
hyperactivity in whole lysates (Figure 3.6.), weaggfound augmented Fyn kinase activity in
both the raft and non-raft compartment Arfergic cells (Figure 3.15.B, upper panel). This
suggests that the distribution of Fyn activity witthe membrane is not altered by anergy
induction. Additionally, the localization of Lck taty was not disturbed and moreover, we did
not find dramatic changes regarding Lck activity Anergic cells in comparison with other
samples (Figure 3.15.B, lower panel).

Since we found a dramatic increase in the inhipityrosine phosphorylation of Fyn in
Anergic cells, we were further interested whether thisngeawas specific to a certain membrane
compartment. Therefore we probed the blots of gbdieid raft and non-raft fractions with
phosphospecific antibodies against the activatadyiahibitory tyrosines of Fyn and Lck (Figure
3.15.C). The phosphorylation of the activatory sime (Y2 or Y3% respectively) seems to be
unchanged for both Fyn and Lck and we also do risterve any remarkable changes in
phosphorylation of the inhibitory tyrosine of Lck), neither in the lipid rafts nor outside. On
the contrary, our results clearly demonstrate aipencrease in the phosphorylation of the
inhibitory tyrosine within Fyn (2% in the lipid rafts ofAnergic cells, whereas there is hardly
any N phosphorylation detected outside of lipid rafts.u$hthe dramatic increase in the
phosphorylation of the inhibitory tyrosine of Fymserved in whole lysates @nergic cells
(compare figure 3.12.) seems to be preferentialtyated in the lipid rafts where the bulk of Fyn
and the PAG-Csk complex reside.
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Figure 3.15. Anergic cells possess enhanced Fyn kinase activity and rieased inhibitory tyrosine
phosphorylation of Fyn in lipid rafts. (A) Resting, Anergic andRescued cells were lysed and subjected to sucrose
density gradient centrifugation. Fractions containiipid rafts (fr. 2-4) and heavy fractions (fr19) were pooled,
subjected to SDS-PAGE and immunoblotted with amfie® against total Fyn and Lck, respectively. (B) Fupper
panel) or Lck (lower panel) were immunoprecipitaterin pooled raft-fractions (fr. 2-4) and non-r&tctions (fr.
9-10) from A and subjected ta vitro kinase assay (IVK). Phosphorylation was visualiagdutoradiography. The
amount of precipitated kinase was detected by inoblatting with specific antibodies. Note that FywiKl and
immunoblot from fractions 9-10 were exposed foreared time due to low Fyn localization in thesetfoms. (C)
The blots from A were reprobed with phospho-spedéifitibody (pY418) recognizing the activatory tynesof both
Fyn (Y*9 and Lck (Y} and with phospho-specific antibodies againstitindbitory tyrosine of Fyn (pY529) and
Lck (pY505). Bands corresponding to Fyn and LckY#18 staining are marked.
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3.3. PAG forms a novel multiprotein complex, whichregulates Ras

activation

3.3.1. Increased expression of Sam68 and p120RasGAP

In the previous section, we have identified a maddm that leads to the hyper-activation of
Fyn kinase and consequently to an increased Cskitment and alterations in proximal
signaling. This mechanism, however, does not erpllae connection between increased Fyn
kinase activity and the block in Ras activatiorkey feature of anergic T cells. If such a link
between Fyn and Ras exists, we hypothesized teatahdidate protein (or proteins) must be a
substrate of Fyn and must possess the ability tenaate Ras activity, either directly or
indirectly, i.e. by recruiting Ras GTPase-activgtproteins (RasGAPS). Since we observed an
increased phosphorylation of proteins in the ranfy60 — 80 kDa inAnergic cells (see Figure
3.7.), we hypothesized that the protein shouldflibis size. Therefore we searched the literature
and found two candidates that fulfilled our crigein addition to p120RasGAP itself — the
nuclear/cytosolic protein Sam68 (Src-associateditnsis of 68 kDa) (Najib et al., 2005) and the
cytosolic adaptor protein p62Dok (Downstream ofas®; Dokl) (Yamanashi and Baltimore,
1997). Both of these proteins are phosphorylated=fay and were shown to associate with
p1l20RasGAP, the main RasGAP within T cells (Guitatdal., 1998; Jabado et al., 1998;
Yamanashi and Baltimore, 1997). We first investgathe expression of these proteins by
probing post-nuclear lysates fraResting, Anergic andRescued cells with antibodies specific for
Sam68, p62Dok and p120RasGAP. Interestingly, wadathat the expression of both Sam68
and p120RasGAP is enhancedAnergic and Rescued cells, whereas p62Dok was not altered
(Figure 3.16.A and data not shown).

However, Sam68 seems to be drastically upregulateal in Resting cells already after 2
minutes of stimulation (Figure 3.16.A, lane 2). Ohas to realize though, that these are
postnuclear lysates of cells and that Sam68 is l[dA-Binding protein that shuttles from the
cytosol into the nucleus and back. Indeed, it wasve that, upon stimulation of T cells, Sam68
is rapidly phosphorylated by Fyn (Fusaki et al97)Pand that Sam68 phosphorylation negatively
correlates with its nuclear localization and regdine protein in the cytosol (Wang et al., 1995).
To determine whether Sam68 is upregulatednergic cells or whether only the intracellular
distribution of Sam68 is altered, we applied aedd#ht fractionation protocol using different

lysing conditions to separate the nuclear and ojitodractions; note that cytosol in this case
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contains both the cytoplasm and the membranes.gUsiis other fractionation approach, the
cytosolic fraction of Sam68 appeared to be unchdnigewever we observed a clear increase in
Sam68 within the nuclear fraction Ahergic andRescued cells (Figure 3.16.B). Thus, it appears
that the expression of total Sam68 is indeed irsa@a

A
Resting Anergic  Rescued
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Figure 3.16. Increased expression of Sam68 and pRAGAP. (A) Resting, Anergic andRescued cells were
either left untreated (-) or restimulated with &@Bb3 antibody for 2 minutes (+). Postnuclear lysateere
immunoblotted and probed for the expression of Sambd p120RasGAP. Actin staining is shown for equal
loading. (B)Cytosolic and nuclear fractions were prepared fRasting, Anergic andRescued cells and blotted with
antibody against Sam68. GAPDH and Lamin A stairnghgresented as marker for cytosolic and nuclesotion,

respectively.

3.3.2. PAG forms a novel multiprotein complex consting of PAG, Fyn, Sam68 and
p1l20RasGAP

Since it had been suggested using GST-SH2-pulldassays that p120RasGAP could
directly associate with PAG (Brdicka et al., 20@yrrheim et al., 2001), we next wanted to

investigate whether this interaction occurs atswivo. Additionally, since Sam68 was shown to
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associate with p120RasGAP (Jabado et al., 1998)were also interested to see whether we
could find Sam68 in a complex with PAG as well. fidfere, we immunoprecipitated PAG from
Resting, Anergic and Rescued cell lysates and looked for the presence of Sarmm68
p1l20RasGAP (Figure 3.17.A). Recall that we haveaaly earlier investigated the association of
Fyn and PAG and found this to be unchanged uponggriaduction (Figure 3.11.Panel A
shows that there is a very weak association of RRRGAP and Sam68 with PAG Resting T

cells, but this interaction clearly increases upaslonged stimulation of the cells (i.e.Amergic

A IP: PAG B
IP: PAG
Resting Anergic Rescued PMA: - +
anti-CD3.__- + - + - + o | Same
J W 4w | P120RasGAP
B | PAG
A ™ —"F»a. Sam68 -
A S e e o | PAG
C IP: Sam68
Resting Anergic  Rescued
anti-CD3 - + - + - +
~— o p120RasGAP
- T | PAG
- - 2 1 1 Fyn
- — s D Sam6t

Figure 3.17. Sam68 and p120RasGAP associate with BA(A) Resting, Anergic and Rescued cells were
either left untreated (-) or restimulated with &DB3 antibody for 2 minutes (+). PAG was immunojpiated from
the lysates and associated proteins detected bymoipiotting with anti-p120RasGAP and anti-Sam68baity.
The amount of precipitated material is shown withi-RAG staining. (B) Purified T cells were cultdrén the
presence (+) or absence (-) of PMA for three dBy&G was immunoprecipitated and associated Sameégtedtby
immunoblotting. (C) Samples prepared as in A weseduto immunoprecipitate Sam68 and then probed amth
p120RasGAP, anti-PAG and anti-Fyn antibodies. Theumt of precipitated material is shown by probivith anti-
Same68 antibody.
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and Rescued cells). Restimulation of the cells for 2 minutgspaars not to affect the extent of
p120RasGAP-PAG interaction. The abundant assoniatib Sam68 upon restimulation of
Rescued cells is partially the additive effect of PMA tteeent itself, as we could also induce
some Sam68-PAG association by treating T cells ®WA alone (Figure 3.17.B). Indeed, it was
recently shown that the Ser/Thr phosphorylatiotuerices the localization of Sam68 (Paronetto
et al., 2006) and thus PMA may prime Sam68 for earcéxport.

To confirm the specificity of these interactionss werformed the reciprocal experiment by
precipitating Sam68 and looking for p120RasGAP, P#&@ Fyn association (Figure 3.17.C).
Sam68 binds p120RasGAP in bo#lnergic and Rescued cells, but not inResting state.
Surprisingly, Sam68 appears to be constitutivegoemted with Fyn and PAG in all samples.
That we can detect PAG association in Sam68-I®'s1fResting cells, but not Sam68 in PAG-
IP’s, may simply result from the inability of thé\8 antibody to recognize its epitope within the
complex. However, we can clearly detect the comjateAnergic and Rescued cells when the
amount of Sam68 and the phosphorylation of proteirise cell increase, suggesting that we are
at the limit of detectability irResting cells. Also note that the abundant associatio®ah68
with PAG in restimulatedRescued cells (3.17.A, last lane) was not visible in Sam68
immunoprecipitates (3.17.C, last lane). One expglanawould be that Sam68 oligomerizes
(Chen et al., 1997) and by precipitating PAG we Mainen coprecipitate also oligomerized
Sam68 bound to it. Whereas if we perform Sam6&h® antibody could disturb oligomerization
by competing for the same epitope. Alternativeiyce we propose that Sam68 is phosphorylated
on Ser/Thr after treatment with PMA (see aboveghsa phosphorylation could affect binding
affinity and/or epitope accessibility for the San®@ibody towards the native versus denatured
protein. Taken together, these results suggestRA& forms a novel multiprotein complex
consisting of PAG, Fyn, Sam68 and p120RasGAP.

3.3.3. PAG negatively regulates Ras activation

In the previous section, we have identified a n@aghplex containing PAG, Fyn, Sam68 and
p120RasGAP. Since PAG is constitutively presetipid rafts, recruiting p120RasGAP into this
compartment would be an ideal mechanism of Raslaggu, since Ras-GDP is also lipid raft-
associated (Prior at el., 2001). Thereby, p120R&&G&alized within the lipid rafts would be



RESULTS 69

perfectly positioned to inactivate any Ras-GTP tlsatformed before it had the chance to
translocate and fulfill its function. Recall thaiAL, the adaptor required for recruiting the
activators of Ras (i.e. Sos and RasGRP), is alsalifked within the lipid rafts. To test whether
the PAG-associated complex is indeed involved is Ragulation, we switched to a different
system and used the Jurkat T-cell line, since thesiks can be easily transfected and
consequently Ras assays can be performed, whicliredgrge amounts of cells. Thus, Jurkat T
cells were transfected with constructs encoding RAG Fyn, thereby attempting to mimic the
situation observed iAnergic T cells. Consequently, the cells were stimulated active Ras was
pulled down using the GST-Rafl-RBD (Ras binding dorhconstruct (Foschi et al., 1997). This
construct contains the Ras binding domain of Riu#d , main downstream effector of Ras, which
binds specifically only to active Ras. Since the[RB tagged with GST, one can easily isolate
active Ras bound to the GST-RBD with glutathionghseose. Total Ras and active Ras in pull-
downs were detected by imunoblotting with a pan-Raody (Figure 3.18.). Cells transfected
with vector alone activate Ras with normal kingigaking at 1 to 2 minutes (Figure 3.18.A).
Remarkably, cells expressing PAG together with Bgmonstrate complete suppression of Ras
activation. To prove that this is not simply theuk of a disturbed lipid raft organization caused
by PAG overexpression, we used another lipid radrkar LAT. The cotransfection of LAT
together with Fyn, however, did not block Ras atton (Figure 3.18.A). The Ras kinetic in this
sample seems to be slightly faster compared tmvedbne, which is not so surprising since LAT
recruits Grb2/Sos and Pk(C, both of which contribute to Ras activation. Rdhshows that the
overexpression of Fyn alone does not disturb thekreetic. Cells expressing PAG alone show a
more truncated response, although the peak is aaimao the Fyn-transfected cells. Thus, only
the cells expressing both PAG and Fyn demonsttedagsuppression of Ras activation (Figure
3.18.B). Interestingly, the ability to block Ragieation appears to correspond with the level of
PAG phosphorylation, as indicated by pY317 stair{fhigure 3.18.C). These results suggest that
a hyper-phosphorylated PAG can recruit other pmstgprobably via SH2 or PTB domains, that
are able to block Ras activation. However, one coalso hypothesize that a hyper-
phosphorylated PAG recruits more Csk and therelpprasses Src kinases activation, blocking
LAT phosphorylation and consequently Ras activatiamexclude this possibility, we decided to
repeat the Ras assay using the PAG Y317F mutaithwsunable to bind Csk.
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Figure 3.18. PAG overexpression together with Fynlbcks Ras activation.(A) and (B) Jurkat T cells were
transfected either with empty vector or with comsts encoding FLAG-PAG, FLAG-LAT and Fyn. Cells wehen
stimulated with anti-CD3 and anti-CD28 antibodies the indicated time and lysed. Active Ras wadepdiown
using GST-Rafl-RBD (left panels). Total Ras is shaw prove that equal amounts of lysates were frsethe
assay (right panels). A quantitative analysis & tlata is shown under appropriate pull-down asg2).Total

expression of various constructs and phosphorylatfor®' after transfection is presented here.

3.3.4. Basic characterization of Y317F mutant of P&

First, we needed to characterize the PAG Y317F muta show that the mutated protein
functions as expected. Replacing tyrosine 317 vptienylalanine abrogates Csk binding
(Brdicka et al., 2000) and thus Csk is no longecruged to the membrane and cannot
phosphorylate the inhibitory tyrosine within thecSkinases. Therefore Jurkat T cells were
transfected with Fyn alone or Fyn in combinatiothweither FLAG-tagged wildtype (wt) PAG
or the Y317F mutant and the lysates were immuntdalotith a phospho-specific antibody to the
inhibitory tyrosine of Fyn (p¥ (Figure 3.19.A). As expected, expression of wi@arkedly
increased the phosphorylation oFYwhile the mutated form of PAG did not show thisrease.
Additionally, we performed PAG immunoprecipitatiand can demonstrate that, although both
constructs are being phosphorylated, only the wpleltPAG is capable of binding Csk, whereas
Y317F mutant has indeed lost its ability to reci@Qgk (Figure 3.19.B). Importantly, both the
wildtype and mutated form of PAG are able to assecwith p120RasGAP as shown in the
p1l20RasGAP immunoprecipitation reprobed with ahth& antibody (Figure 3.19.C). This
demonstrates that the loss of Csk binding doegtertfere with the binding of p120RasGAP.
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Figure 3.19. Y317F-PAG does not enhance inhibitorytyrosine phosphorylation, but still binds
p120RasGAP.(A) Jurkat T cells were transfected with Fyn alowe FLAG-PAG plus Fyn or FLAG-Y317F-PAG
plus Fyn. The cells were lysed and immunoblotteith wnti-pY529 antibody. FLAG staining shows equalression
of the PAG constructs. Actin staining is shown @&mual loading. (B) Samples as in A were used foAGL
immunoprecipitation and reprobed with anti-phosptastine and anti-Csk antibodies. FLAG staining stidhat
equal amount of material was precipitated. (C) Samps in A were used for p120RasGAP immunopredipit
and reprobed with anti-FLAG antibody; p120RasGAdMéng shows equal amount of precipitated material.

3.3.5. PAG negatively regulates Ras activation inpendently of Csk binding

Having demonstrated that the PAG Y317F mutant dossrecruit Csk, but still binds
p1l20RasGAP, we next investigated how this constffetts Ras signaling. Jurkat T cells were
transfected with Fyn alone or Fyn together withheit wildtype PAG or the Y317F-PAG
construct. The transfectants were stimulated atistea®as was pulled down again with GST-
Rafl1-RBD. Total and active Ras were then detecyenmunoblotting with a pan-Ras antibody
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(Figure 3.20.). Cells transfected with Fyn alonevgmormal kinetic of Ras activation with a
peak at 2 minutes, whereas cells expressing wt 86ther with Fyn have a strongly abolished
Ras activation similar to the data shown above. tMoportantly, if we express the Y317F
mutant together with Fyn, we can block Ras actigityost to the same extent as with the wt
protein. If we compare the quantitative analysishef data, it seems that the Y317F mutant can
slightly restore the block in Ras activation indididey the wt PAG. Thus, Csk-mediated Ras
inactivation may contribute to the total PAG-medihiRas inhibition, but it represents only a
minor pathway. The majority of the effect upon Ragivity must be caused via recruiting

another protein, most presumably p120RasGAP.
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Figure 3.20. PAG negatively regulates Ras activatioindependently of Csk binding.(A) Jurkat T cells were
transfected with constructs encoding Fyn, Fyn plu§LAG-PAG or Fyn plus FLAG-Y317F-PAG. Cells weten
stimulated with anti-CD3 and anti-CD28 antibodies the indicated time and lysed. Active Ras wadepdiown
using GST-Raf-RBD (left panels). Total Ras is shdwprove that equal amounts of lysates were usethé assay
(right panels). (B) A quantitative analysis of timount of an active Ras compared to a total Ra®iprs shown

underneath. (C) Total expression of the constraietsphosphorylation of % after transfection is presented here.
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3.3.6. Y® of PAG is the p120RasGAP binding site

To confirm that PAG is able to inhibit Ras actieati by the means of p120RasGAP
recruitment, we first needed to identify the birglsite for p2120RasGAP within the PAG protein
and then to use the mutant of this tyrosine forRhs assay. We took the advantage of having the
complete set of FLAG-tagged PAG constructs witlglnyrosines mutated to phenylalanine and
used these mutants to identify the p120RasGAP ignsite. Note that these constructs have been
already successfully used for the identificationtleé Csk binding site (Brdicka et al., 2000).
These PAG mutants were transfected into the Juikaell line and pl120RasGAP was
immunoprecipitated. IP’s were resolved by Westdotting and the blot was probed with an
anti-FLAG antibody to detect associated FLAG-PAGtamis (Figure 3.21.). Since the Y181F
mutant reproducibly did not coprecipitate with pR2BGAP, we conclude that'® is the main
p120RasGAP binding site.
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Figure 3.21. Y®! of PAG is the p120RasGAP binding siteJurkat T cells were transfected with constructs
encoding individual tyrosine mutants of PAG. ThepRasGAP protein was immunoprecipitated (IP) froeil ¢
lysates, IP’s were subjected to SDS-PAGE and imrolotied for the association of FLAG-PAG constructs.
p120RasGAP staining shows the amount of precigitataterial. Lysates are shown for the expressioRL#G-

PAG mutants and p120RasGAP. Note that due to geatictions, the samples were run in parallelvem gels.

3.3.7. PAG negatively regulates Ras activation alsm the absence of pl120RasGAP
binding
Having identified the p120RasGAP binding site, wrild test to see whether the Y181F

PAG mutant ablates the block in Ras activation eedliupon the expression of either wt or
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Y317F PAG. Thus, we transfected Jurkat T cells wibhstructs encoding Fyn alone or Fyn in
combination with either wildtype PAG or the Y181Rutant. Ras, activated upon stimulation,
was pulled-down again using GST-Rafl-RBD and detkebly immunoblotting with anti-pan-Ras
antibody. To our surprise, mutant PAG incapablpI#0RasGAP binding was still as efficient in
suppressing Ras activation as the wildtype progeigure 3.22.). Therefore we had to postulate

that the ability of PAG to block Ras activation g8l maintained because of the intact Csk

binding.
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Figure 3.22. PAG negatively regulates Ras activatioin the absence of p120RasGAP bindindA) Jurkat T
cells were transfected with constructs encoding, Fym plus wt FLAG-PAG or Fyn plus FLAG-Y181F-PAGells
were then stimulated with anti-CD3 and anti-CD28&ibadies for the indicated time and lysed. ActivasRvas
pulled-down using GST-Rafl-RBD (left panels). ToRds is shown to prove that equal amounts of Igsatere
used for the assay (right panels). (B) A quantigatinalysis of the amount of an active Ras comptaredtotal Ras

protein is shown underneath. (C) Total expressidheconstructs after transfection is presented.he
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3.3.8. Both Csk and p120RasGAP binding contributectthe block in Ras activation

Since the Y181F mutant was still capable of sugingskRas activation, we suspected that the
Csk-mediated inhibition and the p120RasGAP-meidatédbition could compensate for each
other to ensure proper regulation of Ras. Therefeegehad to mutate both tyrosines (i.e. Y181
and Y317) in order to abolish the binding of bottk@nd p120RasGAP to PAG. We utilized the
Y317F mutant and introduced an additional mutatbry181 to phenylalanine by site-directed
mutagenesis. This double mutant was then transfeiote Jurkat T cells together with Fyn.
Whereas expression of wildtype PAG with Fyn aga&adl to a diminished Ras activity, the
Y181/317F was able to rescue this block and shawetigation of Ras comparable to Fyn alone
(Figure 3.23.).
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Figure 3.23. Mutation of both Y181 and Y317 ablateRas suppression by PAG(A) Jurkat T cells were
transfected with constructs encoding Fyn, Fyn plu§LAG-PAG or Fyn plus FLAG-Y181/317F-PAG. Cellere
then stimulated with anti-CD3 and anti-CD28 antiesdfor the indicated time and lysed. Active Ras walled-
down using GST-Rafl-RBD (upper panel). Total Rashigwn to prove that equal amounts of lysates weeel for
the assay (lower panel). (B) A quantitative analydithe amount of an active Ras compared to &Rats protein is

shown underneath. (C) Total expression of the cocist after transfection is presented here.
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Therefore, in addition to identifying two new PAGsaciated proteins, i.e. Sam68 and
pl20RasGAP, we have identified a novel functionP&G. Namely, its ability to negatively
regulate Ras by recruiting GAPs into the lipid safthere they would associate with Ras-GDP
rapidly and efficiently inactivating any Ras-GTPathformed before it had a chance to
translocate. Additionally, it seems that this palgwmay be partially compensated by Csk-
mediated Src inhibition and only deletion of botskCand p120RasGAP binding ablates the

ability of PAG to suppress Ras activation.

3.3.9. PAG downregulation leads to enhanced and saged SFK and Ras activation

The fact that PAG negatively regulates both Sras#s and Ras suggests that PAG is an
important negative regulator of cellular activatioddowever, two recent publications have
demonstrated that PAG knockout mice are perfeatlynal and do not demonstrate defects in
thymic development and/or T-cell function (Xu et 2005; Dobenecker et al., 2005). One should
hypothesize though, that there might be variouspsrmatory mechanisms developed to regulate
Src kinase activity and, upon further investigatitims has indeed turned to be the truth (J.
Lindquist, unpublished observation). Thereforedétermine the role and importance of PAG for
T-cell signaling, we used RNA interference in bptimary human and Jurkat T cells. Primary
human T cells were nucleofected with siRNA oligoeotides against PAG or Renilla using
Amaxa’s Nucleofection technology, whereas Jurkatells were electroporated with vectors
encoding shRNA. The cells were kept 72 hours inucel and then stimulated, lysed and
subjected to Western blotting to detect phosphtorapattern upon stimulation (Figure 3.24.).
One can clearly see that already unstimulated cplissess enhanced basal tyrosine
phosphorylation of several proteins in the abse{deAG. The protein phosphorylation further
increases upon stimulation and the activation stasmed in the cells transfected with PAG
siRNA. These results suggest that knocking down RX@ession results in markedly enhanced
basal Src kinase activity and mainly that it doesbecome down-modulated later on to shut off
signaling.

Additionally, since we have shown that PAG negdyivegulates Ras, we investigated the
impact of PAG downregulation on Ras activation. Shwe transfected Jurkat T cells with
SiRNA against PAG or Renilla, stimulated them, tysad performed Ras activation assays with
the GST-Rafl-RBD (Figure 3.24.C). Here we can shibat suppression of PAG expression
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leads to a dramatic enhancement (approximatelydj-in Ras activation. We believe that these

data together clearly demonstrate that PAG is iddgeimportant negative regulator of both the

Src kinases and Ras.
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Figure 3.24. PAG downregulation leads to enhancedF& and Ras activation.(A) Primary human T cells
were nucleofected with siRNA oligos against PAGRenilla control. After 72 hours, the cells werarstiated with
CD3/CD28 antibodies, lysed and subjected to Wedikriting. Immunoblotting with anti-phosphotyrosiastibody
(4G10) shows changes in the phosphorylation sigeatuthese cells. Arrows indicate proteins hypesghorylated
in the absence of PAG. Actin staining is showndqual loading. PAG expression in both samplesasvehon the
right, the amount of PAG was normalized to actid enpresented as percentage of PAG expressiooninat cells.
(B) Jurkat T cells were transfected with pCMS3-EGH&smid containing either PAG shRNA or Renilla BiR
and processed as described in panel A. (C) Jurlcll$ were transfected with pCMS3-EGFP plasmidtaiamg
either PAG shRNA or Renilla shRNA. Cells were trgtimulated with anti-CD3 and anti-CD28 antibodigsed
and active Ras was pulled-down using GST-Rafl-RBi §anels). Total Ras is shown to prove that Egoeunts
of lysates were used for the assay (right pan&lsjuantitative analysis of the amount of an acRas compared to

a total Ras protein is shown underneath. PAG egesn both samples is shown (bottom right).
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3.4.ldentification and characterization of IGAP

3.4.1. Expression of DGKs is unchanged iAnergic T cells

An interesting issue with regard to anergic callthat they have increased calcium levels, but
simultaneously possess a block in the Ras/MAPKvpayh However, such a situation should not
theoretically happen, because BL@roduces IR and DAG in an equimolar ratio. §Rhen
induces calcium flux, whereas DAG activates PKC RadGRP leading to the activation of Ras.
One explanation would be that diacylglycerol isidap metabolized by diacylglycerolkinases
(DGK). Therefore we lysedResting, Anergic and Rescued cells and immunoblotted to see
whether the expression of any of the DGK isoforrasenhanced upon anergy induction.
However, we did not find any alteration in expressof either DGK alpha (Figure 3.25.A) or
DGK zeta (Figure 3.20.B), the two main DGKs presant cells. However, from these blots we

cannot exclude that the activity of either of th&KX is enhanced in anergic T cells.

A
Resting Anergic Rescued

anti-CD3.___ - + - + - +
B Sy e owy @82 | DGK alpha

— Cm— D €T gv———n @ | OO

B
Resting Anergic  Rescued

anti-CD3:_ - + - + -+

- — — i

DGK zeta

D D G e ¢ G | ACTIC

Figure 3.25. Normal DGK expression inAnergic T cells. Resting, Anergic andRescued cells were either left
untreated (-) or restimulated with anti-CD3 antifgdok 2 minutes (+). Lysates were immunoblottedwanti-DGK
alpha (A) or anti-DGK zeta (B) antibody. Note, tlHEK zeta exists in several isoforms. Actin stagnis shown for

equal loading.
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3.4.2. DGK alpha antibody cross-reacts with p120 ptein

Surprisingly, when probing the lysates with thei-®@®K alpha antibody, we observed a
strong induction in the expression of a proteil2@ kDa inAnergic and Rescued cells (Figure
3.26.A). However, there exists no known isoformD&K alpha. Therefore, we used the anti-
DGK alpha antibody for immunoprecipitation and ¢éestvhether this antibody recognizes the
p120 protein also in its native form. By reprobMestern blots of DGK alpha-IP’s with anti-
DGK alpha antibody, we demonstrate that we canifspalty precipitate not only DGK alpha,
but also the p120 protein (Figure 3.26.B).
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Figure 3.26. Anti-DGK alpha antiserum specificallycross-reacts with induced p120 protein(A) Resting,
Anergic andRescued cells were either left untreated (-) or restimethwith anti-CD3 antibody for 2 minutes (+) and
whole cell lysates were immunoblotted with anti-D@lgha antibody. Bands corresponding to DGK alptth@l20
are marked. Actin staining is shown for equal logdi(B) Lysates as in A were used for immunopréaifin with
anti-DGK alpha antibody, IP’s were subjected to Wesblotting and reprobed again with the DGK alphtibody.
Bands corresponding to DGK alpha and p120 are dielic

Since we could immunoprecipitate p120, we decidedéntify this protein. Therefore we
prepared a large number lRéscued cells and used them for immunoprecipitation wite ainti-

DGK alpha antibodyAnergic cells were omitted sindeescued cells can be produced in a higher
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amount and also express high levels of p120. Asgative control, resting cells were taken, as
they express only very low levels of p120 (seergB8.26.A). These IP’s were loaded onto a
large acrylamide gel to ensure better separatiahtlae gel stained with silver to visualize the
proteins (Figure 3.27.). We observed a number atibahat were specifically precipitated with

the DGK alpha antibody, some were present in afipdas (bands 2, 5, 6, 7), but interestingly,

others were selectively co-precipitated only inggarm stimulated cells (bands 1, 3, 4).
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Figure 3.27. Silver staining of DGK alpha-IP’s.Lysates ofResting and Rescued cells (50x16 or 100x16)

were used for immunoprecipitation with anti-DGK fadp antibody. Samples were then loaded onto large 8%

40 -

Q

acrylamide gel and stained with silver. Bands markeéth arrows were cut out and subjected to pepiidess

mapping.
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3.4.3. Identification of IGAP

Bands 1 — 7 shown in figure 3.27. were excised ftbensilver gel and subjected to trypsic
digestion, which was performed by Dr. Thilo Kahmethe Institute of Experimental Internal
Medicine, Magdeburg. The resulting peptides werenttanalyzed by MALDI-TOF mass
spectrometry and the results compared to the pratatabase to identify the corresponding
proteins. The results obtained are shown in Figue8. Band number 2 was identified as DGK
alpha, the protein against which the immunopreafjpiy antibody was raised. Bands 3 and 4
could not be identified due to low quality of trigppeptides. Bands 5 and 6 were identified as the
non-muscle myosin heavy chain Il (MYH9). Band 7 taomed actin plus an additional protein
that could not be clearly determined. Most intanggy, band 1 (i.e. p120) was identified as a
hypothetical protein with the accession number X084, which was originally predicted by

automated computational analysis of the human genom

Band number Identified protein
1 XP_029084
DGK alpha

not determined

not determined
MYH9
MYH9

Actin + ?

N O O A WN

Figure 3.28. List of proteins identified by mass sgctrometry. The indicated bands from figure 3.22. were

excised, digested with trypsin and subjected tosmspectrometric analysis to identify the proteins.

The SMART algorithm (Schultz et al., 1998) enabiexi to model the predicted domain
structure of p120 based upon its primary amino aeiguence (Figure 3.29.). To our surprise,
p120 contains a RasGAP domain and thus belong$aimity of Ras GTPase activating proteins.
Since pl120 is expressedResting T cells only in very small amount, but is dradticanduced
upon long-term stimulation of the cells, we havened this proteiiGAP (Inducible_ G Pase-
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activating protein). In addition to the GAP domain, IGAP alsospesses one PH and one C2
domain, both of which are believed to be respoasimiainly for targeting proteins to the
phospholipids within plasma membrane. Moreover, @& domain does so in a calcium-
dependent manner. Additionally, there are sevenadipted sites of phosphorylation within the
IGAP sequence — multiple serine and threonine wvesicand several tyrosine residues, two of
which are surprisingly arranged into an atypicaN sequence. A coiled-coil domain is situated

at the C-terminus, which is involved in protein dimzation.
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% C2>- RasGhP l.--_"_h--— —

pS/pT / \ pS/pT

ERYKELAEFLTFHYARL

ITAM

Figure 3.29. Structure and predicted domains of IG&R. The structure and domains of IGAP were predicted

based upon the primary amino acid sequence usn§MART tool available on http://smart.embl-heicethde.

When we compare IGAP structure with other known@&Bs, we realize that IGAP is quite
unique among the RasGAPs and is more similar t@&s3yhand NGAP, which are, however, not
expressed in T cells, but are rather specific furanal cells (Figure 3.30.). Compared to the
main known GAP in T cells, p1l20RasGAP, IGAP conwlietlacks any protein-protein

interaction domains like SH2 or SH3.
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Figure 3.30. Comparison of known RasGAPs.

3.4.4. IGAP is phosphorylatedn vivo

Since we found an atypical ITAM sequence within @&P domain, we were interested to

see whether IGAP indeed becomes phosphorylatedcell$. Therefore we took the advantage

that we could immunoprecipitate IGAP with the dbGK alpha antibody (see figure 3.26.B) and

reprobed these IP’s with anti-phosphotyrosine (FEg.31.). We could not detect any

phosphorylation irResting cells where there is only minimal expression oAR; but we indeed

observed IGAP phosphorylation nergic and Rescued cells, which upregulated the IGAP

protein.
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Figure 3.31. IGAP is phosphorylatedin vivo. Western blot of the DGK alpha-IP from figure 3B8wvas
reprobed with anti-phosphotyrosine antibody (4GBands corresponding to IGAP and DGK alpha arecated.

3.4.5. IGAP is upregulated during long-term stimulaion of T cells

Since we originally found IGAP only in cells thaachbeen stimulated for three days and not
in resting cells, we wanted to determine more gedgithe time kinetic of IGAP induction. Thus,
we preparedinergic andRescued cells as always by culturing T cells on CD3-cogttates with
or without PMA for three days and resting them doe additional day. Aliquots of cells were
taken at each day of culture and lysed for Wediérhanalysis (Figure 3.32.). Whereas resting T
cells express only very little of IGAP, the expiliessincreases during stimulation, with a
maximum at day 2. As the cells rest for one dayheut any stimulus, the level of IGAP
expression decreases again (Figure 3.32., lastlawes). There was no difference between

Anergic andRescued cells with regard to IGAP expression.
dayl day2 day3 day3+1
T 75 55 0 B B
FEE2828 8§
- — g— e <—|GAP
<4+—DGK alpha

IB: DGK alpha

L pe—— - (e ] g]

Figure 3.32. IGAP is upregulated during long-term §mulation. Resting T cells Rest.) were cultured on anti-
CD3-coated plastic plates for three days plus aned resting with Resc.) or without @ner.) PMA. Aliquots of
Anergic and Rescued cells were taken at each day of culture and prabigd anti-DGK alpha antibody. Bands

corresponding to IGAP and DGK alpha are indicateddin staining is shown for equal loading.
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3.4.6. IGAP is predominantly plasma membrane located

The predicted structure suggests that IGAP contawsdomains (PH and C2 domain, see
figure 3.29.) responsible for targeting to the meaml phospholipids. In order to investigate the
subcellular localization of IGAP, we used Jurkatdlls, which also express endogenous IGAP
(data not shown) and can be produced in high amuesded for subcellular fractionation. Jurkat
T cells were lysed, their membranes separated filmencytosolic compartment by gradient
centrifugation and both membrane and cytosolictivas were subjected to Western blotting
(Figure 3.33.). The transmembrane adapter protehT lwas chosen as a marker for the
membrane fraction and the cytosolic adapter pra@b®? was used to stain the cytosolic fraction.
Probing the blot with anti-p120RasGAP antibody sedwthat this RasGAP is primarily a

cytosolic protein. On the contrary, IGAP was detdahainly in the membrane fraction.

membrane cytosol

w— | [GAP

e | P120RasGAP

LAT

o | Grb2

Figure 3.33. IGAP is prelocalized at the plasma mebrane. Membrane and cytosolic fractions were isolated
from Jurkat T cells and probed with indicated amdiies.

3.4.7. IGAP associates with PAG

Since we identified p120RasGAP in a complex togethth PAG, we were further interested
to look whether the new protein IGAP can also henfbassociated to a PAG complex. Therefore
we prepared lysates Besting, Anergic andRescued cells, immunoprecipitated PAG and looked
for the presence of IGAP in these IP’s by immunbprg with anti-DGK alpha antibody (Figure
3.34.A). Surprisingly, we indeed detected IGAP agded with PAG inAnergic and Rescued
cells, whereas there was no IGAP in PAG-IP’s figesting sample. Additionally, we performed

reciprocal IP's and used the anti-DGK alpha antjbfmi immunoprecipitation. Also using this
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approach, we could detect the interaction of PAG I&AP in Anergic andRescued cells (Figure
3.34.B). Although one could argue that the anti-D@lgha antibody precipitates both DGK
alpha and IGAP and therefore some PAG may havebalsn associated with DGK alpha and not
only specifically with IGAP, we do not find DGK dip present in PAG-IP’s. Thus it seems safe
to conclude that immunoprecipitated IGAP was indegsbciated with the PAG complex.

A PAG - IP B DGKalpha - IP
Rest. Aner. Resc. Rest. Aner. Resc.
S - IGAP e B | PAG

4 .. PAG EY IGAP

Figure 3.34. IGAP associates with PAG(A) Resting (Rest.), Anergic (Aner.) andRescued (Resc.) cells were
lysed and PAG was immunoprecipitated. AssociateflFGvas detected by immunoblotting with anti-DGK redp
antibody. PAG staining shows the amount of preafpd material. (B) Samples as in A were subjected t
immunoprecipitation with anti-DGK alpha antibodydatine associated PAG was detected by immunoprobitig
anti-PAG antibody. IGAP staining shows the amourgrecipitated material.

In summary, we have demonstrated that PAG is ables¢ruit at least two RasGAPs —
p1l20RasGAP and the novel IGAP. This observatioth&rrsupports our findings that PAG is a
potent negative regulator of Ras GTPases. Whe@®APlis recruited to the same complex of
PAG as p120RasGAP or whether two separate compexisswithin the cells is unclear at this
moment. What is the exact role of IGAP and whetitecan fulfill the same functions as
p120RasGAP will be certainly the subject of furthmesestigations.
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4. Discussion

4.1. Proximal alterations within anergic T cell§(see 3.1.)

In this study, we investigated the signaling alieres underlying anergy, an important
mechanism of peripheral tolerance. To perform tiie, purified freshly isolated peripheral
human T cells and used a well established methashefgy induction, namely culturing the cells
on anti-CD3-coated plates. The absence of costtioalarove the cells into anergy, as they no
longer proliferated upon subsequent restimulatianGD3 or CD3+CD28 (Figure 3.4.). This is
because the CD3-mediated pathway triggered in theapy culture is alone not sufficient to
induce the production of sufficient amounts of ILAhd indeed, the addition of exogenous IL-2
to the culture induced dramatic proliferation oésk cells during the secondary stimulation,
showing that these cells are indeed anergic. Guoreing to previous findings, we observed a
dramatic upregulation of the Src family kinase kyranergic T cells, both at the kinase activity
and the protein level, whereas only a marginalease in the activity and expression level of Lck
was observed (Figure 3.6.). Moreover, Lck expresaiod activity were also enhanced in rescued
cells and therefore the Lck upregulation appearbaomore related to the proliferation and
activation of the cells. Therefore, it seems that I5 the main kinase playing an important role in
anergic T cells.

Interestingly, we found an enhanced overall tyresphosphorylation in anergic T cells
(Figure 3.7.), whereas phosphorylation of key siggamolecules, i.e. TCR zeta chain and LAT
was completely abolished (Figure 3.8.). This meé#mst there is no general increase in
phosphorylation of all proteins that would correspdo the enhanced activity of Src kinases.
Instead, the SFK activity is targeted towards dpeproteins, which may play an important role
in maintaining the anergic state, whereas protegsired for activation and proliferation of the
cell are kept inactive (i.e. unphosphorylated)elastingly, Lck is believed to play the main role
in phosphorylating signaling molecules during aafion of the cell, whereas Fyn is not so
critical for activatory signal progression as ithexr phosphorylates more specific proteins. Since
Fyn was shown to be specifically upregulated inrgicel cells, the main role of Fyn may be to
phosphorylate the proteins responsible for aneMgpte that a large portion of Lck is associated
with the coreceptor CD4 or CD8 and the costimulatoplecule CD28 and that these pools of
Lck only become activated upon co-triggering of sehereceptors. CD3 crosslinking alone

therefore does not activate these pools of Lckthagositive signal may be “overridden” by the
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Fyn-mediated phosphorylation of anergy-promotingdes. Based upon the apparent molecular
weight, we propose that the proteins specificafpédr-phosphorylated in anergic T cells are
mainly Src kinases and Cbl. Importantly, both Srakes and the E3 ubiquitin ligases (e.g. Chl,
Itch, GRAIL) are indeed believed to contribute he tmaintenance of anergy (Quill et al., 1992;
Mueller, 2004). Certainly an interesting approachuld be an immunoprecipitation using an
anti-phosphotyrosine antibody followed by mass speeetry as this would enable the
identification of other proteins hyperphosphorythate anergic T cells. This would then lead to a
better understanding of the mechanism(s) respendinl the block in signaling pathways.
Currently, we are trying to identify pp30, whichtiee most abundant phospho-protein in anergic
and rescued T cells (Figure 3.7.). Since pp30 isak@m both anergic and rescued cells, we
propose that the phosphorylation (and possibly #ieaipregulation) of this protein is associated
with the activation and proliferation of the cedisd is not specific to anergy.

Note that since both the anergic and rescued ogtinally received the same stimulus via
the TCR, the phosphorylation profile and the pradisignaling appear to be very similar in both
populations. The difference is that the rescuet$ ceteived additionally PMA, which acts more
distal in the signaling cascade, where it mimicstioaulation and overcomes the block in anergy.
Alternatively, we could have used stimulation o€ tbells with CD3 plus CD28 to produce
activated cells as the positive control. Howevdd28 costimulation may also lead under certain
circumstances to anergy and the final outcome efgnversus activation depends probably
upon the proper amount of CD28 antibody used fomugation (Schwartz, 2003). Additionally,
using the stimulation with CD3 plus PMA clearly demstrates that it is presumably indeed the
DAG-mediated pathway that is not activated upon CB$slinking alone, thereby resulting in
anergy. As we demonstrate, simple reconstitutioDAG in the CD3-stimulated T cells by its
analogue PMA enhances the DAG-mediated signalithrs is sufficient to prevent anergy

induction (compare figure 3.4.).

4.2. Alterations within the PAG-associated complei anergic T cells(see 3.2.1. - 3.2.5))

Since PAG overexpressing T cells behave very sindlaanergic T cells, i.e. they are both
unresponsive to TCR stimulation and fail to prodilc®, we hypothesized that PAG might be
upregulated either on the protein level and/or lem phosphorylation level in anergic T cells.
Although we did not observe any increase in PAGresgion, we can show that, in anergic T

cells, the activity of the Src family kinase Fyrsasiated to PAG is markedly enhanced leading
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to the hyperphosphorylation of PAG, determined bij-¥>'’ phospho-specific antibody (Figure
3.9. and 3.10.). Please note that PAG possességdifines and we have found that whereas
some are dephosphorylated (mainly*¥, others become phosphorylated only upon TCR
triggering (J. Lindquist, unpublished observatiomperefore it would be rather difficult and
potentially misleading to interpret total PAG phbspy/lation by performing PAG-IPs and
probing with a pan-phosphotyrosine antibody (e(@g1@).

This hyperphosphorylation could also be the restilecreased PAG phosphatase activity.
However, upon stimulation of the cells, PAG becomssdly dephosphorylated in all samples
and, in fact, the extent of dephosphorylation igdat in anergic T cells, meaning that the
phosphatase is still active. Importantly, the lew#l phospho-PAG in anergic cells never
decreases below that of unstimulated resting @€iggire 3.10.). Consequently, we also observed
an increased recruitment of Csk to PAG in anergitsqFigure 3.11.). This in turn leads to the
increased phosphorylation of the inhibitory tyresiof Fyn within the total Fyn pool (Figure
3.12.). Thus it seems that hyperphosphorylatioumessthat PAG may still fulfill its inhibitory
function even upon restimulation of anergic celtsl ave propose that PAG may, in this way,
contribute to the defects in proximal signalingtiUnow, we have investigated only the changes
in phosphorylation for total Fyn, however it wouddd interesting to look at specific pools of Fyn
within the cell and compare Fyn tyrosine phosplaiigh and kinase activity for the fraction
associated to PAG with the fraction bound to TCRazhain. Since we observed a dramatic
decrease in zeta chain phosphorylation, we préuidtthe associated kinase activity must also be
strongly reduced.

Interestingly, a phenotype very similar to the tim&t we observe in anergic T cells has also
been found in PTPalpha knockout mice (Maksumovaalet 2005). PTPalpha deficient
thymocytes show increased phosphorylation of séwerateins and enhanced Fyn kinase
activity. Since PTP alpha localizes in the lipidtsait regulates the raft-associated Fyn. The
hyperactive Fyn in the rafts in turn induces a hmgpesphorylation of PAG and increased
association of Csk with PAG. Consequently, the biibry tyrosine within Fyn is more
phosphorylated. Importantly, the PTPalpha defictagmocytes elicit reduced proliferation and
impaired IL-2 production upon stimulation with C®ne or CD3 plus costimulation and this is
a phenotype very similar to anergy. Moreover, station with PMA plus lonomycin, i.e. with
stimulus that normally breaks anergy, induces fation and IL-2 production also in PTPalpha

deficient thymocytes comparable to the wildtypelsceThis data clearly confirms our own
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observations and our hypothesis that increased &gcftivity together with increased Csk
recruitment to hyperphosphorylated PAG may cortstian effective mechanism to block T-cell
signaling.

Opposite to our results, the group of Andre Velehas very recently demonstrated an
increased Fyn recruitment to PAG whereas Csk assmciwas unchanged in murine anergic T
cells (Davidson et al., 2007). They have howeveduse ionomycin-induced model of anergy,
where they have first preactivated the cells wib3CGand CD28 antibodies and then expanded
them with IL-2 before applying ionomycin to induemergy. Hence, they were investigating
anergy induced in murine effector T cells, wher@asused human naive T cells. Due to these
major differences it is difficult to directly compathe results obtained from two distinct systems.
Unfortunately, they did not investigate the kinasévity of Fyn associated to PAG and/or PAG
phosphorylation upon anergy induction and thus itdifficult to speculate why the increased
recruitment of Fyn did not lead to an increasedsphorylation of PAG and consequently also to
enhanced recruitment of Csk in their anergic céltswever, using various transgenic mice, they
have shown that the PAG-Fyn complex plays an ingportole in the maintenance of anergy,
mainly by increasing calcium flux without activagirthe Ras-MAPK pathway; although the
authors could not find the mechanism responsibleHs effect. We complement this finding
with the observation that the PAG-Fyn complex clso actively inhibit proximal signaling and
Ras activation by hyperphosphorylating PAG, therkdagling to enhanced recruitment of other
critical proteins like Csk and p120RasGAP, two imiant negative regulators of SFKs and Ras,
in order to prevent cell activation and prolifeoati(see also 4.5.). Indeed, we can show using
PAG siRNA that knocking down PAG expression leadart unbalanced hyperactivation of both

Src kinases and Ras (see 4.7.).

4.3. Fyn is dually phosphorylated on Y*°and Y**°in anergic T cells(see 3.2.6.)

An interesting and also somewhat confusing obsexrvas that we find increased Fyn activity
simultaneously with the increased phosphorylatibitsoinhibitory tyrosine (compare Figure 3.6.
and 3.12.). Normally, the phosphorylated inhibitymosine binds to the SH2 domain of Fyn and
thus one would expect that its hyperphosphorylasioould lead to a decreased kinase activity.
However, it is known from the crystal structuretthaother intramolecular interaction is required
for the inactive state of the kinase, namely thedinig of the SH3 domain to the linker region

between the kinase domain and SH2 domain (se@sekii.2.). In fact, there is a growing body
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of evidence to suggest that interfering with the3Sidker interaction is sufficient to activate the
kinase (Simarro et al., 2004; Gorska et al., 2004)e interaction of Fyn with PAG was
demonstrated to be phosphorylation independentumam T cells and therefore mediated by
binding of the SH3 domain in Fyn to a proline-rickgion within PAG. Conversely, Fyn
association appears to be phosphorylation dependentirine T cells (Davidson et al., 2007).
Since the amount of Fyn associated to PAG is nleaeced in our anergic T cells (Figure 3.11.),
the strength of interaction with PAG would haveb® more stable in anergic cells, thereby
preventing the folding of the kinase into the imaeiconformation. However, this would concern
only the pool of Fyn associated with PAG. Sinceals® observed hyperactivity of Fyn in whole
lysates, we searched for additional mechanismswioald apply to total Fyn. We found two
publications proposing that the phosphorylatiothef inhibitory tyrosine of chicken Src leads to
a hyperactive state of the kinase if a tyrosindinitts SH2 domain (¥ is also phosphorylated
(Vadlamudi et al., 2003; Stover et al., 1996). #swproposed that the inhibitory tyrosine cannot
bind to the SH2 domain because of the charge repulsetween phosphorylated™¥ and a
conserved glutamate residue at + 4 position reatey the inhibitory tyrosine within the C-
terminus (Src chicken [P00523]: 525-PQpYQREH). Since the sequence arourfd™%f Src is
conserved also among the SFKs, we tested whetisemtithanism could also apply to Fyn. We
can indeed clearly show that the phosphorylatiorFyf at Y*° is remarkably increased in
anergic cells compared to both the resting anduexbccells and increases even more upon
restimulation. Importantly, ¥° phosphorylation clearly correlates with inhibitotyrosine
phosphorylation and therefore we believe that duial phosphorylation of Fyn in anergic cells
results in its opened hyperactive conformation. Qnay also hypothesize that if the
phosphorylated inhibitory tyrosine does not bindtie SH2 domain in this hyperactive state,
both the SH2 domain and the C-terminal phosphotyeoare free and provide binding sites for
other proteins that may be additionally recruitedtie Fyn complexes, e.g. to the PAG-Fyn
complex. Such an amplificatory mechanism has bé&snmoposed for the complex of Lck with
LIME (Lck-interacting molecule) (Brdickova et a2003).

Note that the paper from Maksumova et al. mentic®ule also shows increased activity of
Fyn simultaneously with the increased phosphoyatf the inhibitory tyrosine in PTPalpha
deficient thymocytes (Maksumova et al., 2005). Tipegpose that Fyn is kept in its active
conformation, because it is dually phosphorylatedboth the activatory and the inhibitory

tyrosine. However they did not investigate the pihasylation status of ¥° It is tempting to
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speculate that PTP alpha may be the phosphatgsensiisle for the dephosphorylation of'¥
and its deficiency leads to?¥ hyperphosphorylation and consequently to incre&sedkinase
activity.

So far Y¥**° has only been shown to be phosphorylated in Sem upowth factor receptor
stimulation and the phosphorylation is probably raedl by the receptor tyrosine kinase. We are
the first to show that ¥° phosphorylation occurs also in the case of Fynthatithis takes place
in human T cellsn vivo. Furthermore, we predict that this mechanism mgay a role in TCR-
mediated signaling and especially in T-cell aner@urrently, we do not know the kinase
responsible for ¥*phosphorylation. This tyrosine may either undengtwphosphorylation as is
the case for the activatory tyrosine or other kisasay be involved. Certainly, this will be the

subject of further investigations.

4.4. Increased Fyn kinase activity and inhibitory yrosine phosphorylation within the
lipid rafts of anergic T cells (see 3.2.7.)

Since lipid rafts play an important role in T-celpnaling, we looked whether the results
found in whole lysates of anergic cells are spealify enhanced within the lipid rafts. We found
that Fyn and Lck upregulation occurs in both tpalliraft and non-raft membrane compartments
of anergic cells. Also the distribution of theimkise activities seems to be unchanged and the
increased Fyn activation is detected both in tlfts end outside, with much stronger activity in
the raft fraction. The enhanced phosphorylatiothefinhibitory tyrosine of Fyn within anergic
cells is located almost exclusively within the dipiafts, where most of the Fyn and PAG-Csk
complex are located. Importantly, the localizatafnPAG is not altered upon anergy induction
and PAG is still targeted into the lipid rafts teetsame extent as in resting and rescued cells.
That also explains why the PAG-Csk complex haganger impact upon Fyn, which is mainly
situated in the rafts, whereas only a minor eftgxin a non-raft kinase Lck.

Notably, it was recently demonstrated that anothemsmembrane adaptor protein LAT is
displaced from the lipid rafts in anergic T cellduqdt et al., 2006). Since LAT is not
palmitoylated in anergic T cells, it cannot be &egl into the rafts and therefore does not
function properly. Since palmitoylation is necegsaso for other adaptor proteins to be targeted
into lipid rafts, one would expect that the lackpaimitoylation and the dislocation would be
common also to the other raft-associated transmemebadaptors. However, we know that
treating T cells with polyunsaturated fatty acit®JEA) also displaces LAT from lipid rafts,
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whereas PAG is not dislocated (Zeyda et al., 200Bus it seems that PAG is more stably
inserted within the rafts by an unidentified medkanprobably involving the transmembrane
and/or the extracellular part of PAG. Additionalprptein-protein interactions can be responsible
for stable PAG localization within lipid rafts, e.ds constitutive association with Fyn that is
mainly present in the rafts. This stable insertiagly ensure that PAG is not so easily displaced
from the rafts, e.g. upon PUFA treatment or an@émrgyction. However, we were unable to show
displacement of LAT from the lipid rafts in anerg@iaells in our system. This discrepancy might
be due to the different systems investigated, asndeced anergy in primary naive human T
cells with immobilized anti-CD3 antibodies, whileely applied the ionomycin-induced model of

anergy induction using activated murine transgé&nsells (Hundt et al., 2006).

4.5. PAG forms a novel multiprotein complexsee 3.3.1., 3.3.2.)

When searching for the possible link connecting &gtivity and PAG hyperphosphorylation
to the block in Ras activation, we found two prmgewhose expression is upregulated in anergic
T cells, Sam68 and p120RasGAP (Figure 3.16.). Sawe8 originally identified also as KH
domain containing, RNA-binding, signal transductiassociated 1 protein (KHDRBS1). By
immunoprecipitating either PAG, Sam68 or p120RasGWe are the first to demonstrate the
formation of a multi-molecular complex consisting BAG, Fyn, Sam68 and pl120RasGAP
(Figure 3.17.). The fact that we do not see angalable difference in p120RasGAP association
to PAG between anergic and rescued cells may bie agisibuted to the fact that rescued cells
received the same stimulus as anergic cells (namehobilized anti-CD3 antibody) and were
rescued from anergy by adding PMA, which acts ondye downstream on the level of DAG and
therefore downstream of PAG. In fact, PMA directiymulates RasGRP1, a GEF for Ras. The
signal delivered by PMA is presumably much moreustbthan the intrinsic activity of
p1l20RasGAP, thus leading to Ras activation andiferation of rescued cells. Moreover, we
investigated only the association of p120RasGAmR WIAG, but not its activity. Interestingly,
p1l20RasGAP was shown to be phosphorylated by recgpbsine kinases or transformed Src
kinase and this tyrosine phosphorylation was sugdeso modulate its GAP activity or
interaction with other proteins (Molloy et al., T3&aplan et al., 1990; Liu and Pawson, 1991).
Since we find p120RasGAP in a complex with PAG &yd and we have observed increased
Fyn activity associated with PAG in anergic ceitsis tempting to speculate that Fyn could

phosphorylate p120RasGAP in this complex, leadimgts activation and consequently Ras
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inhibition in anergic T cells. Alternatively, PAGsociated Csk might also phosphorylate
p1l20RasGAP. Since we observed enhanced amountkods3sciated with PAG specifically in
anergic cells, the PAG-associated p120RasGAP maydre active in these cells.

The next important step is to identify the bindsites of the individual proteins and to find
out how the complex is assembled. The binding a20plasGAP to PAG appeared to be
phosphorylation-dependent as it increased whemeeced maximal phosphorylation, i.e. upon
pervanadate treatment of the cells (data not shdwdmyiously, it was shown by amvitro GST-
SH2 pull-down assay that the N-terminal SH2 don@dip120RasGAP is capable of binding to
PAG. Therefore we utilized the set of individual ®AYAF mutants that had been previously
made in our laboratory to identify which tyrosingght be critical for p120RasGAP binding. By
transfecting these PAG mutants into Jurkat T cefld looking for the presence of PAG in
p120RasGAP immunoprecipitations, we found out ¥t is the main p120RasGAP binding
site within PAG. Surprisingly, we do not observey alecrease in p120RasGAP association to
PAG upon restimulation of anergic cells for 2 mast(Figure 3.17.A), although it induces
maximal dephosphorylation of the Csk binding sit?’. Thus it seems that the tyrosine binding
p1l20RasGAP is dephosphorylated with a differenétkimetic than the Csk binding tyrosine and
one would have to do the whole time course of satmn in order to characterize the dynamics
of p120RasGAP-PAG association. In addition, we neegenerate a phospho-specific antibody
against Y®* to fully characterize the kinetics of its phospHation and dephosphorylation. One
should point out that attempts to identify the Pposphatase are until now very inconsistent
(see 1.6.3.). The fact that different tyrosines @ephosphorylated in a different time manner
suggests that there may be not only one phosphaiaisether several phosphatases with distinct
specificities for individual tyrosine-based signaglimotifs.

Sam68 most probably does not bind directly to PAGE éacks any protein-binding domains.
Instead it possesses several tyrosines and pnadinenotifs and therefore can bind to either Fyn
or p120RasGAP (Fusaki et al., 1997; Guitard etl8b8; Jabado et al., 1998). Since Fyn binds to
PAG presumably via its SH3 domain (Brdicka et a000), its SH2 domain is free to bind
phosphorylated Sam68. Additionally, p120RasGAP @& the direct Sam68 binding partner as
it possesses two SH2 domains and whereas the Na@r8H2 was suggested to bind PAG, the
C-terminal domain binds preferentially to Sam68d{Bka et al., 2000; Durrheim et al., 2001,
Sanchez-Margalet and Najib, 2001). The phosphaoyladependent interaction of Sam68 with

the complex would also explain why we could notedetthe Sam68-PAG complex in PAG
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immunoprecipitates from resting cells, possessio Fyn activity. Namely, the complex
stability may be increased only when the Fyn kinastvity is upregulated by the induction of
anergy. The role of Sam68 in this complex is unclééamay function simply as an adaptor
further stabilizing the binding of p120RasGAP. Blesits adaptor function (Najib et al., 2005),
Sam68 also belongs to the STAR (signal transdudiwh activation of RNA) family of RNA
binding proteins (Lukong and Richard, 2003). lpastulated that Sam68 binds specific RNAs
and their release into the cytosol enables thairstation. Thus, Sam68 may enable the cells to
become anergic by releasing RNAs for anergy-pramgotiactors. Additionally, Sam68 is
phosphorylated by Fyn and this negatively corrslasgth RNA binding and leads to the
relocalization of Sam68 into the cytosol (Hartmaatral., 1999; Wang et al., 1995). Therefore,
increased phosphorylation by Fyn and recruitmetd the cytosol towards the PAG complex
might mediate enhanced shuffling from the nucleus @more rapid release of RNAs needed for
translation of various factors important for anergy

The fact that we found an upregulation of Sam6&esgion in anergic T cells may provide
an explanation for the proliferative block attriedtto anergy. Sam68 was shown to regulate the
cell cycle progression and the expression of cyblin which is required for the transition into S
phase (Barlat et al., 1997). Importantly, the oxpression of Sam68 results in decreased levels
of cyclin D1 and E and in cell cycle arrest in B¢ phase (Taylor et al., 2004). Notably, anergic
cells were also shown to possess a block in theygele at G1/S transition (Gilbert et al., 1992).
Since recent studies have questioned the role tkip2 and p21cipl as candidates responsible
for the block in cell cycle progression (Verdootak, 2003; Li et al., 2006), it will be interast

to see whether Sam68 deficient mice possess atdiefacergy induction.

4.6. PAG negatively regulates Ras activatiofsee 3.3.3. — 3.3.8.)

Using the GST-RBD pull-down assay, we can demotsstifaat PAG is a novel negative
regulator of Ras signaling. Transfection of wild®yAG and Fyn into the Jurkat T-cell line leads
to the hyperphosphorylation of PAG, the same phgreoas we observe in anergic T cells, and
this results in an almost completely abolishedvation of Ras upon TCR stimulation (Figure
3.18.). We can additionally show that this effechbt dependent upon®¥ and therefore is not
due to the enhanced recruitment of Csk and redudfoSFK activation. In fact, the Y317F
mutant of PAG only minimally restores Ras activatamd thus, the Csk-mediated pathway might

not play the major role in the downregulation osR&tivity (Figure 3.20.). Interestingly, murine



DISCUSSION 98

fibroblasts deficient for the phosphatase Shp2 ggss block in Ras and ERK activation,
presumably because of PAG hyperphosphorylationimrr@ased Csk recruitment (Zhang et al.,
2004). However, the expression of Y314F-PAG mutar8hp2 deficient cells also only partially
restored ERK activation (Zhang et al., 2004). Ididn, T cells from Y314F-PAG transgenic
mice demonstrate a reduction in ERK activation carag to control cells; although the
mechanism could not be found (Davidson et al., 200@erefore it seems that the block in Ras
activation is induced mainly by recruiting anotipeotein to hyperphosphorylated PAG and we
propose that such a protein is p120RasGAP. Howewatation of p120RasGAP binding site
within PAG is not sufficient to restore the blockRas activation (Figure 3.22.). Thus it seems
that both Csk and p120RasGAP participate in thebiin of Ras signaling. Therefore the
presence of either of these mechanisms is suffit@emaintain Ras inactive. Indeed, deletion of
both the Csk and p120RasGAP binding sites res®assactivation comparable with the control
cells (Figure 3.23.). Since Ras signaling is imgtthin the lipid rafts and active Ras-GTP must
translocate out of the rafts to interact with itleetors, formation of a multimolecular complex
including p120RasGAP within the rafts would be diective mean of inhibiting Ras before it

had the chance to translocate (Figure 4.1.).

4.7. PAG downregulation leads to enhanced and susted SFK and Ras activation(see
3.3.9))

Since PAG knockout mice had been published witlaparent phenotype (Xu et al., 2005;
Dobenecker et al., 2005), we had difficulties todoce reviewers that PAG is indeed such an
important negative regulator of SFKs and Ras asdaiit would suggest. Because preliminary
experiments had suggested the development of a esary mechanism in PAG knockout
mice (J. Lindquist, unpublished observation), weidied to investigate the role of PAG directly
in human T cells. Downregulation of PAG expresdmmth in Jurkat and in primary human T
cells using RNA interference lead to a dramaticegpfation of SFK activity as measured by
overall protein tyrosine phosphorylation (Figur@€43A, B). In addition, the activity of Src
kinases was sustained during stimulation, cleaglffecting the lack of a critical regulatory
mechanism. When investigating Ras activation, wmdbthat the loss of PAG results in a 5-fold
induction of Ras activity compared to control cglsgure 3.24.C). This clearly indicates that
PAG is indeed an important negative regulator dhif®FKs and Ras in human T cells. These

results also confirm that there are differencesvbet mouse and human, including development
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Figure 4.1. Schematic model of PAG function in T-deanergy. 1. PAG is hyperphosphorylated by Fyn
leading to increased recruitment of Csk. Csk in fuinosphorylates the inhibitory tyrosine within Fi#owever, Fyn
becomes phosphorylated additionally on it8>¥vithin the SH2 domain, leading to the hyperacttate of Fyn2.
Hyperphosphorylated PAG recruits p120RasGAP imial lrafts, where it stimulates the intrinsic GTPas#vity of
Ras thereby preventing its activation and trangiogeout of rafts.3. Additionally, PAG binds Sam68, which may
further stabilize the complex and release mMRNAsaioergy-promoting factors. Increased Sam68 exmnessan

reduce cyclin D1 levels and thereby prevent tramsibf the cell cycle from G1 to S phase.

of alternative compensatory pathways in knockoutemand this should always be taken into
consideration. Therefore, it is impossible to galize mouse data onto the human system or vice
versa, but rather the data should always be verfieperforming the appropriate experiment.
Interestingly, mutation of the Csk and p120RasGAddihg sites within PAG leads to a Ras
activation equal to empty vector transfected céfigure 3.23.), whereas removal of the total
PAG protein induces 5-fold higher Ras activatioantithe control cells. Clearly, when the mutant
form of PAG is expressed in Jurkat T cells, therstill endogenous PAG present that attenuates

Ras activation. Only if we downregulate endogenBAS expression by siRNA, Ras becomes
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hyperactive. On the other hand, there might be atititional mechanisms by which PAG can
block Ras and thus, these pathways are still pteserthe mutant lacking both Csk and
p1l20RasGAP binding. Their existence and affect uBas would then only become apparent
when the whole protein was lost. This also meaas tthese other pathways must be dependent
upon the recruitment of proteins to tyrosines ottrem Y*'’ and Y**! and/or they might be
recruited to phosphoserines or phosphothreonines aphosphorylation-independent manner to
the proline-rich regions within PAG. We proposettbhae such protein recruited to PAG that
could negatively regulate Ras might be IGAP, thduaible GTPase-activating protein that we

have newly identified (see 4.9.).

4.8. Expression of DGKs is unchanged in anergic Tells (see 3.4.1.)

Anergic T cells are known to have normal calciumgnaling but abolished activation of
ERK and JNK pathway. Since activated RilGoroduces both FPand DAG in an equimolar
ratio, it is not clear how calcium flux should betigated by IR without the MAPK cascade
being simultaneously activated via DAG. One hypsithavould be that DAG is immediately
converted into phosphatidic acid by diacylglycenmudises. Therefore we hypothesized that the
expression of either DGK alpha or zeta, the twoniGK isoforms expressed in T cells, would
be enhanced in anergic cells. However, we didindtdpregulation of either of these isoforms in
our system (Figure 3.25.). This is in contrasthe very recent publications implicating DGK
alpha in the regulation of anergy (Olenchock et 2006; Zha et al., 2006). These two papers
showed that overexpression of DGK alpha in murineells leads to reduced activation of ERK
and JNK, reduced production of IL-2 and diminist@dliferation. Additionally, DGK alpha
deficient T cells still produced IL-2 under anerg@ conditions and thus it was concluded that
DGK alpha deficiency impairs anergy induction. Tdessults are however not so surprising, if
one imagines that DGK alpha removal should enh#me®AG levels in the cells and thus lead
to the upregulation of the whole DAG-Ras-MAPK pattywwhich may in fact out compete the
downregulation of Ras activation implemented byrgggromoting machinery. Only the group
of Gajewski showed that the expression of DGK alghmdeed upregulated in anergic T cells
and that the pharmacological inhibition of DGK &adpih these cells could rescue the production
of IL-2 (Zha et al., 2006). The fact that we do nbserve an upregulation of DGK alpha in our

anergic cells may simply result from the differem&®tween murine and human T cells as there
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are clearly many differences. Additionally, the uskedifferent DGK alpha antibodies with
distinct affinities and epitopes may also give f#ig different results. We also cannot exclude
that the activity of any DGK isoform be enhanceaunergic cells, therefore one should test DGK

activity, e.g. by assessing the rate of DAG conigears vitro.

4.9. ldentification and characterization of IGAP (see 3.4.2. - 3.4.7.)

While investigating the expression of DGK isoformsanergic T cells, we observed a band
at 120 kDa specifically cross-reacting with the-&®K alpha antibody (Figure 3.26.), which we
identified as a predicted hypothetical protein wille accession number XP_029084 (Figure
3.27. and 3.28.). Since this protein is inducednufpmg-term stimulation of T cells and has a
putative GAP domain, we named this protein IGARI(icible GTPase-activating protein). IGAP
differs from p120RasGAP, the main RasGAP in T cétighat it lacks SH2 and SH3 domains.
Its predicted structure is rather similar to theinoeal GAPs expressed primarily in the brain,
SynGAP and NGAP (Figure 3.29. and 3.30.). SurpgiginlGAP possesses within its GAP
domain an ITAM, which is usually found in immunoeptors. We found that IGAP indeed
becomes tyrosine phosphorylated (Figure 3.31.vamg@ropose that this may regulate its activity
and/or accessibility to its interacting partnerd aobstrates. IGAP is expressed only at low levels
in resting T cells, but is dramatically upregulategon prolonged stimulation of the cells.
Therefore we hypothesize that IGAP may play rolehatting down signaling and the activation
status of the cells. Resting cells do not need IGARe they need to be activated, however once
they are activated and have performed their effefttoction, signaling must be shut down.
Therefore they upregulate IGAP, which may inacgv&as and thereby terminate AP-1
activation. Once IGAP is not needed anymore, it ib@ydegraded. That would explain why we
see a downregulation of IGAP levels when we restciills for one day (Figure 3.32.). Whereas
IGAP might diminish AP-1 activation, other trangtion factors like NFAT and NFkB may
remain active. This way, IGAP may switch the traipgonal program within the cell so that a
new set of genes would be transcribed leadingdcettpression of proteins that would alter the
fate of the cell. In this scenario, IGAP might aff¢he development of memory cells or regulate
expression of anergy-promoting factors. Intere$ginthe main pool of IGAP is localized at the
plasma membrane, whereas p120RasGAP is primartlysolic in unstimulated cells (Figure

3.33.). Thus, IGAP is already prelocalized in thexmmity of Ras and might more efficiently
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inactivate Ras signaling. Importantly, there ane¢hmain isoforms of Ras, which differ in their
subcellular localization. Therefore, IGAP may obly selective for a specific Ras isoform and
thereby may have partially distinct effect compaedther RasGAPs expressed in T cells.

Finally, we can show that IGAP is able to assocrath PAG (Figure 3.34.). The nature of
this association is not clear yet, since IGAP laakg protein-protein interaction domains. The
interaction is therefore most probably not diréctt rather mediated via another yet unidentified
partner. One good candidate would be Fyn, whichstioively binds to PAG and could
additionally bind the phosphorylated ITAM within AR via its SH2 domain. Additionally, since
p120RasGAP is recruited to PAG through its SH2 domiastill has a free SH3 domain that
could bind the multiple proline-rich domains withi®AP. Interestingly, there has been an
unexpected observation recently that the C2 doms&iPKCS is able to directly bind to a
phosphotyrosine (Benes et al., 2005). Since IGAB pbssesses a C2 domain, we must consider
also the possibility that IGAP binds directly toetiphosphotyrosine within PAG via its C2
domain.

Taken together, we conclude that PAG functions gmtent negative regulator of Ras
signaling through recruiting two GAPs to the multigein complexes at the membrane and
thereby situating them to the proximity of theimstrates to provide rapid and efficient Ras

inactivation.
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5. Conclusion

Anergy is an important mechanism of peripheralrtoiee preventing self-reactive T cells
from becoming activated and thereby the developroémautoimmune disorders. Despite many
attempts to identify signaling alterations respblesifor the unresponsive phenotype of anergic
cells, the real molecular mechanism still remaineesolved. The hallmarks of anergic cells are
the upregulation of Fyn kinase and the defect is &aivation. In human T cells, a pool of Fyn is
constitutively associated with PAG and was showidaesponsible for PAG phosphorylation.
Importantly, we found that PAG-associated Fyn pssse enhanced kinase activity and this leads
to hyperphosphorylation of PAG in human anergielisc Consequently, PAG recruits more Csk
and although a portion of Csk is lost upon restatiah of the cells, there is still a remarkable
amount of Csk bound to PAG that leads to enhanbedghorylation of the inhibitory tyrosine
within Fyn. This mechanism might then contributsoalo a block in proximal signaling, which
was attributed to anergic cells.

Additionally, we have described a novel mechanidnkyn kinase regulation. We have
shown here that Fyn becomes phosphorylated notamlys C-terminal inhibitory tyrosine, but
at the same time also on a tyrosine within its Sidihain and we propose that this leads to its
opened hyper-active conformation in human anergiells.

Furthermore, we have identified a novel multipnoteomplex consisting of PAG, Fyn,
Sam68 and p120RasGAP and have demonstrated antamparhibitory role of PAG on Ras
activation. We have also shown that its abilityrégulate Ras is dependent on both Csk and
p1l20RasGAP association and only the deletion ofi lxding sites completely ablates PAGs
impact on Ras signaling. Using RNA interference, esoelld demonstrate that suppression of
PAG expression leads to an unbalanced upregulafiboth Src kinase and Ras activity resulting
from the loss of a critical negative feedback loop.

Finally, we have identified a new protein, which walled IGAP, as it appears to be a
GTPase-activating protein that is induced only upotivation of T cells. We hypothesize that
IGAP may be needed by the activated T cells to slowin their activation status in order to
terminate the immune response. We could show tioatrary to p120RasGAP, IGAP is already
prelocalized at the plasma membrane and that ocbanesm of its regulation might be mediated

via its association to PAG.
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In conclusion, we have established PAG as a pategative regulator of Ras activation
recruiting two RasGAPs and we propose that thisileggry mechanism may play a role in
anergy. Thus, PAG is involved in the regulationbath Src kinases and Ras, two important
oncoproteins implicated in many forms of cancerefElfore it is tempting to speculate that there
might be alterations in PAG expression and/or weiBAG mutations found in certain types of
cancer that might be responsible for dysregulatibeellular signaling leading to a pathological

transformation of the cell.
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6. Zusammenfassung

Anergie ist ein Mechanismus der peripheren Tolerater eine Aktivierung von auto-
reaktiven T Zellen verhindert und damit der Entstel verschiedener autoimmuner
Erkrankungen vorbeugt. Trotz vieler Versuche, diedifizierte Signalwege zu definieren,
welche den aresponsiven Phanotyp der anergischienAeerursachen, bleibt der molekulare
Mechanismus bisher weitgehend unklar. Die wich¢iggierkmale der anergischen Zellen sind
sowohl eine erhbhte Fyn-Kinase-Aktivitat und -Exgsien als auch ein Block in der Aktivierung
des kleinen G-Proteins Ras. In humanen T ZellereiistTeil von Fyn konstitutiv an PAG
gebunden, der auch fir die PAG-Phosphorylierungntrortlich ist. Interessanterweise sind T
Zellen mit einer erhdhten PAG-Expression nach T-Rekeptor-Stimulation aresponsiv, ein
Phanotyp, der Anergie sehr ahnelt. Auf diesen GQagah basierend war es Ziel der
vorliegenden Dissertation, die Rolle von PAG fue dhufrechterhaltung von Anergie zu
untersuchen. In anergischen humanen T Zellen kanwie zeigen, dass die PAG-assoziierte
Fyn-Kinase eine erhdhte Aktivitat besitzt. Diesriitu einer Hyperphosphorylierung von PAG.
Nachfolgend bindet PAG mehr Csk. Trotzdem ein Maih Csk nach der Stimulation der
anergischen T Zellen seine Assoziation zu PAG erylibleibt es noch mehr Csk an PAG
gebunden als in unstimulierten oder aktivierten @lleh. Dies resultiert in einer erhéhten
Phosphorylierung des inhibitorischen Tyrosins vogn.FDieser Mechanismus kann einen Block
in den proximalen Signalwege verursachen, der esewtliches Merkmal der anergischen Zellen
darstellt.

Zusatzlich haben wir hier einen neuen Mechanismis Fyn-Kinase-Regulation
beschrieben. Wir haben belegt, dass die Fyn-Kinasét nur auf ihrem C-terminalen
inhibitorischen Tyrosin phosphoryliert wird, sondeleichzeitig auch an einem Tyrosin, das sich
innerhalb der SH2-Domane befindet. Wir behauptassddiese duale Phosphorylierung eine
offene Struktur der Kinase bewirkt und so eine Hgggvierung von Fyn in humanen
anergischen T Zellen herbeiftihrt.

Weiterhin haben wir einen Multiproteinkomplex ergkie der aus PAG, Fyn, Sam68 und
p1l20RasGAP entsteht. Dartiber hinaus haben wineirigige Rolle von PAG fiir die Inhibition
der Ras-Aktivierung nachgewiesen. Hierzu konntenzagigen, dass das Vermdgen von PAG,
Ras-Aktivitdt zu regulieren, von seiner Fahigkesgwohl Csk als auch pl120RasGAP zu
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rekrutieren, abhangt. Nur wenn beide Bindungsstdilie Csk und p120RasGAP eliminiert sind,
hat PAG keinen Effekt auf die Ras-Signalwege mbht.Hilfe von RNA-Interferenz ist es uns
gelungen, zu zeigen, dass die HerunterregulieremgPdG-Expression zu einer unbalancierter
Hochregulation von sowohl Src-Kinasen als auch RdsAtat fuhrt, der ein Verlust eines
kritischen negativen Ruckkopplungsmechanismen nggliegt.

Zusatzlich haben wir ein neues Protein entdecld,wda IGAP benannt haben, da es sich
um ein GTPase-aktivierendes Protein handelt, wslemst nach einer Stimulation der T Zellen
exprimiert wird. Wir vermuten, dass IGAP erst intielerten Zellen benétigt wird, um ihre
Aktivation und Proliferation einzustellen und sowmhi# Immunantwort zu beenden. Im Gegensatz
zu p1l20RasGAP ist IGAP schon auf der Zellmembrasreanden und kann so effektiver seine
Wirkung auf Ras-Proteine ausuben. Zusatzlich hatiedGAP im Komplex mit PAG gefunden
und schlagen vor, dass diese Assoziation einetuBsmauf die IGAP-Regulation haben konnte.

Zusammengefasst haben wir PAG als einen potentgatiuen Regulator der Ras-
Aktivierung dargestellt, der zwei RasGAP Proteiakrutieren kann. Wir vermuten, dass dieser
regulatorischer Mechanismus auch eine wichtigeeRiallder Ausbildung und Aufrechterhaltung
von Anergie spielen kdonnte. PAG ist also an deruRegpn sowohl von Src-Kinasen als auch
Ras beteiligt. Beide sind wichtige Onkoproteinerete Defekte mit einer Vielzahl von
Krebserkrankungen assoziiert sind. Aus diesem Grapekulieren wir, dass verschiedene
Anderungen in PAG-Expression bzw. Phosphorylierund/oder verschiedene PAG-Mutationen
in bestimmten Arten maligner Erkrankungen zu findew, die eine Dysregulation der zellularen

Signalwege verursachen und somit zu einer pathextbgn Transformation von Zellen fihren.
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8. Abbreviations

AICD
AP-1
APC
C2 domain
cAMP
CAPRI
Chbl

CD
Cdk
Csk
CTLA4
DAG
DC
DGK
DN
Dok
DP
EBP50
ERK

Fl
FoxP3
Gads
GEMs
GM-CSF
Grb2
GST
IB
IFN-y
IGAP
IL

activation-induced cell death

activator protein 1

antigen-presenting cell

protein kinase C conserved region 2aiiom
cyclic adenosine monophosphate
calcium-promoted Ras inactivator

casitas B-lineage lymphoma

cluster of differentiation

cyclin-dependent kinase

C-terminal Src kinase

cytotoxic T lymphocyte antigen 4
diacylglycerol

dendritic cell

diacylglycerolkinase

double negative

downstream of kinase

double positive

ezrin-radixin-moesin binding protein ofldda
extracellular signal related kinase

fold induction

forkhead box P3 protein

Grb2-related adaptor downstream of Shc
glycosphingolipid-enriched membrane microdms
granulocyte and monocyte colony-stimatafactor
growth factor receptor-bound protein2
glutathione S-transferase

immunoblotting

interferon gamma

inducible GTPase-activating protein

interleukin



ABBREVIATIONS

IP

IP3
ITAM
IVK
JNK
LAT
Lck
LIME
MAPK
MHC
MW
NF1
NFAT
NFkB
p2lcipl
p27kipl
PAG

PAGE

PEP

PH domain
PI3K

PKCo
PLCy1
PMA

PTB domain
PTR

pTyr
RasGAP
RasGEF
RasGRP
RBD

Immunoprecipitation
inositol-1,4,5-trisphosphate
Immunoreceptor tyrosine-based activationtiino
invitro kinase assay

c-Jun N-terminal kinase

linker for activation of T cells
lymphocyte-specific protein tyrosine kinase
Lck-interacting molecule

mitogen-activated protein kinase

major histocompatibility complex
molecular weight

neurofibromin 1

nuclear factor of activated T cells

nuclear factor kappa B

cyclin-dependent kinase inhibitor 1

kinase inhibitor protein 1
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phosphoprotein associated with glycosphingilgnriched

microdomains

polyacrylamide gel electrophoresis
PEST-enriched phosphatase
pleckstrin homology domain
phosphatidylinositol-3-kinase

protein kinase C theta
phospholipase C gamma 1

phorbol myristate acetate
phosphotyrosine-binding domain
protein tyrosine phosphatase alpha
phosphotyrosine

Ras GTPase-activating protein
Ras guanine-nucleotide exchange factor
Ras guanyl-releasing protein

Ras binding domain
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ABBREVIATIONS
Sam68 Src-associated in mitosis of 68kDa
SDS sodium dodecyl sulphate
SFK Src family kinase
SH2 Src homology 2
SH3 Src homology 3
SHP SH2 domain-containing phosphatase
SHIP SH2 domain-containing inositol 5* phospkata
ShRNA short hairpin RNA
SIRNA short interfering RNA
SIT SHP-2 interacting transmembrane adaptoeprot
SLP-76 SH2 domain containing leukocyte protdid®kDa
Sos son of sevenless
Syk spleen tyrosine kinase
TBSM tyrosine based signaling motif
Tc cytotoxic T cell
TCR T-cell receptor
TGF transforming growth factor beta
Th helper T cell
TRAPs transmembrane adaptor proteins
Treg regulatory T cell
WB Western blotting
ZAP70 zeta-associated protein of 70kDa
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