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Summary 

A characteristic of the adaptive immune system is the random composition of the 

antigen receptor repertoire. This potentially allows recognition of any pathogen. Yet 

statistically, autoreactive immune cells are also generated which, when not removed, 

can lead to autoimmunity. Therefore, tolerance induction is of major importance to 

prevent autoimmune diseases e.g., multiples sclerosis. For CD4+ T cells, tolerance 

induction operates via two fundamentally different mechanisms: autoreactive T cells 

are either eliminated via apoptosis (negative selection/ clonal deletion) or are converted 

into regulatory T cells (Treg) (clonal diversion).  

By repertoire comparisons of mice that are tolerant or non-tolerant to myelin 

proteolipid protein (PLP) (a potential target molecule for multiple sclerosis), the Klein 

lab identified four representative T cell receptors (TCR) that behave either as PLP 

dependent deleters or PLP dependent Treg converters. The aim of this thesis was to 

investigate if TCR intrinsic binding parameters specify the cell fate decision between 

negative selection and clonal diversion.  

TCR functional avidity was assessed by peptide stimulation assays. Furthermore, TCR 

binding kinetics were characterised using PLP1-tetramer staining capacity and 

dissociation half-lives. To investigate the molecular interactions in more details, we 

established cornerstones to measure isolated TCR affinities by surface plasmon 

resonance spectroscopy (SPR) and TCR in situ 2D interactions kinetics by a Förster 

resonance energy transfer (FRET) based approach.  

Our findings support a model in which tolerance induction is mediated by TCR functional 

avidity. Negative selection was associated with high functional avidity above a certain 

threshold. For Treg cell induction below this threshold, we found a positive correlation 

between TCR functional avidity and Treg cell induction efficiency. Therefore, we propose 

a model where Treg cell conversion depends on a “niche” formed by thymic antigen 

presenting cells (APC) presenting the selecting antigen at stochastically distributed 

surface densities. T cells of high functional avidity are more efficiently converted into 

Treg cells because they can also be activated by APCs with a low antigen density resulting 

in an absolute larger “niche” size.   
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Zusammenfassung  

Eine Besonderheit des adaptiven Immunsystems ist das zufällig generierte Repertoire 

an Antigenrezeptoren. Dies ermöglicht es, potenziell alle Pathogene erkennen zu 

können. Statistisch entstehen dabei aber auch Rezeptoren, die gegen körpereigene 

Antigene gerichtet sind. Diese können zu Autoimmunität führen, wenn sie nicht entfernt 

werden. Aus diesem Grund ist ein Mechanismus zur Toleranzinduktion entscheidend, 

um die Entstehung von Autoimmunerkrankungen wie z.B. Multiple Sklerose zu 

verhindern. Für CD4+ T-Zellen stehen hierfür zwei fundamental unterschiedliche 

Mechanismen zur Verfügung: autoreaktive T-Zellen werden entweder mittels Apoptose 

eliminiert (negative Selektion/ klonale Deletion) oder so umprogrammiert, dass sie sich 

in regulatorische T-Zellen (Treg) differenzieren (klonale Diversion).  

Mittels Repertoire-Analysen in Mäusen, die entweder tolerant oder nicht tolerant gegen 

Proteolipid-Protein (PLP) (ein potenzielles Zielprotein für Multiple Sklerose) sind, hat die 

Arbeitsgruppe von Prof. Klein vier repräsentative T-Zell-Rezeptoren identifiziert, die 

entweder PLP abhängig entfernt werden oder in regulatorische T-Zellen umgewandelt 

werden. Ziel dieser Arbeit war es zu überprüfen, ob T-Zell-Rezeptor-intrinsische 

Bindungsparameter das Toleranzverhalten zwischen negativer Selektion und klonaler 

Diversion beeinflussen.  

Funktionale T-Zell-Rezeptor-Avidität wurde mittels Peptidstimulationsuntersuchungen 

analysiert. Des Weiteren wurde die Interaktionskinetik der T-Zell-Rezeptoren durch das 

Färbeverhalten mit einem PLP1-Tetramer und deren Dissoziationshalbwertszeiten 

charakterisiert. Um die molekulare Interaktion noch genauer zu untersuchen, haben wir 

darüber hinaus Grundlagen gelegt, um einerseits die Affinität von isolierten T-Zell-

Rezeptoren mittels Oberflächenplasmonenresonanzspektroskopie (SPR) zu messen und 

andererseits 2D Interaktionskinetiken von T-Zell-Rezeptor in situ mittels eines 

Verfahrens basierend auf Förster-Resonanzenergietransfer (FRET) zu bestimmen.  

Die Ergebnisse unserer Arbeit unterstützen ein Modell, in dem die zentrale 

Toleranzinduktion durch die funktionale T-Zell-Rezeptor Avidität kontrolliert wird. 

T-Zell-Rezeptoren mit einer hohen funktionalen T-Zell-Rezeptor Avidität über einem 

Schwellenwert werden negativ selektioniert. Unterhalb dieses Schwellenwertes haben 
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wir eine positive Korrelation zwischen T-Zell-Rezeptor Avidität und Effizienz der Treg Zell 

Induktion gefunden. Aus diesem Grund schlagen wir ein Model vor, in dem die Treg Zell 

Konversion von einer „Nische“ abhängt. Diese wird durch antigenpräsentierende Zellen 

im Thymus gebildet, die auf ihrer Zelloberfläche eine stochastisch verteile Dichte an 

selektionierenden Antigenen präsentieren. T-Zellen mit einer hohen funktionalen 

Avidität werden effizienter in Treg Zellen konvertiert, da sie bereits durch 

antigenpräsentierende Zellen mit einer geringen Antigendichte aktiviert werden, was zu 

einer größeren absoluten Treg Konversions-„Nische“ führt.  
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1. Introduction 

T cells are specific lymphocytes and an important part of the adaptive immune system. 

Although T cells are initially derived from multipotent hematopoietic stem cells which 

are found in the bone marrow, their progenitor cells migrate to the thymus at an early 

stage of their development and mature there (Bhandoola et al., 2007). T cells get their 

name from this organ that is fundamental for their development und function. The 

importance of the thymus can be seen in infants affected by DiGeorge syndrome. Here 

the thymus is almost completely missing. Those patient suffer from extremely low T cell 

numbers resulting in recurrent severe infections (Fomin et al., 2010).  

1.1. T cell receptor and major histocompatibility complex 

T cells can be distinguished from other lymphocytes by the presence of the highly 

specialized T cell receptor (TCR) on the cell surface. Unlike antibodies, the TCR binds 

peptide fragments of partly degraded proteins that are bound to specialized cell-surface 

glycoproteins called major histocompatibility complexes (MHC). This phenomenon is 

referred to as MHC restricted antigen recognition (Yague et al., 1988). There are two 

classes of MHC molecules: MHC class I (MHC I) and MHC class II (MHC II). While both are 

important for peptide presentation, their peptides originate from different sources and 

are obtained via different pathways. For MHC I, peptides are mostly derived from 

intracellular sources, whereas for MHC II, they are mostly derived from exogenous 

sources (reviewed in (Neefjes et al., 2011)).  

MHC I and MHC II share a similar overall structure. The characteristic MHC binding 

groove that allows antigen presentation is composed of a β-sheet and two semi-parallel 

α-helices (Bjorkman et al., 1987). In MHC I molecules, this binding groove is composed 

of the α chain domains 1 and 2. Each α domain is made of an α-helix and four stands of 

the β-sheet. In contrast, in MHC II molecules the binding groove is formed by two 

polypeptide chains. Here, the MHC binding groove is composed of an α1 and a β1 

domain which are part of an α and a β chain, respectively (Figure 1) (Adams & Luoma, 

2013).  
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MHC class I and class II proteins are highly polymorphic. This allelic variation mainly 

affects the peptide-binding groove and thereby affects the peptides that are presented 

on the cell surface. This makes it more difficult for pathogens to evade immune response 

(Rossjohn et al., 2015). 

 

Figure 1| Structure of MHC I and MHC II: A) Schematic representation of peptide loaded MHC I and MHC II.  

B) Backbone ribbon representation of MHC I (HLA-A68 in complex with an HIV-derived peptide) and MHC II (HLA-DR1 

in complex with a hemagglutinin-derived peptide). The peptide is shown in yellow. The N and C-terminus are 

highlighted. Relevant pockets of the MHC binding groove are labelled green. Figure was adapted from Adams & 

Luoma (Adams & Luoma, 2013). 

TCRs are composed of a TCRα and a TCRβ chain (Marrack et al., 1983). Both α and β 

chains consist of an amino terminal variable (V) region followed by a constant (C) domain 

and a short stalk region containing cysteine residues forming an interchain disulphide 

bond. Each chain spans the membrane with a hydrophobic transmembrane region and 

ends in a short cytoplasmatic tail (Figure 2) (Murphy & Weaver, 2017).  

The TCR overall structure resembles the antigen binding fragment (FAB) of an antibody 

and is composed of immunoglobulin superfamily domains forming antiparallel β-sheets. 

The antigen binding site of TCRs is formed by six complementarity determining regions 

(CDR). Three of these regions are part of the α chain and three are part of the β chain. 

These hypervariable regions are formed by the flexible loops that link the β-strands of 

the α and β variable domains. TCR specificity and affinity to antigens is determined by 

the specific residues at their surface sites and small differences in their relative positions 

(Al-Lazikani et al., 2000; Garboczi et al., 1996; Garcia et al., 1996; Kjer-Nielsen et al., 

2002). 
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Figure 2| T cell receptor: A) Schematic representation of an αβ TCR B) Backbone ribbon representation of the 2C TCR. 

The α chain is shown in pink and the β chain is shown in blue. The sulfur atoms of the disulfide bond are highlighted 

in yellow. Backbone ribbon was adapted from Garcia et al. (Garcia et al., 1996). 

1.2. TCR rearrangement 

Human peripheral T cells express at least 25 x 106 different TCRs (Arstila et al., 1999) - a 

repertoire to a large extent already shaped by the selection processes in the thymus. It 

is impossible for this amount of TCRs to be encoded directly in the genome. Instead, all 

TCRs are encoded by different combinations of gene segments each of which encodes 

only parts of the whole receptor. The TCRα variable domain is assembled from a variable 

(V) and a joining (J) segment. The TCRβ chain contains an additional diversity (D) 

segment and is assembled from a V, a D and a J segment (Davis & Bjorkman, 1988). 

In a process termed V(D)J recombination which is specific for developing lymphocytes 

these segments are rearranged to form a complete TCR. It is initiated by a heterodimer 

of the protein products of the recombination activating genes 1 and 2 (RAG-1 and 

RAG-2) (van Gent et al., 1996). RAG-1 and RAG-2 are both essential for V(D)J 

recombination as can be seen in RAG-1 or RAG-2 knock out mice that show a total 

absence of mature B and T cell (Mombaerts et al., 1992). These mice suffer from a 

severe combined immunodeficiency (SCID). 
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Further TCR variability beyond the germline-encoded V, D and J repertoire results from 

DNA repair enzymes randomly adding and removing nucleotides in the process of TCR 

rearrangement (Bassing et al., 2002). These factors ultimately result in the enormous 

variability of the TCR.  

1.3. T cell development 

T cells are derived from self-renewing hematopoietic stem cells (HSCs). HSC can be 

found in the bone marrow and are multipotent cells with lineage potential for all blood 

cell types (Spangrude et al., 1988). Progenitors that still harbour multilineage potential 

enter the blood stream and migrate to the thymus. Here they commit to the T cell 

lineage and differentiate to functional T lymphocytes (Donskoy & Goldschneider, 1992). 

Those thymus seeding progenitors (TSP) enter the thymus at the corticomedullary 

junction (Lind et al., 2001) where they substantially proliferate in reaction to 

environmental signals (Bhandoola et al., 2007). 

The earliest thymic progenitors in the thymus are termed double negative (DN) cells due 

to their lack of CD4 and CD8 surface proteins. They can be subdivided into four stages 

(DN1 to DN4) and can be distinguished by different expression of CD25, CD44 and CD117 

(reviewed in (Koch & Radtke, 2011)). The heterogeneous DN1 subset contains the early 

thymic progenitors (ETP) that derive from the TSPs and are most efficient at generating 

T cells (Porritt et al., 2004). After proliferation, the ETPs start migrating deeper into the 

cortex towards the subcapsular zone. Here, they subsequently differentiate into DN2 

thymocytes and become more confined to the T cell lineage and start expressing crucial 

genes for TCR rearrangement, assembly and signalling (Famili et al., 2017; Porritt et al., 

2003). TCR rearrangement starts at the DN2 stage with some D-J rearrangements of the 

β locus and is continued at the DN3 stage within the subcapsular zone (Famili et al., 

2017). Next, the rearranged TCR β chain is coupled to an invariant pre-TCRα chain and 

is expressed as pre-TCR on the cell surface. In a process called β-selection, successful 

rearrangement of the TCRβ gene is functionally tested: Ligand independent constitutive 

signalling through the pre-TCR induces a stop of the β chain rearrangement, 

proliferation, survival and further differentiation (von Boehmer, 2005). Cells that fail at 

successfully rearranging the β locus soon die. Thymocytes that pass β-selection mature 
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to the DN4 stage and begin migrating inwards towards the medulla (Koch & Radtke, 

2011). During this process, they start upregulation of CD4 and CD8 and enter the double 

positive (DP) stage (CD4+ CD8+) (Porritt et al., 2003). At this stage, the TCRα locus is 

rearranged and a mature TCR is expressed for the first time on the T cell surface.  

 

Figure 3| Thymic T cell development: A) Schematic representation of the steps of T cell maturation. Important T cell 

maturation checkpoints are highlighted by circled numbers. ❶ Notch signalling inhibits alternative cell fate 

potentials. ❷ Ligand independent constitutive signalling through the pre-TCR (rearranged TCRβ chain coupled to an 

invariant pre-TCRα chain) induces a stop of the β chain rearrangement, proliferation, survival and further 

differentiation along the αβ T cell lineage. ❸ Positive selection and CD4/CD8 lineage commitment of DP thymocytes. 

B) During T cell maturation T cells migrate through the thymus that can be subdivided into cortex (shown in blue) and 

the medulla (shown in yellow). SCZ: subcapsular zone; CMJ: corticomedullary junction. Figures were adapted from 

Koch & Radtke (Koch & Radtke, 2011). 

1.3.1. Positive selection and CD4/CD8 lineage decision 

In a process called positive selection, the TCR of DP thymocytes is functionally tested. 

Only T cells that express an MHC restricted TCR which induces signalling, survive and 

further differentiate into mature T cells. The α locus allows multiple rearrangements and 

thereby increases the chance to create a useful, MHC restricted TCR (Krangel, 2009). 

Still, a high number of DP cells are not able to produce an MHC restricted TCR and 

therefore die by neglect (Krueger et al., 2017).  

Positively selected DP T cells finally differentiate into either CD4 or CD8 single positive 

(SP) T cells. The lineage fate is determined by the MHC class that is bound by their TCR. 

T cells that interact with MHC II differentiate into CD4 SP T cells. In contrast, T cells that 

interact with MHC I mature into CD8 SP T cells (Germain, 2002). The mechanism by 

which the TCR specificity determines the fate decision of CD4/CD8 lineage commitment 
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is still controversially discussed. A kinetic signalling model including co-receptor reversal 

is favoured at the moment (reviewed in (Singer et al., 2008)). 

1.4. Central tolerance induction 

The random rearrangement of TCRs should potentially allow for recognition of any 

pathogen. Inevitably, T cells are also generated that strongly react against host proteins. 

Those could potentially cause severe autoimmune reactions.  

To efficiently avoid autoimmunity, the developing T cell repertoire is shaped in the 

thymus to be tolerant to self-antigens prior to release into the periphery (Kappler et al., 

1987). For CD4+ T cells, tolerance operates via two fundamentally different mechanisms: 

autoreactive T cells are either eliminated via apoptosis (negative selection) (Kisielow et 

al., 1988) or are reprogrammed to differentiate into Foxp3+ regulatory T cells (Treg) 

(clonal diversion) (Brunkow et al., 2001; Hori et al., 2003; Modigliani et al., 1995; 

Sakaguchi et al., 1995). Both mechanisms can generate tolerance as Treg cells suppress 

rather than induce an immune response against an antigen they bind to. They are an 

important additional tool of tolerance induction as can be seen in scurfy mice that carry 

a spontaneous loss of function mutation in the transcription factor Foxp3 and therefore 

lack Treg cells. These mice develop a fatal autoimmune-like lymphoproliferative disease 

(Vignali et al., 2008). A similar phenotype can be seen in patients suffering from immune 

dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome. IPEX 

syndrome is a primary immunodeficiency syndrome which is caused by a mutated Foxp3 

gene leading to multiorgan autoimmunity (e.g., severe enteropathy, type 1 diabetes, 

and eczema) (reviewed in (Bacchetta et al., 2018)).  

Paradoxically, both tolerance mechanisms, negative selection and clonal diversion, can 

result from antigen encounter on thymic stromal cells (Jordan et al., 2001; Starr et al., 

2003). Those cells display self-antigens to developing thymocytes and therefore have an 

important function in tolerance induction (reviewed in (Klein et al., 2014)). Thymic 

stromal cells can be subdivided into thymic epithelial cells (TECs) and cells of 

hematopoietic origin that mainly belong to the dendritic cell (DC) lineage. A unique 

feature of medullary thymic epithelial cells (mTECs) is the ectopic expression and 

presentation of otherwise tissue-restricted antigens (i.e., self-antigens with an 
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expression that is otherwise confined to one or a few anatomical sites) by a process 

termed “promiscuous gene expression” (Derbinski et al., 2001). The protein AIRE 

(autoimmune regulator) controls a large fraction of this promiscuously expressed gene 

pool (Anderson et al., 2002). AIRE seems to not act as a conventional sequence-specific 

transcription factor but instead acts on an epigenetic level via binding to 

hypomethylated histone 3 lysine 4 (H3L4) (Org et al., 2008). Apparently, it functions as 

a binding site for numerous protein complexes that are associated with chromatin 

binding, structure, transcription, and pre-mRNA processing (Anderson & Su, 2016). 

Interestingly, any given tissue restricted antigen is only expressed by a small fraction of 

mTECs (1-3 % in a protein approach (Cloosen et al., 2007) and 2-15 % in an mRNA based 

approach (Derbinski et al., 2008)). However, this mosaic like expression pattern seems 

to be sufficient to enforce tolerance induction in a physiological, polyclonal setting. 

It is still actively debated which T cell intrinsic and extrinsic parameters such as TCR 

affinity, antigen presenting cells and co-stimulation specify the opposing cell fate 

decision between negative selection and clonal diversion of autoreactive T cells. 

However, it is likely that TCR reactivity to the antigens presented in the thymus has a 

major impact on this decision as it is not only the most obvious difference between 

thymocytes but also has a huge impact on their function (Hsieh et al., 2012; Josefowicz 

et al., 2012; Klein & Jovanovic, 2011; Klein et al., 2019; Wirnsberger et al., 2011).  

1.5. The affinity model of thymocyte selection 

The affinity model of thymocyte selection suggests that the strength of the interaction 

between a TCR and self-peptide-MHC complexes that are displayed on APCs in the 

thymus determines T cell fate. It was first proposed in the 1980s (Sprent et al., 1988) 

and was later modified to account for Treg cells within CD4+ thymocytes. According to 

the modern model, weak interactions prevent that thymocytes die by neglect during 

positive selection. Thymocytes with weak affinity for self-peptide loaded MHC 

complexes are released into the periphery as conventional T cells. Strong interaction on 

the other hand causes negative selection by apoptosis. Clonal diversion (the rerouting 

of autoreactive thymocytes into Treg cells) is thought to occur in an affinity corridor 

between positive and negative selection (Figure 4) (Klein et al., 2014).  
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Figure 4| Affinity model of thymocyte selection: The affinity model of thymocyte selection suggests that TCR affinity 

for antigens presented in the thymus determines cell fate. T cells with low TCR affinity fail to complete positive 

selection and die in a process known as death by neglect. T cells that have a weak TCR affinity for self-peptide loaded 

MHC complexes are released into the periphery as conventional T cells. Strong interaction on the other hand causes 

negative selection by apoptosis. Clonal diversion (the rerouting of autoreactive thymocytes into Treg cells) is thought 

to occur in an affinity corridor between positive and negative selection. 

For CD8+ T cells, Naeher et al. found a constant functional avidity threshold between 

positive and negative selection (Naeher et al., 2007). However, for CD4+ T cells, central 

tolerance induction is more complex due to the need to account for Treg cells. A study by 

Hinterberger et al. supported the hypothesis that Treg cells are selected within a corridor 

below negative selection. They demonstrated that knock-down of MHC II on mTECs 

decreased negative selection and increased Treg cell induction of an ovalbumin (OVA) 

specific TCR that, in presence of an AIRE-OVA fusion protein, was otherwise efficiently 

deleted (Hinterberger et al., 2010). Furthermore, Lee et al. demonstrated in TCR 

transgenic mice that at a fixed level of OVA expression under the control of the rat 

insulin promoter, the efficiency of Treg cell selection was correlated with the TCR 

responsiveness. Negative selection was observed with the more self-reactive TCRs (Lee 

et al., 2012). However, the affinity model of thymocyte selection still lacks validation in 

a polyclonal setting as most work was done in TCR transgenic mouse models. 

Furthermore, it is necessary to have a closer look at the biophysical interaction between 
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TCRs and peptide loaded MHC complexes as in most studies, T cell reactivity (i.e., the 

peptide responsiveness of a T cell expressing a given TCR) is used as an approximation 

of the TCR affinity.  

1.6. TCR-pMHC interaction 

The interaction between a T cell and an APC can be described by several different 

parameters. How these correlate with T cell function and in particular tolerance 

induction is incompletely understood and is one aim of this thesis.  

1.6.1. TCR affinity 

A simplified way to describe the interaction between a T cell and an APC is to focus only 

on the molecular interaction between one TCR and one peptide loaded MHC molecule 

(pMHC).  

 

Figure 5| Interaction between TCR and peptide loaded MHC complex (pMHC): A) Reaction equilibrium of the 

TCR-pMHC interaction: Bound (TCR-pMHC) and unbound (TCR) T cell receptors are in equilibrium under steady state 

conditions. For high affinity TCRs, the bound form dominates the equilibrium but low affinity TCRs favour the unbound 

form. On- and off-rate describe the constant formation and disruption of the TCR-pMHC interaction, respectively.  

B) Under steady state conditions, the law of mass can be used to describe the equilibrium. The dissociation constant 

(KD) describes the ratio between bound and unbound TCR and correlates with the on (kon) and off rate (koff) of the 

interaction. C) The disruption of the TCR-pMHC interaction can be described as a first order reaction as indicated.  

t1/2 is the half-life of the interactions.  
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The main parameters describing this interaction are association rate (kon), dissociation 

rate (koff) and dissociation constant (KD) (Stone et al., 2009) (Figure 5). kon is the velocity 

with which the TCR-pMHC complex is formed. koff refers to TCR-pMHC interaction 

duration (dwell time) and is inversely correlated to the half-life (t1/2) of the interaction. 

KD is defined as the occupancy of pMHC under equilibrium conditions and describes the 

strength/affinity of a single TCR-pMHC interaction. A lower KD correlates with a stronger 

interaction. Typically, TCR affinity “in isolation” can be measured by surface plasmon 

resonance spectroscopy (SPR-spectroscopy) (Stepanek et al., 2014).  

1.6.2. TCR avidity 

In contrast to affinity, which describes the strength of a single interaction, avidity refers 

to the accumulated strength of multiple protein interactions and accounts for the fact 

that T cells and APCs express multiple TCRs and pMHCs, respectively. An avidity-based 

model of tolerance induction postulates that in addition to TCR affinity, the density of 

pMHC ligands on thymic stromal cells is also crucial for tolerance induction. In fact, 

several studies indicate that the amount of presented antigen influences cell fate 

(Feuerer et al., 2007; Hinterberger et al., 2010; Lee et al., 2012).  

1.6.3.  Functional avidity / TCR responsiveness 

In vivo, the interaction between a T cell and an APC also involves costimulatory 

interactions and adhesion molecules, all of which may play a role in signal integration. 

Therefore, the term “functional avidity” is often used to describe the overall 

responsiveness of a T cell to its antigen. Functional avidity is usually measured by in vitro 

T cell resposes to a given concentration of ligand in stimulation assays (Vigano et al., 

2012).  

1.6.4. In situ 2D interaction kinetics 

As mentioned above, SPR-spectroscopy can be used to determine TCR-pMHC affinity. In 

this method, soluble unrestricted TCRs flow over pMHCs bound to a sensor in a three-

dimensional (3D) environment (Garcia et al., 2001). In contrast to this reductionist 

setting, within the immunological synapse formed between a T cell and an APC, both 
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the TCR and the pMHC are embedded in complex membrane environments and are 

constrained to fewer degrees of freedom. In this setting the TCR-pMHC interaction is 

influenced by cell specific factors which include forces derived from cell-cell contacts 

and membrane protein interactions as well as geometrical constraints of the 

immunological synapse. The dissociation constant in this setting is referred to as two 

dimensional (2D)-KD (Axmann et al., 2015a; Kolawole et al., 2020).  

To account for this and to describe the in vivo interactions more accurately, systems 

have been developed to study TCR-pMHC interactions in 2D systems where proteins are 

embedded in membranes and the TCR-pMHC interaction is part of an immunological 

synapse (Edwards et al., 2012). Those are often referred to as in situ measurements.  

1.6.5. A FRET-based microscopical assays to measure TCR-pMHC binding kinetics in situ 

Huppa et al. developed a microscopy assay based on Förster resonance energy transfer 

(FRET) to measure kinetics of the TCR-pMHC interaction in situ for peptides displayed 

on the MHC II molecule IEK (Axmann et al., 2015a; Huppa et al., 2010). 

Förster resonance energy transfer (FRET) 

FRET describes a mechanism of energy transfer between two chromophores with 

overlapping donor-emission und acceptor-absorption spectrums. During FRET, energy 

transfer occurs from a donor fluorophore to an acceptor fluorophore through dipole-

dipole coupling. Importantly, the efficiency of this energy transfer critically depends on 

the distance between donor and acceptor fluorophore und decreases with the sixth 

power. This allows sensitive detection of small changes in distance. Typically, FRET 

signals can only be observed between fluorophores less than 100 Å apart. Site specific 

labelling of two proteins with the donor and the acceptor FRET fluorophore, 

respectively, can be used to determine whether the proteins are within a close distance 

of each other – a strong indication for their interaction (Zadran et al., 2012).  

To detect TCR-pMHC interaction, Huppa et al. labelled TCRs with a single-chain variable 

fragment (scFv) derived from the monoclonal anti-TCRβ antibody H57 that was labelled 

with the FRET donor fluorophore Alexa 555. pMHCs were directly labelled with the 

corresponding FRET acceptor fluorophore Alexa 647 by maleimide-thiol reaction in a 

site-specific manner. The pMHC was reconstituted into a glass-supported lipid bilayer 
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via a lipid-anchor. This bilayer was functionalized with the adhesion molecule ICAM-1 

and the co-stimulatory molecule B7-1, thus emulating the surface of an APC.  

Upon addition of T cells to this functionalized lipid bilayer, formation of microclusters 

and immunological synapses were observed. The interaction between TCR and pMHC 

was displayed by FRET from the donor to the acceptor fluorophore and was visualized 

by high-resolution microscopy.  

 

Figure 6| FRET-based assay to quantify TCR-pMHC binding in situ: The principle of detecting a TCR-pMHC interaction 

in situ is illustrated. The peptide loaded MHC II molecule IEK is stained with a FRET acceptor fluorophore and anchored 

to a lipid bilayer functionalized with B7-1 and ICAM-1. Thus, the lipid bilayer works as a model for an APC. The TCR is 

labelled with a FRET donor fluorophore that is attached to an anti-TCR single chain variable fragment (scFv). Upon 

interaction, energy is transferred from the donor to the acceptor fluorophore by FRET. This can be detected by high-

resolution microscopy on a single molecule level. A special type of microscopy, total internal reflection fluorescence 

(TIRF) microscopy, was used to reduce cellular background as in TIRF illumination, only the basal cellular membrane 

in contact to the lipid bilayer is excited. Figure was adapted from Axmann et al. (Axmann et al., 2015a). 

This setup allows measuring of in situ TCR affinity represented by 2D KD and kinetic off-

rate koff of the TCR-pMHC interaction.   

The 2D KD value of the TCR-pMHC interaction can be calculated from the FRET yield 

either of entire synapses or of TCR microclusters as determined by donor recovery after 

acceptor photobleaching. Basically, the FRET yield describes the amount of energy that 

is transferred from the FRET donor channel to the acceptor channel. It is directly 

proportional to the TCR occupancy. By comparing the FRET donor signal before and after 

photobleaching the FRET acceptor fluorophore, the FRET yield can be measured. Finally, 

2D KD values can be calculated from FRET yield. koff was measured by tracking the 

lifetimes of individual single molecule TCR-pMHC interactions and mathematical 

modelling (Axmann et al., 2015a).  
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In summary, this method allows the precise description of the TCR-pMHC interaction in 

an immunological synapse and offers a remarkable potential to better understand the 

tolerance inducing interactions in the thymus under more physiological conditions. 

1.7. PLP - a disease relevant tissue restricted antigen 

To investigate tolerance induction of tissue restricted antigens, we chose to focus on 

myelin proteolipid protein (PLP) as a disease relevant autoantigen.  

PLP is a hydrophobic transmembrane protein that is highly conserved between different 

mammals. It is one of the most abundant proteins in the myelin sheets of the central 

nervous system (reviewed in (Greer & Lees, 2002)). Furthermore, it can be used to 

induce experimental autoimmune encephalitis (EAE) in mice – a disease model for 

multiple sclerosis (Sobel et al., 1986). Remarkably, it can be knocked out without a major 

phenotype (Rosenbluth et al., 2006) making it an optimal target to investigate tolerance 

induction.  

Klein et at. identified the IAb restricted target epitopes of PLP reactive CD4+ T cells in 

PLPknock out (KO) C57BL/6 mice by re-stimulating T cells from mice immunized with PLP with 

an overlapping 25-mer peptide library reflecting the entire PLP protein (Klein et al., 

2000). They found three immunogenic regions. In a next step, overlapping 12-mer 

peptides were used to fine-map these regions in order to identify the IAb-restricted 

epitopes of PLP (Figure 7). By this, three 9-mer core epitopes could be identified that 

span the amino acids PLP11-19 (PLP1), PLP174–182 (PLP 2), and PLP240–248 (PLP 3) (Wang et 

al., 2017). For analysis of central tolerance induction against the tissue restricted protein 

PLP, we decided to focus our analysis on the PLP11-19 (PLP1) core epitope. Firstly, because 

of availability of a PLP11-19-tetramer (see 1.7.1) that can be used to identify PLP1 specific 

T cells. Secondly, because C57BL/6 mice were mostly resistant to experimental 

autoimmune encephalitis (EAE) induction using this peptide (Wang et al., 2017) 

indicating a sufficient tolerance induction in PLPwild type (WT) mice.  
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Figure 7| IAb restricted epitopes of PLP: A) PLP protein was used to immunize PLPKO C57BL/6 mice. After 9 days, cells 

derived from draining lymph nodes were isolated and re-stimulated with an overlapping 25-mer peptide library 

reflecting the entire PLP protein. B) Overlapping 12-mer peptides were used to fine-map and to identify the 

IAb-restricted core epitopes of PLP. Figure was adapted from Wang et al. (Wang et al., 2017). 

1.7.1. PLP1-tetramer 

TCR-pMHC interactions are generally of low affinity (more than 1,000-fold weaker than 

a typical antibody–antigen interaction (Davis et al., 1998)) rendering it difficult to 

specifically identify TCRs using soluble peptide loaded MHC complexes (in analogy to the 

detection of specific B cells using fluorochrome labelled B cell antigens). MHC-tetramer 

technology was developed to overcome this hurdle. By coupling multiple pMHCs, the 

avidity of the interaction was increased allowing detection of peptide specific TCRs for 

instance by flow cytometry (Altman et al., 1996).  

PLP11-19-IAb-tetramer (PLP1-Tet) can be used to detect PLP1 specific T cells (Hassler et 

al., 2019) in C57BL/6 mice expressing the MHC II molecule IAb. In this construct, the PLP1 

core epitope is covalently attached to the MHC II β chain via a linker region. The 
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construct contains an E. coli biotin ligase (BirA) signal sequence (Beckett et al., 1999) 

that allows site-specific biotinylation of the α chain, and a 6-His tag on the β chain. Both 

can be used for purification using an avidin column and nickel affinity chromatography, 

respectively. Furthermore, a Fos-Jun leucine zipper motif forces the MHCII α and β 

chains to dimerize. 

The PLP1-tetramer is assembled from four PLP11-19-IAb-monomers (PLP1-IAb). 

Tetramerization is mediated by biotin-streptavidin interactions (Hassler et al., 2019; 

Moon et al., 2007).  

 

Figure 8| Schematic representation of PLP1-tetramer. 

1.8. Mode of tolerance of representative TCRs 

Hassler et al. addressed how the CD4+ T cell repertoire of C57BL/6 mice is shaped by 

tolerance induction to PLP (Hassler et al., 2019). They could show that some PLP specific 

TCRs were deleted from the CD4+ T cell repertoire, while others were differentiated into 

Treg cells.  

In their approach, they used a PLP1-tetramer to select PLP1 specific CD4+ T cells and 

compared the uncensored TCR repertoire of PLPKO mice with the tolerant TCR repertoire 

of PLPWT mice. Interestingly, PLPWT mice contained not less but even slightly higher 

numbers of PLP1-Tet+ CD4 single positive (SP) cells (PLPKO vs. PLPWT 14.0±3.0 vs. 
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18.4±4.4). 30 %-40 % of those PLP1-Tet+ cells expressed Foxp3 as a marker for Treg cells 

in PLPWT mice whereas Foxp3+ cells were hardly detectable in PLP1-Tet+ T cells of PLPKO 

mice.  

In a fully polyclonal setting, the high number of TCRα and TCRβ chain combinations 

recognizing a given antigen (see 1.2) makes a comprehensive comparison of the PLP 

specific TCR repertoire of PLPKO and PLPWT mice by single-cell TCR sequencing 

impossible. Hassler et al. circumvented this inherent limitation by reducing the 

repertoire complexity to the diversity of TCRα chain by introduction of a transgenic TCRβ 

chain. This TCRβ chain was derived from a PLP1-specific TCR to bias the repertoire a little 

bit towards a higher number of PLP1-specific T cells.  

In those “fixed-β” PLPWT mice, more than 57 % of the PLP1-Tet+ cells were Foxp3+ 

whereas in respective PLPKO mice only 5.8 % were Treg cells. By single cell TCRα 

sequencing of fixed-β PLP1-Tet+ CD4+ T cells from PLPKO and PLPWT mice Hassler et al. 

characterized the composition of the different TCR repertoires. The TCR repertoire of 

T cells derived from the thymus of PLPKO mice functioned as an uncensored reference 

library as these cells were neither shaped by PLP specific tolerance induction nor were 

influenced by peripheral homeostasis (Figure 9A). Analysis was focused on four 

representative TCRs (TCR-A yellow, TCR-E salmon, TCR-F grey and TCR-L blue) together 

accounting for app. 50 % of the PLP1-Tet+ population.  

The TCR repertoire of fixed-β PLP1-Tet+ Foxp3- CD4 SP cells in the thymus of PLPWT mice 

resembled the distribution in the uncensored reference library of PLPKO mice. In 

contrast, the TCR composition of thymic PLP1-Tet+ Foxp3+ Treg cells was substantially 

different. For instance, TCR-A yellow was highly overrepresented. TCR-E salmon and 

TCR-F grey were missing or were significantly underrepresented, respectively. Only for 

TCR-L blue a similar abundancy was observed in the thymic TCR repertoire of PLPWT mice 

and in the reference library of PLPKO mice both for Foxp3+ and Foxp3- T cells (Figure 9B).  

The TCR repertoire of the peripheral PLP1-Tet+ Foxp3+ Treg cells in PLPWT mice was similar 

to the Treg cell repertoire in the thymus. TCR-A yellow was dominant and TCR-L blue was 

significantly abundant, TCR-E salmon was rare and TCR-F grey was absent. Interestingly, 
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the distribution of the representative TCRs among Foxp3- CD4+ T cells was essentially the 

same as that of Treg cells (Figure 9C).  

Hassler et al. concluded that TCR-A yellow acts as an efficient diverter TCR as in PLP 

tolerant mice TCR-A yellow was dominant in the Treg cell compartment. TCR-L blue also 

contributed to the Treg cell compartment although not as efficiently as TCR-A yellow. On 

the other hand, TCR-F grey was mostly absent in the tolerant peripheral repertoire, 

albeit being at least as abundant as TCR-A yellow in the uncensored reference 

repertoire. This suggests that TCR-F grey is deleted when PLP is expressed in mice 

classifying TCR-F grey as a deleter TCR. TCR-E salmon was difficult to classify from this 

repertoire analysis itself. It was not found in the repertoire of PLPWT Foxp3+ thymocytes 

and Foxp3- peripheral CD4+ T cells but could be found at a low frequency in PLPWT Foxp3+ 

peripheral repertoire. Thereby TCR-E salmon behaved like a low potency diverter with 

reduced frequency in the peripheral Foxp3- compartment.  

  

Table 1| Classification of representative TCRs: The classification of tolerance induction against PLP of the 

representative TCRs is based on the repertoire analysis by Hassler et al. (Hassler et al., 2019). 
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Figure 9| PLP1-tetramer specific repertoire analysis: T cells specific for PLP were isolated from mice expressing a 

fixed TCRβ chain using the PLP1-tetramer. Alpha chains of PLP1-Tet+, CD4+ thymic and peripheral T cells were 

sequenced to generate the PLP specific TCR repertoires of PLPKO and PLPWT mice. A) PLP specific TCR repertoire of 

PLP1KO mice: Frequency of the four representative TCRs A, E, F, and L in thymus and periphery. The colourless sector 

summarizes all other PLP specific TCRs which could be detected with a frequency of >1 %. The total number of cells 

that were included in the respective TCR repertoire can be found in the centres of the pie chart. B/C) PLP specific TCR 

repertoire of PLP1WT mice separated in Foxp3+ and Foxp3- T cell: Frequency of the four representative TCRs A, E, F, 

and L in the B) thymus and C) periphery. Figure was adapted from Hassler et al. (Hassler et al., 2019).  
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2. Aim of this thesis 

The generation of the receptor pool of the adaptive immune system contains random 

elements. Therefore, central tolerance induction is of major importance to prevent 

autoimmune diseases. For CD4+ T cells, tolerance induction operates via two 

fundamentally different mechanisms: autoreactive T cells are either eliminated via 

apoptosis (negative selection or clonal deletion) or are reprogrammed to differentiate 

into regulatory T cells (clonal diversion). However, which cell intrinsic and extrinsic 

parameters specify this important cell fate decision remains largely elusive.  

By repertoire comparisons of mice that are tolerant or non-tolerant to PLP, the Klein lab 

identified four representative TCRs that behave either as PLP dependent deleters or PLP 

dependent Treg cell converters. Aim of this thesis was to investigate if TCR intrinsic 

binding parameters specify the cell fate decision between negative selection and clonal 

diversion. To do so, we will use SPR-spectroscopy, peptide stimulation assays and 

tetramer-based approaches to measure different parameters of TCR binding. 

Furthermore, we want to establish a new technique to investigate the T cell-APC 

interaction in situ, in an immunological synapse, to study kinetics of the TCR-pMHC 

interactions under more physiological conditions. Ultimately, we will check for 

correlations between the measured TCR binding characteristics and the observed mode 

of tolerance in the PLP repertoire analysis and we will test if the affinity-model of 

thymocyte selection correctly predicts mode of tolerance of the four representative 

TCRs.  
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3. Results 

3.1. Toxicity to E. coli of one soluble TCRα chain prevented TCR 

affinity measurements by SPR spectroscopy. 

To measure the affinity of the interaction between a TCR and a PLP loaded MHC complex 

by SPR spectroscopy, a soluble version of the TCR is needed. The soluble versions of the 

TCRs were designed as chimeric proteins by linking the TCRα and TCRβ variable (V) 

domains to corresponding human constant (C) domains. Conserved amino acids 

between human and mice functioned as a linker between the mice V and the human C 

region. To achieve solubility of the complexes, TCR transcription was designed to stop 

directly before the position where the α and β chain normally form an interchain 

disulphide bond (Figure 10) (Steele et al., 2003). 

 

 

Figure 10| Schematic representation of a soluble TCR: Soluble TCRs were designed as chimeric proteins. TCRα and 

TCRβ variable (V) domains were linked to corresponding human constant (C) domains. All of the TCRs used in the 

present study contain the same β chain (βTCR-PLP1) paired to a different α chain. Transcription of soluble TCRs was 

designed to terminate directly before the position where the α and β chain normally form an interchain disulphide 

bond.  
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3.1.1. Successful expression of three α chains and the common β chain in E. coli 

All of the TCRs employed in the present study comprise the same β chain (βTCR-PLP1) 

paired to a different α chain. Expression of the common β chain and the four TCRα chains 

was performed in BL21(DE3) E. coli using an isopropyl-β-D-thiogalactopyranosid (IPTG) 

inducible T7 RNA polymerase expression system under the control of the lac I operator. 

The common βTCR-PLP1 chain and three out of four α chains (αTCR-A yellow, αTCR-E 

salmon and αTCR-L blue) were successfully expressed in inclusion bodies of E. coli with 

high yields of estimated 100-150 mg protein per litre LB culture. This was validated using 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS page) and protein 

quantification. However, expression of αTCR-F grey was unsuccessful under standard 

conditions (induction at 37 °C with 1 mM IPTG for 4 h in presence of kanamycin) in 

BL21(DE3) E. coli. Neither SDS page analysis of the total bacterial lysate (data not shown) 

nor analysis after inclusion body isolation revealed a band at 23 kDa (i.e., the expected 

weight of the α chain), indicating a lack of proper recombinant production of the αTCR-F 

grey chain (Figure 11A). Along these lines, the collected αTCR-F grey pellet after 

inclusion body isolation was much smaller and more gelatinous compared to the other 

TCRs indicating that indeed a much smaller amount of protein was produced  

(Figure 11B).  

For an adequate analysis of tolerance induction against PLP, it would be important to 

collect affinity data for all four representative TCRs. For this reason, we used different 

approaches to improve αTCR-F grey expression. 
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Figure 11| Expression of soluble TCRs under “standard” conditions: TCR α and β chains were expressed in inclusion 

bodies of BL21(DE3) E. coli using a T7 RNA polymerase expression system. Inclusion bodies were isolated by 

centrifugation. A) 15 % SDS page of the resuspended inclusion bodies revealed successful expression of the common 

β chain βTCR-PLP1 (27,6 kD) and the α chains αTCR-A yellow, αTCR-E salmon and αTCR-L blue (22,8 kDa). Expression 

of αTCR-F grey could not be verified (box). Samples that corresponded to 1 ml induced LB medium were loaded. 

SDS page was stained with Coomassie brilliant blue. B) Inclusion body pellets after cell lysis and washing. The collected 

αTCR-F grey pellet after inclusion body isolation was much smaller and more gelatinous compared to other TCR chains 

as for example αTCR-E salmon. 

3.1.2. Altering codon usage does not lead to successful expression of αTCR-F grey. 

Rare codon usage could have been a possible explanation for the insufficient expression 

of αTCR-F grey (Saida, 2007). Rare codon usage means that some codons are rarely used 

in E. coli and only small amounts of corresponding transfer-RNAs (tRNAs) exist resulting 

in an ineffective translation of the protein. To overcome potential problems of codon 

usage, a codon-optimised version was generated by exchanging rare codons for more 

common codons in E. coli. In addition, plasmids were transformed into the 

Rosetta 2(DE3) E. coli strain that contains tRNAs for seven rare codons. However, 

neither of these two approaches nor the combination of both led to successful 

expression of the TCR-F grey α chain (Data not shown). 
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3.1.3. αTCR-F grey is toxic to BL21(DE3) E. coli. 

Toxicity was another possible explanation for the insufficient expression of αTCR-F grey. 

Some proteins interfere with vital functions of the bacteria leading to the death of the 

production organism before adequate amount of recombinant protein can be produced. 

To check for problems in the growth of the transformed E. coli cultures upon protein 

induction, culture density was monitored using optical density measurements at a 

wavelength of 600 nm (OD600). Strikingly, BL21(DE3) E. coli cultures transformed with 

αTCR-F grey collapsed upon induction with 1 mM IPTG and did not grow denser than 

OD600 = 1.0 when induced at OD600 = 0.5. In contrast, E. coli transformed with 

αTCR-E salmon only began to saturate at OD600 > 2.0 4 h after induction (Figure 12). 

Before and without induction the two cultures grew similarly.  

 

Figure 12| Collapse of αTCR-F grey cultures upon induction: Density of BL21(DE3) E. coli cultures transformed with 

either αTCR-F grey or αTCR-E salmon was monitored by OD600 measurements. Upon induction, the αTCR-F grey 

culture collapsed. It grew slower and saturated at an unusually low OD600 ≈ 1.0. Negative time refers to the phase 

before induction. 

In addition to that, stability and toxicity of the plasmid encoding αTCR-F grey was tested 

and compared to the plasmid encoding αTCR-E salmon. For this, a similar number of 

bacteria from an LB-kanamycin pre-culture were placed on three sets of LB-agar plates 

containing kanamycin, kanamycin and 1 mM IPTG or no antibiotic. IPTG is used to induce 

the T7 RNA polymerase expression system. Kanamycin functioned as a transformation 

marker as the resistance gene for kanamycin is encoded together with the protein 

sequence in the pET-30a (+) vector (see 7.1.6). 
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Plasmid stability, describing the percentage of E. coli maintaining the TCR encoding 

plasmid upon induction, was measured by comparing the number of colonies on an LB 

plate without antibiotic with the number of colonies on a kanamycin-LB plate. Bacteria 

that lose the plasmid also lose resistance to kanamycin and die. The loss of colonies was 

larger for the αTCR-F grey encoding plasmids (plasmid stability quotient = 46 %) than for 

αTCR-E salmon (plasmid stability quotient = 73 %) (Figure 13B).  

Plasmid toxicity was defined as the ratio of colonies on plates containing kanamycin and 

the inducer (1 mM IPTG) to the number of colonies in the presence of only kanamycin. 

Strikingly, for both plasmids the amounts of colonies were substantially reduced. For the 

αTCR-E salmon encoding plasmid, 340 times fewer colonies were found on plates 

containing IPTG/kanamycin compared to the LB-agar plates containing only kanamycin 

(toxicity quotient of 99.7 %). However, essentially no colonies of αTCR-F grey 

transformed E. coli were detectable on the kanamycin-LB plate when IPTG was also 

present even when a one hundred times higher number of bacteria were spread out. 

This indicates that the toxicity quotient of the αTCR-F grey encoding plasmid was close 

to 100 % (Figure 13C).  
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Figure 13| Plasmid stability and toxicity in BL21(DE3) E. coli: αTCR-E salmon and αTCR-F grey transformed BL21(DE3) 

E. coli were incubated in kanamycin-LB pre-cultures. A) Similar number of bacteria were placed on three sets of LB-

agar plates containing no antibiotic (1st row), kanamycin (kana) (2nd row) or kanamycin and 1 mM IPTG (3rd row). After 

incubation overnight, colonies on the plates were counted and normalized to 1ml LB-culture. B) Plasmid stability and 

C) toxicity quotients were calculated as indicated.  

3.1.4. Altering expression conditions did not solve the expression problem of 

αTCR-F grey. 

To overcome the problem that αTCR-F grey was not expressed under standard settings, 

expression was tested under various conditions. For instance, bacteria were induced at 

higher bacterial densities (OD600 of 0.7-1.5 vs. standard 0.5) or for a reduced time (1 h 

or 2 h vs. standard 4 h). In addition, induction was tried with and without kanamycin and 

with reduced concentration of IPTG (0.01 mM vs. standard 1 mM). Finally, the 

temperature was lowered to 30 °C and expression at 16 °C overnight was tested. 

However, neither of these approaches nor various combinations resulted in successful 

expression of the TCR-F grey α chain. In contrast, expression of αTCR-E salmon was 

consistently observed.  
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3.1.5. Toxicity tolerant OverExpressTM E. coli are not beneficial for αTCR-F grey 

expression. 

OverExpressTM cells (C41, C43) are E. coli strains that have been selected from BL21(DE3) 

and are reported to be able to express proteins that are toxic for other E. coli strains 

assumably because they have a slower rate of mRNA accumulation resulting in a slower 

but metabolically better controlled expression of otherwise toxic proteins (Dumon-

Seignovert et al., 2004; Miroux & Walker, 1996). The OverExpressTM cells C41pLys and 

C43pLys additionally carry a plasmid encoding a lysozyme that is a natural inhibitor of 

the T7 RNA polymerase. The lysozyme inactivates the T7 RNA polymerase to further 

reduce basal protein expression and therefor toxic stress during growth phase. After 

induction the lysozyme inhibition is overcome by the high expression levels of T7 RNA 

polymerase allowing expression of the target gene (Saida, 2007).  

Expression of αTCR-F grey was tested in these E. coli strains. In contrast to BL21(DE3) 

E. coli, αTCR-F grey transformed OverExpressTM bacterial cultures did not collapse upon 

induction with IPTG (Figure 14).  

 

Figure 14| Stable OverExpressTM E. coli cultures upon induction: Density of OverExpressTM E. coli cultures 

transformed with either αTCR-E salmon or αTCR-F grey was monitored by OD600 measurements. In contrast to 

αTCR-F grey transformed BL21(DE3) cultures, the OverExpressTM cultures did not collapse upon induction. Growth of 

αTCR-F grey and αTCR-E salmon transformed cultures was similar and only slightly saturated at OD600 = 1.5 (dotted 

line) after 4 h of stimulation. Negative times refer to the period before induction. 

Concordantly with this observation, the toxicity quotients of both αTCR-E salmon and 

αTCR-F grey plasmids were substantially lower than the values that we were previously 
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observed with BL21(DE3) E. coli. For all tested OverExpressTM strains, the number of 

colonies on the LB plates containing kanamycin and IPTG was comparable to the number 

of colonies on the kanamycin-LB plates (Figure 15C). Meanwhile, plasmid stability in 

OverExpressTM cells was equivalent to BL21(DE3) E. coli. For instance, using CD41pLys 

OverExpressTM cells, plasmid stability of the αTCR-F grey encoding plasmid was even 

slightly higher (plasmid stability quotient = 77 %) than of the αTCR-E salmon encoding 

plasmid (plasmid stability quotient = 62 %) (Figure 15B).  

Despite this promising resilience of the OverExpressTM cells, expression of αTCR-F grey 

was not detectable in any of the OverExpressTM strains. Neither SDS page of total 

bacteria lysate nor SDS page after inclusion body isolation revealed an adequate band 

(Figure 16). It is noteworthy that in OverExpressTM CD41pLys and C43pLys strains that 

additionally contain the lysozyme plasmid, even expression of αTCR-E salmon failed. 

 

Figure 15| Plasmid stability and toxicity in OverExpressTM C41pLys E. coli: αTCR-E salmon and αTCR-F grey 

transformed OverExpressTM C41pLys E. coli were incubated in kanamycin-LB pre-cultures. A) Similar number of 

bacteria were placed on three sets of LB-agar plates containing no antibiotic (1st row), kanamycin (kana) (2nd row) or 

kanamycin and 1 mM IPTG (3rd row). After incubation overnight, colonies on the plates were counted and normalized 

to 1 ml LB-culture. B) Plasmid stability and C) toxicity quotients were calculated as indicated. 
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Figure 16| Expression of αTCR-F grey was not detectable in OverExpressTM cells: Expression of αTCR-F grey and 

αTCR-E salmon in OverExpressTM C41, C43, C41pLys and C43pLys E. coli was tested. Inclusion bodies were isolated by 

centrifugation. 15 % SDS page of the resuspended inclusion bodies revealed that αTCR-F grey was not sufficiently 

produced in any of those toxicity tolerant strains. αTCR-E salmon could be detected in inclusion bodies of C41 and 

C43 OverExpressTM cells (←) but not of C41pLys and C43pLys OverExpressTM cells.   
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3.2. TCR functional avidity  

To measure TCR functional avidity, the four representative TCR were reexpressed in 

BW58 T hybridoma cells. Those hybridoma cells carry an NFAT-GFP reporter system. 

Stimulation of the TCR initiates a signal transduction cascade and ultimately triggers 

transcription of genes relevant for T cell activation. The transcription factor nuclear 

factor of activated T cells (NFAT) plays a crucial role in the induction of gene transcription 

in T cells (Macian, 2005). NFAT-GFT reporter hybridoma cells carry a retroviral vector 

containing multiple NFAT-binding sites, followed by the minimal interleukin 2 promoter 

and the reporter gene for green fluorescent protein (GFP) (Hooijberg et al., 2000). Upon 

TCR stimulation, NFAT is produced and induces GFP production that can be measured 

and quantified by flow cytometry. This allows detection of activated T hybridoma cells.  

3.2.1. Characterisation of reporter hybridoma cells carrying the TCRs of interest 

To validate the quality of the hybridoma cells, surface expression was evaluated by 

surface staining for CD3, CD4, the common β chain βTCR-PLP1 (stained with AntiVb6) 

and human CD2 (huCD2), a co-transfected marker for expression of the specific α chains 

which cannot be stained directly due to the lack of a corresponding antibody. When 

checked by flow cytometry, all these surface markers were expressed in a comparable 

manner (Figure 17A). Furthermore, the four hybridoma cell lines behaved alike upon 

TCR independent stimulation with anti-CD3 (Figure 17B). Half maximal effective 

concentration (EC50) for anti-CD3 was app. 12 ng/ml for all four representative TCR 

hybridoma cell lines. Tukey’s multiple comparison test did not reveal any significant 

differences between the cell lines (p>0.05, n=6). LgEC50 and not EC50 was used for 

statistical analysis to account for serial dilution of the stimulant (see 6.6.1 for more 

details on statistical analysis).  



 

40 

 

Figure 17| Quality control of T hybridoma cell lines: A) Surface analysis by flow cytometry of hybridoma cells each 

expressing a representative TCR (color-coded: TCR-F grey; TCR-A yellow; TCR-L blue; TCR-E salmon; BmDCs were used 

as control: black). CD3, CD4, huCD2 (a co-transfected marker for the specific α chain) and the common β chain 

βTCR-PLP1 (stained with AntiVb6) were comparably expressed. Plots are gated on live, single cells B) In vitro TCR 

independent stimulation with anti-CD3 of the NFAT-GFP reporter T hybridoma cells. Data was interpolated with a 

four-parameter sigmoid dose response curve and lgEC50 was calculated. C) Calculated EC50 for anti-CD3-stimulation 

of each representative TCR is displayed. LgEC50 (concentration of half response) was not significantly different 

between the hybridoma cell lines (Tukey's multiple comparison test p> 0.05). Lines indicate mean with SD of lgEC50. 

The data is representative for six independent experiments. 

3.2.2. Peptide-specific stimulation assays revealed a hierarchy of TCR functional 

avidity. 

TCR functional avidity was measured by in vitro stimulation of the T hybridoma cell lines 

with PLP peptide in the presence of APCs. Activation was measured by detecting GFP 

expression by flow cytometry. As we were interested in the influence of neighbouring 

amino acids of PLP11-19 core epitope, we used two different peptide versions, a shorter 

PLP9-20 version and a longer PLP1-24 version (amino acid sequences can be found in 

supplement 7.2). All four T hybridoma cell lines expressing one of the four 

representative TCRs could be stimulated by both peptides but could not be stimulated 

by peptides unrelated to PLP (e.g., LLO) (Figure 18 A&D).  

Interestingly, stimulation with the longer PLP1-24 peptide led to higher activation 

plateaus compared to the PLP9-20 peptide) (Figure 18 C&F). This was most significant for 

TCR-E salmon that was only inefficiently stimulated by the shorter PLP9-20 peptide. 

However, the relative stimulatory hierarchy of both peptides was the same. Irrespective 

of whether the shorter or the longer PLP peptide was used, hybridoma cells expressing 



 

41 

TCR-F grey reacted strongest. Concentrations of 3 pmol/ml PLP9-20 and 32 pmol/ml 

PLP1-24 were sufficient to induce half maximum response (EC50). In contrast, hybridoma 

cells expressing TCR-E salmon were stimulated weakest. Concentrations of 2,586 

pmol/ml PLP9-20 and 583 pmol/ml PLP1-24 were needed for half maximum response. This 

was about 850-fold (PLP9-20) or 18-fold (PLP1-24) higher than the concentrations that 

were needed for TCR-F grey. Hybridoma cells expressing TCR-A yellow 

(EC50 PLP9-20= 104 pmol/ml; EC50 PLP1-24=69 pmol/ml) and TCR-L blue 

(EC50 PLP9-20=476 pmol/ml; EC50 PLP1-24=139 pmol/ml) had an intermediate 

responsiveness. 

 

Figure 18| In vitro stimulation assay with PLP peptide: In vitro stimulation with A) PLP9-20 or D) PLP1-24 peptide of 

NFAT-GFP reporter T hybridoma cells each expressing a representative TCR. Data was interpolated with a four-

parameter sigmoid dose response curve and lgEC50 was calculated. Calculated EC50 for stimulation with B) PLP9-20 

and E) PLP1-24 peptide of each representative TCR is displayed. Lines and numbers indicate mean with SD of lgEC50. 

Stimulation with C) PLP9-20 reached lower plateaus than stimulation with F) PLP1-24. Lines and numbers indicate mean 

with SD of plateau. Data is representative for five (PLP9-20) or three (PLP1-24) independent experiments.  
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Statistical evaluation of lgEC50 (to account for serial dilution of the stimulant) with 

Tukey’s multiple comparison test revealed the following levels of significance: 

Tukey's multiple comparisons test of lgEC50 

 
TCR 

Adjusted p value 
PLP9-20 

Summary 
PLP9-20 

Adjusted p value 
PLP1-24 

Summary 
PLP1-24 

A VS. L 0.0678 ns 0.1971 ns 

A VS. E 0.0004 *** 0.0016 ** 

A VS. F 0.0001 *** 0.1402 ns 

L VS. E 0.0397 * 0.0123 * 

L VS. F <0.0001 **** 0.0107 * 

E VS. F <0.0001 **** 0.0003 *** 

Table 2| Statistical comparison of lgEC50: Using Tukey’s multiple comparison test, significance levels of the 

differences between the four representative TCRs in lgEC50 of the stimulation assays with PLP9-20 and PLP1-24 were 

calculated. ns: p ≥ 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001 

In summary, functional avidity was highest for TCR-F grey, followed by TCR-A yellow and 

TCR-L blue. It was lowest for TCR-E salmon.  
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3.3. Assessment of TCR binding characteristics using a tetramer-

based approach  

MHC-tetramers have been developed to visualize TCR-pMHC interactions by flow 

cytometry despite their relatively low affinity by using the avidity effect achieved by 

coupling multiple pMHCs. Their binding characteristics are an additional useful 

parameter to describe the TCR-pMHC interaction considering the important role of 

avidity in T cell stimulation (Holmberg et al., 2003; Savage et al., 1999). 

3.3.1. PLP1-tetramer staining capacity of TCR-F grey is considerably lower compared to 

the other representative TCRs. 

PLP1-tetramer surface staining capacity of hybridoma cells each expressing one of the 

four representative TCRs was analysed by flow cytometry (Figure 19). TCR-A yellow had 

the highest staining capacity followed by TCR-L blue and TCR-E salmon. Interestingly, 

TCR-F grey had a considerably lower staining capacity compared to the other TCRs. 

 

Figure 19| PLP1-tetramer surface staining of T hybridoma cells: PLP1-tetramer staining of hybridoma cells each 

expressing one of the four representative TCRs (color-coded: TCR-F grey; TCR-A yellow; TCR-L blue; TCR-E salmon). 

Data is generated by flow cytometry and the samples were gated on Vb6+ huCD2+ cells. All four hybridoma cell lines 

expressed comparable amounts of CD3, CD4, Vb6 and huCD2 (see 3.2.1.). 
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3.3.2. Half-life of tetramer dissociation  

Dissociation rates of the PLP1-tetramer are an 

interesting parameter that expands our 

understanding of the kinetics of the TCR-pMHC 

interactions. To measure PLP1-Tet interaction 

half-lives, hybridoma cells were first stained 

with PLP1-tetramer under precisely controlled 

conditions. Directly before long term 

measurement by flow cytometry was started, 

an excess of MHCII capturing antibody was 

added to capture unbound PLP1-tetramer. This 

prevented rebinding of dissociated tetramer to the TCRs creating a sink for unbound 

tetramer. Measurement of the decreasing mean fluorescent intensity (MFI) over time 

now allowed the calculation of the dissociation-rate of the PLP1-tetramer from the TCRs. 

After adding the MHC II capturing antibody, which marked t0 of the experiment, the 

measured MFI declined asymptotically and stabilized after approximately 10 min at a 

plateau that was significantly lower than the starting MFI0 that was measured directly 

before adding the capturing antibody. The relative order of MFI0 values that were 

measured in this experiment confirmed results of the previous experiment. The MFI0 

was highest for TCR-A yellow (3,888) followed by TCR-L blue (3,849) and TCR-E salmon 

(3,633). The MFI0 was lowest for the TCR-F grey (845) (Figure 21B). MFIPlateau was 

measured 45 min after adding the capturing antibody and ΔMFI was calculated  

(Table 3).  

Tetramer-half-life was determined by interpolation with a third order polynomial 

function and mathematical modelling (see 6.4.2.). In summary, tetramer half-life was 

highest for TCR-A yellow (374 s), followed by TCR-F grey (334 s) and TCR-E blue (253 s) 

and shortest for TCR-E salmon (199 s).  

Figure 20| Schematic representation of tetramer 

dissociation. 
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Figure 21| PLP1-tetramer dissociation: A) T hybridoma cells each expressing one of the four representative TCRs 

were stained with PLP1-tetramer. MFI0 was determined directly before an excess of MHCII capturing antibody was 

added at time point zero. This prevented rebinding of dissociated tetramer to the TCRs creating a sink for unbound 

tetramer. Measurement of the decreasing mean fluorescent intensity (MFI) over time reflected the dissociation of 

the PLP1-tetramer from the TCRs. The data was interpolated with a third order polynomial (cubic) function.  

B) MFI of tetramer measured by flow cytometry before (0) and 45 min after (Plt.) adding the MHC II capturing 

antibody. C) MFI of PLP1-Tet dissociation was normalized to corresponding MFI0 D) Half-life of tetramer dissociation. 

Lines indicate mean with SD (n ≥ 10). Data is representative for three independent experiments.  
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Table 3| Summary of mean of measured tetramer dissociation parameters: (n≥10) Data is representative for three 

independent experiments.  

Tukey's multiple comparisons test of MFI0 and half-life 

 
TCR 

p value of 
MFI0 

Summary of 
MFI0 

p value of 
half-life 

Summary of 
half-life 

A vs. L 0.9794 ns <0.0001 **** 
A vs. E 0.0189 * <0.0001 **** 
A vs. F <0.0001 **** 0.0917 ns 
L vs. E 0.0379 * 0.0108 * 
L vs. F <0.0001 **** <0.0001 **** 
E vs. F <0.0001 **** <0.0001 **** 

Table 4| Statistical comparison of MFI0 and half-life: Using Tukey’s multiple comparison test, significance levels of 

the differences between the four representative TCRs in MFI0 and half-life of the tetramer dissociation assays were 

calculated. ns: p ≥ 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001 

  

 TCR-A  
yellow 

TCR-L  
blue 

TCR-E  
salmon 

TCR-F  
grey 

MFI0 3,888 3,849 3,633 845 
MFIplateau 1,534 1,361 1,016 307 

ΔMFI 2354 2,488 2,617 538 
ΔMFI/MFI0 60.5% 64.6% 72.0% 63.6% 

half-life 373.8 253.2 199.2 334.2 
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3.4. Towards measuring TCR-PLP1-IAb interaction kinetics in situ 

using a FRET-based microscopy assay 

In vivo, both the TCR and the pMHC are embedded in complex membrane environments. 

They are influenced by cell specific factors which include forces derived from cell-cell 

contacts and membrane protein interactions as well as geometrical constraints of the 

immunological synapse. The dissociation constant in this setting is referred to as two 

dimensional (2D)-KD (Axmann et al., 2015a; Kolawole et al., 2020) (see 1.6.4). 

To describe the interactions that occur under 2D settings more accurately, Axmann et 

al. developed a system to study TCR-pMHC interactions in situ where both proteins are 

anchored in membranes and the interaction occurs across the intercellular junction 

(Axmann et al., 2015a) (see 1.6.5). In this model system, the membrane of an APC is 

mimicked by a glass supported planar lipid bilayer that is functionalized with an MHC 

complex that is labelled with a FRET acceptor. In this thesis we wanted to use this 

technology to measure in situ interaction kinetics of the four representative PLP1 

specific T cells. For this, it was necessary to generate a novel PLP1-IAb FRET construct 

that can be labelled site specifically with a FRET acceptor.  

3.4.1. PLP1-IAb has physiological stimulatory potency. 

The PLP1-IAb-tetramer (see 1.7.1) is a versatile tool to stain PLP1 reactive T cells. It is 

composed of four PLP-IAb monomers. We wondered whether this monomer can also be 

used as surrogate ligand to stimulate PLP specific T cells and could be useful as a FRET 

probe. For this, the monomeric PLP1-IAb construct was tested in different experiments. 

3.4.1.1. Plate bound PLP1-IAb monomer efficiently stimulates PLP specific T 

hybridoma cells. 

We first tested PLP1-IAb monomer stimulatory capacity. To do so, culture plates were 

coated with the monomer at varying concentrations to function as a simplified model of 

an APC. NFAT-GFP reporter T hybridoma cells expressing the four representative TCRs 

were then incubated for 12h in those prepared culture plates. After this time, GFP 

expression levels as a marker for activation were analysed by flow cytometry. 
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T hybridoma cell lines could efficiently be activated by the PLP1-IAb monomer. 

Hybridoma cells expressing TCR-F grey reacted most efficiently against PLP1-IAb 

monomer and EC50 was on average 8 ng/ml. TCR-E salmon was stimulated weakest with 

a 13-fold higher EC50 of 104 ng/ml. T hybridoma cells expressing TCR-A yellow and 

TCR-L blue demonstrated an intermediate responsiveness with an EC50 of 10 ng/ml and 

21 ng/ml, respectively (Figure 22C). As a negative control we used T hybridoma cells 

L343 expressing a TCR not specific for PLP. As expected, these cells could not be 

activated by PLP1-IAb. For comparison, a PLP1-24 peptide stimulation assay with “normal” 

(bone marrow derived) APCs was performed in parallel. Both assay systems led to the 

same functional avidity hierarchy of the representative TCRs (Figure 22A).  

 

Figure 22| PLP1-IAb monomer stimulates T hybridoma cells: Stimulation assays of NFAT-GFP reporter T hybridoma 

cells each expressing one of the four representative TCRs. T hybridoma cells were either A) “classically” stimulated 

with APCs loaded with PLP1-24 peptide or B) in wells that have been coated with PLP1-IAb monomer at varying 

concentrations. After 12 h stimulation, GFP expression as a marker for activation was analysed by flow cytometry. 

Data was interpolated with a four-parameter sigmoid dose response curve and lgEC50 was calculated. C) Calculated 

EC50 of PLP1-IAb monomer stimulation for each representative TCR is displayed. Lines und numbers indicate mean. 

Data is representative for 2 independent experiments. 

3.4.1.2. Synapse formation and Ca2+-flux upon interaction of TCR-F grey T cells with 

lipid bilayers loaded with PLP1-IAb monomer. 

We next asked whether stimulatory potency of PLP1-IAb monomer can also be observed 

in a lipid bilayer setting. To do so, PLP1-IAb monomer was labelled non-site specifically 

with an amine-reactive Alexa 647 fluorophore. Glass-supported planar lipid bilayers that 

were functionalized with adhesion molecule ICAM-1 and co-stimulatory molecule B7-1 

were loaded with the labelled PLP1-IAb monomer using an unpublished streptavidin 
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binding platform that was kindly provided by Prof. Johannes Huppa. Finally, TCR-F grey 

transgenic T cells were stained using an H57 single chain variable fragment linked to Cy3 

fluorophore (H57 scFv-Cy3) and were placed on the lipid bilayer.  

The interaction between the TCR-F grey T cells and the lipid bilayer (as a surrogate 

antigen presenting cell surface), was observed by total internal reflection (TIRF) 

microscopy. When T cells were placed on a “control” lipid bilayer without PLP1-IAb 

monomer, TCR-F grey and ICAM-1 were evenly distributed over the entire contact 

interface of the T cell and the lipid bilayer (Figure 23A). Upon interaction with a PLP1-IAb 

functionalized lipid bilayer, TCR-F grey and PLP1-IAb clustered and became surrounded 

by a ring of ICAM-1 (Figure 23B). This is often described as bull's eye arrangement which 

is the typical organization of an immunological synapse that is formed between 

activated T cells and APCs (Bromley et al., 2001; Dustin, 2014).  

We then asked whether the observed interaction also results in activation of the T cells. 

To do so, a fura-2AM based assay was used to measure the intracellular Ca2+-levels in 

the T cells as a means to verify the stimulatory potency of the functionalized lipid bilayer. 

Fura-2AM is a calcium indicator whose relative fluorescence at 340 nm vs. 380 nm is 

dependent on intracellular Ca2+ levels. This allows calculation of intracellular calcium 

concentrations based on the 340 nm/380 nm fluorescent emission ratio. Rapidly after 

contact with the functionalized lipid bilayer loaded with 70 ng PLP1-IAb monomer, 

TCR-F grey T cells displayed elevated intracellular Ca2+-levels (Figure 24A). From a total 

of 1500 cells that were observed in a steady state situation 15 min after deposition onto 

the lipid bilayer, roughly 80 % were scored as “activated” as evident from stably 

elevated intracellular Ca2+ levels. A five-fold reduction of the PLP1-IAb monomer 

concentration only slightly reduced stimulatory potency of the functionalized lipid 

bilayer (Figure 24B). Together, these observations indicated that PLP1-IAb monomer has 

physiological stimulatory potency and is well suited as a basic structure for lipid bilayer 

experiments. 



 

 

 

Figure 23| Interaction of TCR-F grey T cells with a functionalized, glass supported lipid bilayer with or without PLP1-IAb monomer: TCR-F grey on T cells was labelled using H57 scFv-Cy3. 

Interaction with a functionalized lipid bilayer (loaded with ICAM-1 and B7-1) was observed by TIRF microscopy in A) absence and in B) presence of PLP1-IAb monomer. A) When no PLP1-IAb 

monomer was present in the lipid bilayer, TCR-F grey and ICAM-1 were evenly distributed on the T cell surface and in the lipid bilayer, respectively. B) Upon presence of PLP1-IAb monomer in 

the lipid bilayer, TCR-F grey and PLP1-IAb monomer clustered and became surrounded by a ring of ICAM -1 (“bull's eye arrangement”). Pictures were generated in collaboration with Markus 

Kraller. 
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Figure 24| A lipid bilayer functionalized with PLP1-IAb monomer activates T cells: TCR-F grey T cells were labelled 

with fura-2AM to measure intracellular Ca2+ concentrations based on 340 nm/380 nm ratio. Labelled T cells were 

placed on a functionalized lipid bilayer loaded with no, 14 ng or 70 ng PLP1-IAb monomer. Upon contact of the 

T cell cells with the lipid bilayer, absorption at 340 nm and 380 nm was measured by inversed microscopy. 

A) Median 340 nm/380 nm absorption ratio was calculated. B) Based on 340 nm/380 nm ratio, 1500 cells were 

characterized as activated, oscillatory or unactivated. Data was generated in collaboration with Markus Kraller. 

3.4.2. Successful expression of three PLP1-IAb FRET constructs in Schneider cells that 

can be labelled site specifically. 

For FRET experiments, it is necessary to label PLP1-IAb monomer site specifically with 

a FRET acceptor. Commonly, thiol-reactive fluorophores as for example Alexa fluor 

647 C2-maleimide can be used for this approach. For this, it was necessary to generate 

a PLP1-IAb FRET construct with one free cysteine group at an appropriate position for 

FRET effects upon interaction with a FRET donor labelled TCR (via H57 scFv).  
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3.4.2.1. Mutation of Cys-2 in PLP1-IAb monomer does not disrupt stimulatory 

potency. 

PLP1-IAb monomer contains a free 

cysteine at position -2 (Figure 25 high-

lighted in red) of the β chain between the 

signal peptide and the PLP11-19 core 

peptide. This free cysteine would disturb 

site specific labelling. Therefore, it was 

necessary to mutate this cysteine into 

alanine for the PLP1-IAb FRET constructs. 

However, before starting the time-

consuming recombinant production of the PLP1-IAb FRET constructs we first wanted 

to test if this mutation would have a detrimental effect on stimulatory potency. For 

this, in a preliminary system the stimulatory potency of a model peptide PLPFRET which 

represents the amino acid -2 to 14 of the PLP1-IAb monomer but contains the mutated 

cysteine at position -2 was compared to PLP9-20.    

In essence, the results of stimulation assays using PLP9-20 and PLPFRET were 

comparable: Hierarchy of TCR functional avidity was not altered and calculated EC50s 

were similar between PLP9-20 and PLPFRET (Figure 26). Thus, it is unlikely that mutation 

of Csy-2 into alanine disrupts stimulatory potency of the PLP-IAb FRET constructs.  

Figure 25| Partial amino acid sequence PLP1-IAb: 

Cysteine at position -2 is highlighted in red. 
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Figure 26| Mutation of cysteine at position -2 of PLP-IAb monomer does not influence stimulatory potency: In 

vitro stimulation with A) PLP9-20 or C) PLPFRET of NFAT-GFP reporter T hybridoma cells each expressing a 

representative TCR. Data was interpolated with a four-parameter sigmoid dose response curve and lgEC50 was 

calculated. Calculated EC50 for B) PLP9-20 and D) PLPFRET stimulation of each representative TCR is displayed. Lines 

and numbers indicate mean with SD of lgEC50. Data is representative for five (PLP9-20) or three (PLPFRET) 

independent experiments. 
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3.4.2.2.  Prediction of three potential FRET acceptor fluorophore positions in 

PLP1-IAb monomer. 

Next, we predicted mutation sites in PLP-IAb monomer as anchor point for the FRET 

probe which would allow a suitable inter-dye distance. As no structural data of IAb 

binding to a TCR labelled with H57 scFv is available a crystal structure of a respective 

IEK complex (Huppa et al., 2010) was used as surrogate (Figure 27A). As optimal 

positions for the FRET acceptor are difficult to predict a priori from in silico modelling, 

we decided to generate and test three different constructs. Based on this modelling 

work, positions αS90, αG28 of the α chain and βG23 in the linker region of the β chain 

were selected as promising attachment points for the FRET acceptor. Inter-

fluorophore distance was predicted to be 35.1 Å for PLP1-IAb αG28C, 48.1 Å for 

PLP1-IAb βG23C and 51.5 Å for PLP1-IAb αS90C (Figure 27).  

 

Figure 27| Prediction of 3 potential FRET acceptor fluorophore positions in PLP1-IAb monomer: A) A composite 

crystal structure model of the MHC II IEK interacting with an H57 scFv labelled TCR was used to predict potential 

FRET acceptor fluorophore positions in the PLP1-IAb monomer and their corresponding inter-fluorophore 

distances. B) Predicted inter-fluorophore distances C) Schematic representation of the PLP1-IAb FRET constructs 

that contain one free cysteine either at position αS90 or αG28 of the α chain or at position βG23 in the linker region 

of the β chain. Furthermore, the constructs contain a BirA signal sequence that allows site-specific in vivo 

biotinylation of the α chain, a 6-His tag and a leucine zipper motif that forces the MHCII α and β chain to dimerize.  
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3.4.2.3. Successful expression of PLP1-IAb FRET constructs that can be labelled with 

Alexa Fluor 647 C2-maleimide 

Plasmids for production of the three PLP1-IAb FRET constructs that each contain only 

one free cysteine group either at position αS90 or αG28 of the α chain or at position 

βG23 in the linker region of the β chain were generated by site directed mutagenesis. 

Using Schneider S2 cells, all three Cys-modified PLP1-IAb FRET constructs could be 

expressed and purified successfully. SDS page analysis indicated high purity  

(Figure 28). This was confirmed by size exclusion chromatography using Superdex™ 

200 columns (data not shown). Notably, α and β chain were separated in the 12 % SDS 

page both under reducing and nonreducing conditions. The α chain could be identified 

by its biotinylated BirA signal sequence (Figure 29). The 6-His tag of the β chain could 

be identified by western blot staining against 6-histidine (Figure 30). After labelling 

with Alexa Fluor 647 C2-maleimide, the degree of labelling was determined. It was 

70 % for PLP1-IAb αG28C, 75 % for PLP1-IAb αS90C and 95 % for PLP1-IAb βG23C. 

 

Figure 28| 12% SDS page of PLP1-IAb FRET constructs: α chain (orange) and β chain (green) are separated both 

under reducing (right) and non-reducing (left) conditions. Picture was generated in collaboration with Markus 

Kraller.  
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Figure 29| Identification of the α chain by streptavidin shift assay: 12 % SDS page of PLP1-IAb FRET constructs 

without (left) or after (right) incubation with streptavidin. The α chain contains a biotinylated BirA signal sequence 

that binds streptavidin. Upon incubation with streptavidin, the α chain is bound by streptavidin and therefore 

increases in weight. As streptavidin has 4 binding sites, also α-chain-streptavidin multimers can be found. The 

β chain is not shifted. Picture was generated in collaboration with Markus Kraller.  

 

Figure 30| Identification of the β chain by western plot: Western plot of PLP1-IAb FRET constructs with 

anti-6-His-tag. The β chain was identified by its 6-His-tag. Picture was generated in collaboration with Markus 

Kraller. 
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3.4.3. PLP1-IAb FRET constructs were functional in vitro and in situ. 

We next wanted to test function of the novel PLP1-IAb FRET constructs. To do so, 

culture plates were coated with the PLP1-IAb FRET constructs at varying 

concentrations. Those coated wells were used to stimulate TCR-A yellow T hybridoma 

cells containing an NFAT-GFP reporter system. After 12 h of stimulation, GFP 

expression as a marker for activation was analysed by flow cytometry (Figure 31A). All 

three novel PLP-IAb FRET constructs were able to stimulate the hybridoma cells with 

an EC50 below 1 ng/ml. Furthermore, the stimulatory potency of the three PLP1-IAb 

FRET constructs were highly similar and comparable to stimulatory potency of the 

original PLP1-IAb monomer.  

To test function in the lipid bilayer system, functionalized lipid bilayers were loaded 

with PLP1-IAb FRET constructs and were used to stimulate fura-2AM labelled 

TCR-A yellow T cells. For all three PLP1-IAb-FRET constructs elevated intracellular  

Ca2+-levels were detectable and more than 64% of the T cells interacting the with 

PLP1-IAb-FRET loaded lipid bilayer were classified “activated (Figure 31B). 

 

Figure 31| PLP1-IAb constructs were functional: A) Stimulation assays of NFAT-GFT reporter T hybridoma cells 

expressing TCR-A yellow. T hybridoma cells were stimulated in wells that had been coated with PLP1-IAb FRET 

constructs at varying concentrations. After 12 h stimulation, GFP expression as a marker for activation was 

analysed by flow cytometry. Data was interpolated with a four-parameter sigmoid dose response curve. 

B) fura-2AM labelled TCR-A yellow T cells were placed on functionalized lipid bilayers that were loaded with 100 ng 

Alexa Fluor 647 C2-maleimide labelled PLP1-IAb FRET constructs. A functionalized lipid bilayer without MHC II 

functioned as control. Based on intracellular Ca2+ concentration, 1500 cells were characterized as either activated, 

oszillatory or unactivated. Ca2+-flux data was generated in collaboration with Vanessa Mühlgrabner.  
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3.4.4. PLP1-IAb FRET constructs caused only low FRET signals. 

Finally, we wanted to check if the interaction between TCR-A yellow and the novel 

PLP1-IAb-FRET constructs could be visualised by a FRET signal. To do so, interactions 

of TCR-A yellow T cells labelled with a FRET donor by H57 scFv-Cy3, and functionalized 

lipid bilayers loaded with different concentrations of the three novel PLP1-IAb FRET 

constructs, labelled with the FRET acceptor Alexa 647, were observed by TIRF 

microscopy. Despite clustering of TCRs with MHC II complexes and observed 

formation of immunological synapses, only weak FRET signals were observed even at 

high concentrations of PLP1-IAb-FRET constructs. Bulk FRET yield of an entire 

immunological synapse, determined by donor recovery after acceptor 

photobleaching, was less than 2 % (Figure 32). Unfortunately, these FRET yields were 

too low to perform any quantitative in situ affinity measurements.  

 

Figure 32| PLP1-IAb FRET constructs resulted in low FRET signals: Functionalized lipid bilayers were loaded with 

PLP1-IAb FRET constructs and interactions with H57 scFv-Cy3 labelled TCR-A yellow T cells were observed by TIRF 

microscopy. FRET yield of at least 30 interactions was determined by donor recovery after acceptor photobleaching 

at varying densities of PLP1-IAb FRET constructs. Dots and lines indicate mean with SD. Data was generated in 

collaboration with Vanessa Mühlgrabner.  
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4. Discussion 

4.1. TCR affinity measurements by SPR were prevented by 

postinduction toxicity of the αTCR-F grey protein to E. coli. 

Through repertoire comparisons of mice that are tolerant or non-tolerant to PLP, the 

Klein lab identified four representative TCRs that function either as PLP dependent 

deleters or PLP dependent Treg cell converters. Aim of this thesis was to investigate if 

TCR intrinsic binding parameters specify the cell fate decision between negative 

selection and clonal diversion. To do so, we wanted to use SPR spectroscopy to 

measure kinetics of TCR-PLP1-IAb interactions. For this approach soluble TCRs were 

needed.  

Three out of four TCRα chains and the common β chain could be expressed 

successfully in E. coli (Figure 11). Unfortunately, expression of the deleter αTCR-F grey 

proved challenging and was not achieved. Information regarding the properties of this 

TCR would be crucial for a comprehensive TCR affinity analysis to cover a broad 

spectrum of tolerance behaviours.  

Rare codon usage and protein toxicity are well described potential causes of 

insufficient protein expression in E. coli (Saida, 2007). Rare codon usage describes the 

fact that some codons are rarely used in E. coli and only small amounts of 

corresponding transfer-RNAs (tRNAs) are expressed. This problem can normally be 

overcome by optimisation of codon usage for common tRNAs or by using special E. coli 

strains as for instance Rosetta 2(DE3) that contain tRNAs for rare codons. However, 

neither of these two approaches nor the combination of both rescued αTCR-F grey 

expression (see 3.1.2). This makes it unlikely that the insufficient expression is a 

problem of rare codon usage.  

Protein toxicity is more complex and toxic proteins can interfere in multiple ways with 

the physiological metabolism of E. coli. Typical expression protocols consist of two 

phases: growth phase and induction phase. During the growth phase, cells are 

propagated in LB medium. During this phase, it is important to keep the recombinant 
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gene under repressive conditions to prevent interference of the recombinantly 

expressed gene product with vital functions of the bacteria. In this thesis this was 

achieved in a dual way: The T7 RNA polymerase that facilitates production of the 

recombinant gene, is produced in the E. coli BL21(DE3) host strain under the control 

of the IPTG-inducible lac UV5 promoter (Studier & Moffatt, 1986). Additionally, a lac 

repressor that can be inactivated by IPTG, inhibits transcription of the recombinant 

protein by binding to a lac operator in the T7 promoter region of the pET-30a(+) 

vector. Both mechanisms ensure particularly low basal transcription of the 

recombinant gene during growth phase. This is a well-established transcription system 

that has been used to produce a large variety of different proteins (Saida, 2007). 

Despite this dually controlled expression system, leaky expression of toxic proteins 

can sometimes result in loss of the protein encoding plasmid and overgrowth of 

plasmid free bacteria during the growth phase. However, we observed similar growth 

rates of αTCR-F grey and αTCR-E salmon transformed E. coli cultures before induction 

(Figure 12). Furthermore, we measured high plasmid stability quotients (Figure 13) 

that were similar for both TCRs. This indicates that maintaining the plasmid during 

growth phase was not the critical problem that caused the insufficient expression of 

αTCR-F grey.  

In the subsequent induction phase, expression of the recombinant gene is induced. 

Addition of IPTG to the bacteria culture triggers expression of the T7 RNA polymerase 

and relieves inhibition of the lac repressor. This leads to transcription of the 

recombinant protein (Saida, 2007). However, toxic proteins may severely interfere 

with bacterial functions upon induction before a sufficient amount of recombinant 

protein is produced (Saida, 2007). We observed that shortly after induction with IPTG 

αTCR-F grey E. coli cultures collapsed (Figure 12). Furthermore, we measured high 

toxicity quotients, defined as the ratio of colony counts on LB-agar plates with and 

without IPTG, for αTCR-F grey close to 100 % in BL21(DE3) E. coli stains (Figure 13). 

This strongly suggests that toxicity of αTCR-F grey is the reason for its insufficient 

recombinant protein expression.  

To overcome postinduction toxicity, several approaches were tested. For instance, we 

extensively altered expression conditions (see 3.1.4) to achieve a slower but 
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metabolically better controlled and more effective expression. Furthermore, we 

tested expression in toxicity tolerant OverExpressTM strains (see 3.1.5) that have been 

reported to be better suited for expression of toxic proteins as they show a slower 

rate of mRNA accumulation (Dumon-Seignovert et al., 2004; Miroux & Walker, 1996). 

However, none of these approaches to overcome postinduction toxicity of αTCR-F 

grey in E. coli were successful.  

In essence, we concluded that changing the expression system to an eucaryotic 

system might be a more promising approach to successfully express αTCR-F grey. For 

instance, soluble TCRs have been successfully expressed in insect cells using 

baculovirus transfection (Kappler et al., 1994) or in human HEK293 cells (Walseng et 

al., 2015). These approaches also have the advantage that production in eukaryotic 

cells allows post-translational modifications. Expression in eucaryotic cells will 

hopefully overcome the toxicity problem of TCR-F grey and allow affinity 

measurements by SPR spectroscopy.  
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4.2. TCR functional avidity defines the size of the clonal Treg cell 

conversion niche. 

In vivo the interaction between a T cell and an APC is not only affected by the 

TCR-pMHC interaction but also involves many costimulatory factors and adhesion 

molecules, all of which may play a role in signal integration . We wanted to investigate 

how the four TCRs of intrest influence T cell function. To do so, the TCRs were 

expressed in T hybridoma cells and their functional avidity was measured by in vitro 

peptide stimulation assays. We could show that the T hybridoma cells expressing the 

four representative TCRs could be stimulated by PLP peptide but not by peptides 

unrelated to the PLP11-19 core epitope (e.g., LLO). This indicates that the TCRs of 

interest are indeed specific for PLP.  

4.2.1. Higher maximal activation plateaus with PLP1-24 

For evaluation of the stimulatory potency of the four representative TCRs we used 

both a longer PLP1-24 and a shorter PLP9-20 peptide. We were interested in the influence 

of the neighbouring amino acids of the PLP11-19 core epitope. The same relative 

functional avidity hierarchy was measured with both peptides. Yet, we observed that 

stimulation with the longer PLP1-24 peptide led to higher maximal activation plateaus 

(Figure 18 C&F). This was particularly significant for the two TCRs of lower functional 

avidity (TCR-L blue and TCR-E salmon). One potential explanation for this observation 

could be that the four representative TCRs recognize different target-epitopes of PLP. 

However, we deem this unlikely as we found the same stimulation hierarchy for both 

the longer PLP1-24 and the shorter PLP9-20 peptide indicating that the core epitope is 

present in both peptides. Another explanation could be that the longer peptide is 

more efficiently processed for presentation on APCs (Germain, 1994). Indeed, it is 

known that in MHC II the antigen binding groove is open ended, so longer peptides 

can extend beyond it (Brown et al., 1993). As a result, peptides presented on MHC II 

typically have a range between 12-24 residues (Chicz et al., 1992; Hunt et al., 1992; 

Rudensky et al., 1991). The 12 amino acid long PLP9-20 peptide represents the lower 

length-limit for presentation on MHC II. The 24 amino acid long PLP1-24 peptide is 

potentially more efficiently processed and/or loaded onto MHC II through direct 
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exchange of MHC II bound peptides on the surface, so that higher peptide densities 

on APCs might be achieved using this peptide. These explanations provide possible 

reasons for the higher plateaus. 

4.2.2. Correlation between TCR functional avidity and the mode of tolerance 

Peptide stimulation assays revealed a reproducible TCR functional avidity hierarchy. 

TCR-F grey had the highest, TCR-E salmon had the lowest functional avidity and 

TCR-A yellow and TCR-L blue had an intermediate responsiveness (Figure 18 B/E): 

 

Figure 33| TCR functional avidity hierarchy: TCR functional avidity hierarchy was based on measured EC50 in PLP 

stimulation assays of T hybridoma cells expressing the representative TCRs. The classification of tolerance induction 

against PLP of the representative TCRs is based on the repertoire analysis by Hassler et al. (Hassler et al., 2019). 

We wanted to examine how TCR function correlates with the results of the repertoire 

analysis of PLP1 specific T cells (Hassler et al., 2019) (see 1.7.1). Comparative analysis 

revealed interesting correlations (Figure 33). TCR-F grey, which was classified as a 

deleter TCR as it was mostly absent from the PLP tolerant peripheral repertoire albeit 

being abundant in the uncensored repertoire, had the highest functional avidity. This 

is in line with a key prediction of the “affinity” model of thymocyte selection which 

suggests that strong thymic interaction causes negative selection by apoptosis (Klein 

et al., 2014). For the TCRs of lower functional avidity, negative selection could not be 

observed in the repertoire analysis. This is reminiscent of the well-defined functional 

avidity threshold for negative selection observed for CD8+ T cells (Naeher et al., 2007).  

TCR entities of intermediate functional avidity, TCR-A yellow and TCR-L blue, 

represented the most efficient converter TCRs. Yet, TCR-A yellow was more frequent 



 

64 

in the Treg cell compartment than TCR-L blue. TCR-E salmon, which had the lowest 

functional avidity of the representative TCRs, was only insufficiently converted into 

the Treg cell compartment. Overall, the frequency of the converter TCRs in the Treg cell 

repertoire correlated with their relative functional avidity rather than with their 

abundancy in the uncensored repertoire of thymic precursor cells. This was observed 

both in the peripheral Treg cell compartment and in the nascent thymic Treg cell 

compartment. This makes it likely that the correlation between TCR functional avidity 

and presence in the Treg compartment is not only a result of a survival advantage of 

more self-reactive T cells in the periphery but reflects different efficiency of Treg cell 

lineage induction in the thymus based on functional avidity itself.  

One possible explanation for this phenomenon could be a limited Treg developmental 

“niche” as for instance proposed by Bautista et al. They examined Treg cell 

development of a natural occurring thymic TCR clone G113. This TCR is of unknown 

specificity yet seems to confer self-reactivity based on the observation that G113 TCR 

expressing cells proliferate when adoptively transferred into lymphopenic and 

nonlymphopenic hosts. Unexpectedly, in G113 TCR-transgenic Rag-/- mice Bautista et 

al. hardly found any thymic Treg cells which was in apparent contradiction to the 

findings in a polyclonal setting. This rose the question if polyclonality was crucial for 

effective Treg cell development. Using G113 TCR-transgenic/WT bone marrow 

chimeras at different ratios, thereby reducing the frequency of G113 expressing cells 

within an otherwise polyclonal pool of “bystander” T cells, they showed that the 

efficiency of Treg cell development was negatively correlated to the clonal frequency 

of precursors expressing the G113 TCR. With increasing precursor cell numbers, the 

absolute number of G113 expressing Treg cells reached a plateau (Bautista et al., 2009). 

This strongly suggested that Treg cell precursors compete for a limiting niche during 

Treg cell development. Similar approaches came to the same conclusion (Leung et al., 

2009). However, the nature of this “niche” is still a matter of active debate. Availability 

of rare selecting antigens and co-stimulation factors e.g., interleukin-2, are discussed 

to be of importance (Klein et al., 2019; Lio & Hsieh, 2008).  

Our findings in an oligoclonal setting indicate that TCR functional avidity correlates 

with Treg cell diversion efficiency. This is consistent with the results of previous 
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experiments by Lee et al. in a bone marrow chimera setting (Lee et al., 2012). They 

assessed efficiency of Treg cell generation of a panel of TCRs with a broad range of 

reactivity to OVA when the transgenic TCR is present at low frequency. To do so they 

transferred TCR-transgenic/WT bone marrow chimera into mice expressing OVA 

under the control of the insulin promoter. Analysis of the number of Treg cells that 

were generated demonstrated that the capability of TCRs to mediate Treg cell 

generation was proportional to their functional avidity. This is in line with our findings 

that the size or efficiency of the Treg cell diversion “niche” increases with TCR 

functional avidity. A distinctive feature of the oligoclonal setting used here is that all 

representative T cells are selected in parallel i.e., these cells with different TCRs 

compete for access to APCs and potentially any other determinant of the limiting Treg 

cell niche. Furthermore, whereas the OVA-specific bone marrow chimera setting 

involved an artificial model of a tissue restricted antigen (OVA expression under 

control of the insulin promotor), we here investigated TCRs specific for PLP i.e., a 

naturally occurring and physiologically expressed tissue restricted antigen. This makes 

the results of our comparative approach particularly significant.  

Based on these observations, we developed a model to explain the correlation 

between TCR functional avidity and size of the Treg cell conversion niche: For central 

tolerance induction it is crucial that the selecting peptide is presented on thymic APCs 

in particular on medullary thymic epithelial cells (mTEC) (Aschenbrenner et al., 2007; 

Klein et al., 1998; Oukka et al., 1996). The ectopic expression of otherwise tissue 

restricted antigens e.g., PLP, in the thymus is controlled by AIRE in a process called 

promiscuous gene expression. Interestingly, each tissue restricted antigen is only 

expressed on a small fraction of mTECs (1-3 % in a protein approach (Cloosen et al., 

2007) and 2-15 % in an mRNA based approach (Derbinski et al., 2008)). This 

observation suggests that promiscuous gene expression may entail stochastic 

processes (Anderson & Su, 2016; Derbinski et al., 2008; Villaseñor et al., 2008). In 

addition to the paucity of cells expressing a given tissue restricted antigen, it is likely 

that the density of MHC ligands that present this antigen may vary between APCs 

(Figure 34). Furthermore, we assume that TCRs of low functional avidity can only be 

stimulated by APCs presenting a high concentration of antigen while TCRs of high 
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functional avidity can also be stimulated by APCs presenting a low surface density. As 

a consequence, for T cells expressing a TCR of high functional avidity there is a larger 

number of thymic APCs that can activate T cells and thereby initiate Treg cell 

conversion.  We propose that the number of APCs that can activate T cells expressing 

a specific TCR is the determining factor of Treg cell conversion niche size. This model 

therefore could explain the correlation between Treg cell induction efficiency and TCR 

functional avidity.  

 

Figure 34| Niche size for Treg cell development correlates with TCR functional avidity: Density of tissue restricted 

antigen presented on APCs are hypothesized to be statistically distributed. According to this model, Treg diversion 

niche size correlates with the number of APCs that present a corresponding antigen at a density sufficient to trigger 

Treg cell induction. TCRs of low functional avidity can only be activated by APCs presenting a high concentration of 

antigen while TCRs of high functional avidity can also be stimulated by APCs presenting a low surface density. 

Therefore, T cells expressing a TCR with high functional avidity have a larger Treg diversion niche size than T cells 

expressing a TCR with low functional avidity.  
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4.3. Biophysical characterisation of the T cell-APC interaction 

We proposed a model that explains the correlation between functional avidity and 

niche size for Treg cell conversion. Yet, it still remains elusive what parameters specify 

the observed threshold between negative selection of TCR-F grey with highest 

functional avidity and the efficient Treg cell conversion of TCR-A yellow with an only 

slightly lower functional avidity. We therefore investigated the binding characteristics 

of the four representative TCRs towards PLP1-IAb using different biophysical methods. 

We were interested if this could explain the different modes of tolerance of T cells 

expressing either of these TCRs.  

First, we used the PLP1-tetramer for binding characterisation. Unexpectedly, the 

deleter TCR-F grey, despite displaying the highest functional avidity, displayed a 

significantly lower PLP1-tetramer staining capacity compared to the other TCRs of 

interest (Figure 19). There are several explanations that may account for this 

observation. First, T hybridoma cells could express different amounts of TCR. 

However, this is highly unlikely as we verified by flow cytometry that all hybridoma 

cells expressed similar amounts of the common β chain and huCD2 (a marker for the 

individual α chain that could not be stained directly due to a lack of a corresponding 

antibody) (Figure 17). Second, tetramer technology is based on increasing TCR avidity 

by providing up to four pMHC complexes. Binding of one arm of the tetramer alters 

the binding kinetics of the other arms as is brings the tetramer and the T cell into 

closer proximity but might also result in steric tension (Stone et al., 2001). Those 

effects might be different between TCR-F grey and the other TCRs of interest as 

TCR-F grey contains the variable region TRAV9N-3*01 instead of TRAV6D-6*01 that is 

used by all the other representative TCRs. Those variable regions slightly differ in 

primary and secondary structure. Measurements of TCR affinity by SPR would be 

necessary to rule out an artifact caused by the specific tetramer structure. Finally, 

TCR-F grey might indeed have a lower TCR affinity despite its high functional avidity. 

This would contradict the affinity model of thymocyte selection predicting that TCRs 

which are negatively selected, have a higher affinity than TCRs which are converted 

into the Treg cell compartment. Several reports demonstrated that tetramer binding 

capacity and TCR affinity measured by SPR spectroscopy do not necessarily correlate 
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with T cell function (al-Ramadi et al., 1995; Baker et al., 2000; Kersh et al., 1998). As a 

consequence, additional factors dictating central tolerance induction would need to 

be taken into considerations. 

For example, the fate decision might be influenced by the TCR-pMHC binding kinetics 

rather than TCR affinity itself. This is reminiscent of the kinetic proofreading model 

that was developed to predict T cell function based on TCR-pMHC binding half-life. 

The model suggests that sufficiently long TCR binding times are necessary to complete 

intracellular signalling cascades leading to T cell activation (Edwards et al., 2012; 

McKeithan, 1995; Stepanek et al., 2014; Yousefi et al., 2019). 

As a preliminary approach to characterize TCR-pMHC interaction kinetics, 

PLP1-tetramer binding half-lives were determined. Tetramer binding half-lives of 

TCR A yellow, TCR-L blue and TCR-E salmon correlated well with the functional avidity 

hierarchy. Yet, TCR-F grey, despite its higher functional avidity, tended (p=0,09) to 

have a lower PLP1-Tet binding half-life than TCR-A yellow (Figure 21). At first glance 

this contradicts the kinetic proofreading model of T cell activation. However, the 

tetramer dissociation experiment has an extremely complex interaction kinetic that is 

not only influenced by the TCR-PLP1-IAb interaction but also by the avidity of the 

multiple interaction sites of the PLP1-tetramer and the binding kinetic of the capturing 

antibody. This makes an interpretation of tetramer dissociation experiments difficult 

in particular as the staining capacity of TCR-F grey is significantly lower in comparison 

to TCR-A yellow. SPR would be the better suited technology to determine isolated 

TCR-pMHC binding half-lives. Unfortunately, the establishment of this technology 

turned out to be challenging as it was not possible to produce the critical TCR-F grey 

in E. coli due to toxicity (4.1).  

Another explanation for the apparent discrepancy of a lower PLP1-tetramer binding 

half-life of TCR-F grey but higher functional avidity in comparison to TCR-A yellow 

could be that such in vitro systems do not reflect cellular forces that influence 

interaction kinetics in vivo. Recently, there is accruing evidence that T cell function is 

better predicted by in situ interactions kinetics measured when both the TCR and the 

pMHC are anchored in membranes and the interaction occurs across the intercellular 

junction. In particular there have been several reports about “catch-bonds” being 
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critical for effective T cell activation (Hong et al., 2015; Liu et al., 2014). Catch bonds 

show unconventional kinetics where application of mechanical forces on a TCR-pMHC 

interaction counter-intuitively leads to a prolongation of bond lifetime. This is in 

contrast to a classic slip bond, where mechanic tensions decreases bond lifetime 

(reviewed in (Kolawole et al., 2020).  

 

Figure 35| catch vs. slip bonds: A) When increasing force is applied to a TCR-pMHC catch bond, bond lifetime 

increases until a tipping point is reached. Further increasing force above this point leads than to decreased bond 

lifetime. B) In contrast, increasing force on a slip bond continuously decreases bond lifetime. Figure was adapted 

from Kolawole et al. (Kolawole et al., 2020). 

It would be interesting to investigate if the deleter TCR-F grey forms a catch bond with 

PLP1-IAb. This would be a potential explanation for the observed highest functional 

avidity despite the lower in vitro tetramer dissociation half-life. Formation of a catch 

bond could also be the decisive parameter determining the fate decision between Treg 

conversion und negative selection.  

4.3.1. Towards measuring TCR-PLP1-IAb interactions in situ using a FRET based 

microscopic assay. 

To measure in situ TCR-pMHC interaction kinetics under more physiological conditions 

we aimed to establish a FRET based microscopic assay based on the experimental 

setting described by Axmann et al. (Axmann et al., 2015a). To do so it was necessary 

to develop a novel PLP1-IAb FRET construct that can be labelled site specifically with a 

FRET acceptor fluorophore. In our hands the PLP1-IAb-tetramer already proved to be 

a versatile tool to stain PLP1 reactive T cells. We now wondered if the PLP1-IAb 
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monomer is suited as a basic structure for the FRET probe. First, we verified 

stimulatory potency of the PLP1-IAb monomer coated on the surface of culture plates. 

Using the PLP1-IAb monomer as a surrogate ligand, the same stimulatory hierarchy for 

the representative TCRs was observed as in the peptide stimulation assays (Figure 22). 

This strongly indicates that the additional structural motifs in the monomer (biotin 

tag, 6-histidine tag, the leucin zipper and the linker) have no negative influence on the 

binding characteristics of PLP1-IAb. We next studied the interaction of PLP1 specific 

T cells with a functionalized lipid bilayer loaded with the PLP1-IAb monomer. A “bull's 

eye arrangement” with clustered TCRs and pMHC in the centre surrounded by a ring 

of ICAM-1 could be observed microscopically (Figure 23). This indicated formation of 

an immunological synapse. Finally, we proved by intracellular Ca2+-flux measurement 

that functionalized lipid bilayer loaded with the PLP1-IAb monomer can activate PLP1 

specific T cells (Figure 24). In conclusion, we could demonstrate that the PLP1-IAb 

monomer is a good surrogate ligand and is well suited as a basic structure for FRET 

experiments.  

Next it was necessary to label the PLP1-IAb monomer site specifically with a FRET 

acceptor fluorophore. As no structural data of IAb binding to a TCR labelled with H57 

scFv is available a crystal structure of a respective IEK complex was used as surrogate 

to predict three mutation sites as anchor point for the FRET probe which would allow 

a suitable inter-dye distance (Figure 27). The corresponding three PLP1-IAb FRET 

constructs were successfully expressed in S2 Schneider cells at high yields. This was 

demonstrated by SDS page in combination with biotin shift assay to verify expression 

of the alpha chain (Figure 29) and Western blot to prove expression of the beta chain 

(Figure 30). All PLP1-IAb FRET constructs were able to stimulate T hybridoma cells 

in vitro (Figure 31A) and T cells in situ demonstrated by Ca2+ flux measurements 

(Figure 31B). This confirmed functionality of all three PLP1-IAb FRET constructs. In a 

final step all three constructs could sufficiently be labelled with the FRET acceptor 

Alexa Fluor 647 C2-maleimide (3.4.2.3) providing three functional, labelled constructs 

for FRET experiments.  

We next examined the interaction between T cells labelled with a FRET donor by H57 

scFv and a functionalized lipid bilayer loaded with either one of the three PLP1-IAb 
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FRET constructs (Figure 32). Despite the proven functionality of the three PLP1-IAb 

FRET constructs only low FRET yields were measured. FRET yields were highest (2 %) 

with the PLP1-IAb FRET αG28C construct. Unfortunately, this was too low for any 

quantitative in situ affinity analysis. For this, a FRET yield of at least 10 % for an 

agonistic interaction would have been necessary (Huppa et al., 2010). 

Low FRET yields are a rather common problem in FRET based systems, particularly 

when complex intermolecular interactions are observed (Aoki et al., 2013; Fritz et al., 

2013; Miyawaki, 2011). One reason for this difficulty is that both the distance and 

orientation of donor and acceptor fluorophore influence FRET efficiency.  

 

Figure 36| Principle of FRET: During FRET, a donor fluorophore transfers energy to an acceptor fluorophore 

through dipole–dipole coupling. A) FRET yield is dependent on the distance and B) the relative orientation of the 

donor and acceptor fluorophore. Figure was adapted from Aoki et al. (Aoki et al., 2013). 

Although we had to use a surrogate model to predict the inter-dye distances, we are 

confident that the inter-dye distance is not the limiting factor as IAb and IEK are highly 

similar in general tertiary structure. However, a general downside of in silico modelling 

is that the orientation of the FRET fluorophores cannot be reliably predicted a priori 

(Aoki et al., 2013). Hence, FRET yield has to be improved through multiple rounds of 

trial and error. For this new fluorophore attachment points in the PLP1-IAb constructs 

need to be investigated. For example, mutation of G20 of the α chain, in close 

proximity to the most efficient αG28C mutation, or of G14 of the β chain, in closer 

proximity to the PLP1 peptide, might be promising candidates for further experiments.  
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5. Conclusion and Outlook 

By repertoire comparisons of mice that are tolerant or non-tolerant to PLP, the Klein 

lab identified four TCRs that behave either as PLP dependent deleters or PLP 

dependent Treg converters. Aim of this thesis was to investigate which TCR intrinsic 

binding parameters specify the cell fate decision between negative selection and 

clonal diversion. Our findings are in line with a model in which tolerance induction is 

mediated by TCR functional avidity. Negative selection was associated with high 

functional avidity above a certain threshold. For Treg cell induction, below this 

threshold, we found a positive correlation between TCR functional avidity and Treg cell 

induction efficiency. It is thought that Treg cell conversion depends on a limited “niche” 

but the nature of this “niche” is still a matter of debate. We propose that this “niche” 

is the number of APCs able to activate Treg precursor cells. Those APCs present 

selecting peptides at surface densities which we assume to be stochastically 

distributed across the individual APCs. TCRs of low functional avidity can only be 

stimulated by APCs presenting a high concentration of antigen while TCRs of high 

functional avidity can also be stimulated by APCs presenting a low surface density. As 

a consequence, for T cells expressing a TCR of high functional avidity there is a larger 

number i.e., “niche”, of thymic APCs that can activate T cells and by this initiate Treg 

cell conversion.  This model therefore could explain the correlation between Treg cell 

induction efficiency and TCR functional avidity.  

Yet, it still remains elusive what parameters specify the observed threshold between 

negative selection and Treg cell conversion. We therefore investigated the binding 

characteristics of the four representative TCRs towards PLP1-IAb using different 

biophysical methods. First, we used the PLP1-tetramer as a surrogate ligand for 

binding characterisation. Analysis of tetramer staining capacity and tetramer 

dissociation half-lives did not lead to a conclusive explanation of the fate decision. For 

a more comprehensive analysis of the TCR-pMHCs interaction, measurements of in 

vitro affinity by SPR and in situ 2D interaction kinetics by an experimental setup based 

on FRET would be highly interesting. Unfortunately, establishment of SPR experiments 

was prevented by postinduction toxicity of TCR-F grey and FRET experiments were 
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limited by low FRET yields. Nevertheless, we successfully expressed three out of four 

soluble TCRs of interest and proved general feasibility of the FRET experiment with 

PLP1-IAb. This lays the foundation for further optimisation of these assay systems. 

Elucidation of the mechanisms of central tolerance induction is of great importance 

for understanding development of autoimmune diseases like multiple sclerosis. This 

work contributed to a better understanding of the biophysical mechanisms that 

control central tolerance induction. We hope that this will ultimately help to 

understand failures of tolerance induction. This might finally allow early identification 

and prophylactic treatments of patients at risk for developing autoimmune diseases. 

This would be a great improvement for patient’s health and quality of life.  
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6. Methods & Material 

6.1. Protein production 

6.1.1. Overexpression of soluble TCRs in inclusion bodies of E. coli 

6.1.1.1. Creation of vectors for expression of soluble TCRs  

α and β TCR chains of the soluble TCRs were expressed in bacteria as chimeric 

proteins. The TCR specific V domains were fused to a human constant α/β region 

obtained from LC13 T cells, a clone of a human cytotoxic T cell (Newell et al., 2011). 

The first two amino acids of the constant domains are conserved between humans 

and mice and functioned as a linker between the mouse variable and the human 

constant region. To achieve solubility of the complexes, TCR transcription was 

designed to stop directly before the position where the α and β chain normally form 

an interchain disulphide bond. Furthermore, the free cysteine at position 186 of the 

Cβ domain was replaced by an alanine (Clements et al., 2002). This is a common 

approach to increase efficiency of TCR expression and refolding (Pecorari et al., 1999; 

van Boxel et al., 2009).  

For bacterial overexpression in inclusion bodies, the secretory signal peptide that, in 

eukaryotes, targets its passenger proteins for translocation across the endoplasmic 

reticulum, must be removed. To predict the signal peptide sequence, the Phobius-

algorithm of the Stockholm bioinformatics center (http://phobius.sbc.su.se) and the 

SignalP 4.1 algorithm (Petersen et al., 2011) were used.  

Gene fragments encoding the signal peptide depleted α chains of TCR-A yellow, 

TCR-E salmon, TCR-F grey and TCR-L blue, and the TCR-PLP1 common β chain were 

moderately codon optimized for expression in E. coli using the IDT® codon 

optimization tool (https://eu.idtdna.com/CodonOpt). Final gene fragments (see 7.1) 

were ordered from IDT® and then cloned using the enzymes Nde1 and Hind3 (in 

NEBuffer 2.1 New England BioLabs) into the pET-30a(+) expression vector (Novagen). 

Integrity of the plasmids was checked by gel electrophoresis and sequencing.  
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6.1.1.2. Transformation of E. coli 

Transformation of E. coli was performed by heat shock at 42 °C. For this, competent 

bacteria were thawed on ice. 10-50 ng plasmid were added to 50 µl competent 

bacteria solution and the mixture was incubated for 30 minutes on ice. Heat shock 

was performed in a 42 °C water bath for 45 s for OverExpress™ cells, and for 60 s for 

BL21(DE3) and Rosetta™ 2(DE3) cells. After heat shock, bacteria were directly 

returned to ice for 2 minutes. After bacteria cooled down, 250 µl prewarmed TYM 

medium was added and bacteria were placed into a shaking incubator for 1 h at 180 

rpm and 37 °C for recovery. Afterwards, bacteria were placed on LB-agar plates 

containing the appropriate selection-antibiotic (30 µg/ml kanamycin for pET-30a(+) 

vector) and were incubated for 14 h at 37 °C. Colonies of successfully transformed 

bacteria were picked. Successful transformation was double checked by sequencing.  

6.1.1.3. Overexpression in E. coli and inclusion body isolation 

For production of the soluble TCR chains, a protocol based on the approach published 

by Clements et al. (Clements et al., 2002) was used. One colony of successfully 

transformed bacteria was picked and preincubated in 4 ml LB medium with 30 µg/ml 

kanamycin for 14 h. If not mentioned differently, all incubation steps were performed 

in a shaking incubator at 180 rpm at 37 °C. The inoculate was diluted into 1 l LB 

medium with 30 µg/ml kanamycin and was grown to an OD600 = 0.6. Protein induction 

was induced by adding 1 mM IPTG. IPTG activates the T7 RNA polymerase that is 

encoded in the genome of the competent bacteria and relieves the lac repressor that 

inhibits T7 transcription of the recombinant protein by binding to a lac operator in the 

T7 promoter region of the pET-30a(+) vector. For overexpression of protein in 

inclusion bodies, E. coli were incubated for another 4 hours. Afterwards, bacteria were 

pelleted and resuspended in 5ml resuspension buffer.  

For isolation of inclusion bodies, bacteria were lysed by adding 22.5 ml lysis buffer. 

Then, sonication was performed for 3 min (pulsed) on ice using a Branson sonifier®. 

Inclusion bodies were isolated by centrifugation at 4 °C, 10,000 rpm for 15 min in a 

Sorvall® SA-600 rotor. The pellet was resuspended in 30 ml wash buffer, homogenised, 

and centrifuged again. This washing step was repeated four times. A final washing step 
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was performed with 30 ml wash buffer 2. Afterwards, inclusion bodies were 

resuspended in 2 ml extraction buffer. Successful protein production was confirmed 

by Coomassie blue-stained SDS page. 

6.1.2.  Production and purification of labelled PLP1-IAb FRET in Drosophila S2 cells 

For FRET experiments, IAb loaded with PLP11-19 must be labelled site specifically with 

Alexa Fluor® 647. For this, a free cysteine is needed. As PLP-IAb already contains a free 

cysteine at position -2 of the beta chain and this would disturb site specific labelling 

Cys-2 was mutated into alanine for the PLP1-IAb FRET constructs. Three PLP1-IAb FRET 

constructs with new free cysteines at different positions were produced: 

Name Description α chain vector β chain vector 

IAb alpha G28C glycine at position 28 
of the alpha chain 
was mutated to 
encode a cysteine 

pRMAHa-3 IAb 
alpha G28C 

pRMAHa-3 IAb 
beta PLP1  
C-2A 

IAb alpha S90C serine at position 90 
of the alpha chain 
was mutated to 
encode a cysteine.  

pRMAHa-3 IAb 
alpha S90C 

pRMAHa-3 IAb 
beta PLP1  
C-2A 

IAb beta linker G23C glycine at position 23 
in the linker attached 
to the beta chain was 
mutated to encode a 
cysteine.  

pRMAHa-3 IAb 
alpha 

pRMAHa-3 IAb 
beta PLP1  
C-2A + linker 
G23C 

Table 5| PLP1-IAb FRET constructs. 

In all constructs, the cysteine at Position -2 of the β chain which would disturb site 

specific labelling, was mutated into an alanine.  

6.1.2.1. Plasmid generation by site directed mutagenesis using polymerase chain 

reaction (PCR) 

Plasmids encoding the PLP1-IAb FRET constructs were generated by site directed 

mutagenesis using polymerase chain reaction (PCR), as described before (Cormack, 

2001). Source vectors pRMAHa-3 IAb alpha and pRMAHa-3 IAb beta PLP1 encoding 

the PLP1-IAb α and β chain, respectively, were kindly provided by Dr. Tobias Hassler.  
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The following primers were used for site directed mutagenesis: 

pRMAHa-3 IAb alpha G28C 

Primer: IAbα G28C fwd.: 
5’ TAAGTGTATATCAGTCTCCTtgtGACATcGGCCAGTACACATTTGAATT 

Primer: IAbα G28C ass.: 
5’ AATTCAAATGTGTACTGGCCgATGTCacaAGGAGACTGATATACACTTA 

Source vector: pRMAHa-3 IAb alpha  

pRMAHa-3 IAb alpha S90C 

primer: IAbα S90C fwd. 
5’ TTGGGAGTCTTGACTAAGAGaTCtAATtgtACCCCAGCTACCAATGAGGC 

primer: IAbα S90C ass. 
5’ GCCTCATTGGTAGCTGGGGTacaATTaGAtCTCTTAGTCAAGACTCCCAA 

Source vector: pRMAHa-3 IAb alpha  

pRMAHa-3 IAb beta PLP1 C-2A  

Primer: IAb PLP1 C-2A fwd. 
5’ GCAGCCCCGGGACCGAAGGagctCTGGTGGGCGCGCCGTTTGC 

Primer: IAb PLP1 C-2A ass. 
5’ GCAAACGGCGCGCCCACCAGagctCCTTCGGTCCCGGGGCTGC 

Source vector: pRMAHa-3 IAb beta PLP1  

pRMAHa-3 IAb beta PLP1 C-2A + linker G23C 

Primer: IAbβ PLP1 linkerG23C fwd. 
5’ CTAGTGGCGGTGGAAGTGGCtgcagTGAAAGGCATTTCGTGTACC 

Primer: IAbβ PLP1 linkerG23C ass. 
5’ GGTACACGAAATGCCTTTCActgcaGCCACTTCCACCGCCACTAG 

Source vector: pRMAHa-3 IAb beta PLP1 C-2A 
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6.1.2.2. Production of PLP1-IAb constructs in Gibco® Drosophila S2 Cells 

Production and purification of PLP1-IAb constructs was performed as previously 

published (Moon et al., 2007) using a protocol of Mark Jenkins’ laboratory 

(http://www.jenkinslab.umn.edu/Jenkins_Lab_2/protocols.html “Jenkins Lab MHC 

Class II tetramer Production Protocol - 01.08.2016”) that describes the process in great 

detail. In summary, Drosophila S2 cells were transfected with vectors encoding the IAb 

α and β chain by calcium phosphate transfection. In vivo biotinylation was achieved 

by co-transfection with an expression plasmid for the E. coli BirA enzyme. A drug 

resistance gene was encoded on a separate plasmid and was transfected at 10 % the 

amount of the other genes. This limited the extent of cells gaining drug resistance 

without expressing the genes of interest. Selection of successfully transfected cells 

was performed using blasticidin. Cells were upscaled and protein expression was 

induced by adding 0.8 mM copper, activating a copper-inducible promoter. PLP1-IAb 

construct was enriched from cell culture supernatant via nickel affinity 

chromatography targeting the 6His tag on the C-terminus of the MHC II β chain. The 

protein was further purified using a monomeric avidin column targeting the biotin tag 

on the C-terminus of the MHCII α chain and was eluted with excess of biotin. Free 

biotin was removed by washing using an Amicon Ultra-15 column (Millipore) with a 

molecular weight cut-off of 30 kD. The purified PLP1-IAb constructs were stored 

at -80 °C. 

6.2. Protein analytics 

6.2.1. SDS polyacrylamide gel electrophoresis (SDS page) 

SDS page gels were composed of a 4.5 % stacking and a 15 % separation gel. For the 

separation gel, 5 ml separation gel buffer, 10 ml 29.2 % acrylamide/ 0.8 % bis-

acrylamide and 5 ml H2O were mixed. Polymerization was started by adding 100 µl of 

10 % tetramethylethylendiamine and 100 µl of 10 % ammoniumpersulfate. The 

mixture was vortexed and then quickly poured between two glass plates. The top of 

the gel was layered with isopropanol and the separation gel was left to polymerize for 

30 min. Afterwards, isopropanol was carefully removed. For the stacking gel, 2.5 ml 

http://www.jenkinslab.umn.edu/Jenkins_Lab_2/protocols.html
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stacking gel buffer, 1.5 ml 29.2 % acrylamide/ 0.8 % bis-acrylamide and 6.0 ml H20 

were mixed. Polymerization was started by adding 100 µl 10 % tetramethyl-

ethylendiamine and 100 µl 10 % ammoniumpersulfate. Mixture was vortexed and 

then quickly poured onto the separation gel. Combs were put into the gel and the gel 

was left to polymerize for another 30 min. The finished gels were stored in wet towels 

at 5 °C.  

Samples from soluble TCR production were prepared in 1x reducing sample buffer and 

were preheated to 95 °C for 5 min. Samples from IAb production were prepared in 

unreducing 1x Lam’s sample buffer or 1x reducing sample buffer. 

Gels were placed in a vertical electrophoresis cell with 1x SDS-running buffer, samples 

were loaded onto the gel and the gel was run at 175 V for approximately 1 h. 

After gel electrophoresis, gels were either stained with Coomassie brilliant blue or 

were used for Western blot.  

6.2.2. Western blot and Immunodetection 

For Western blot, a PVDF Western blotting membrane (Roche) was activated for 1 min 

in 5 ml methanol and afterwards was equilibrated in 1x Western blot transfer buffer 

for 5 min. 6 blotting paper sheets (Whatman) were soaked with 1x Western blot 

transfer buffer and all components were placed in an LKB 2117 Multiphor II 

electrophoresis unit in the following order: 

Cathode carbon pad 
3x blotting paper sheets (Whatman) 
SDS page gel 
PVDF Western blotting membrane (Roche) 
3x blotting paper sheets (Whatman) 
Anode carbon pad 

Proteins were blotted at 80 mA, 50 V for 120 min. Afterwards, the membrane was 

blocked by incubation in Western blot blocking solution for 30 min.  

For immunodetection, the membrane was incubated with horseradish peroxidase 

labelled antibody [10 µg/ml] for 12 h at 4 °C in Western blot staining solution. 

Excessive antibody was removed by washing three times for 30 min with 7.5 ml 
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Western blot wash buffer. For protein detection, the membrane was incubated with 

SuperSignal® West Pico chemiluminescent substrate (Thermo Scientific) as described 

in the manufacturer’s manual. Chemiluminescence was detected with an RP NEW 

medical x-ray screen (CEA) using an Optimax® X-Ray Film Processor (ProTec) or with 

an iBright CL750 Western Blot Imaging System (ThermoFisher).  

6.3. Stimulation assays of T hybridoma cells 

6.3.1. General cell culture methods  

Unless specified differently, T hybridoma cells were cultured at 37 °C supplemented 

with 10 % CO2 in complete DMEM (cDMEM) medium containing 8 % FCS. Cells were 

split when 60-80 % confluent at a 1:6 ratio.  

6.3.1.1. T hybridoma cell generation 

T hybridoma cells expressing the four representative TCRs were generated as 

previously published (Hassler et al., 2019) and were kindly provided by Christine 

Federle. In brief, TCRα chains were sub-cloned into the lentiviral vector FUGW 

harbouring human (hu)CD2 as a marker for effective transduction. The virus was 

produced into the supernatant of HEK293FT cells. Complete lentivirus was collected 

and used for transfection of BW58 NFAT-GFP reporter hybridoma cells (Hooijberg et 

al., 2000) stably expressing the common TCRβ chain.  

6.3.1.2. Preparation of bone-marrow derived dendritic cells (BmDC) 

BmDC were obtained from C57BL/6 mice carrying the differential Ptprca pan leukocyte 

marker commonly known as CD45.1 that is used to unambiguously separate the BmDC 

that are needed for stimulation from the cells of interest. Mice were euthanized by 

CO2 asphyxiation. Both hind legs were surgically removed and cleaned from muscles. 

Bones were stored in PBS for transport. After sterilization of the bones in 70 % ethanol 

for 1 min, bones were carefully disintegrated in a mortar. Bone marrow cells were 

resuspended in 2 ml PBS and were passed through a nylon cell strainer. Cells were 

pelleted by centrifugation at 500 g for 5 min and red blood cells were lysed by 
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incubation in 1 ml ACK buffer for 4 min. After two washing steps, cells were placed in 

cIMDM with 10 ng/ml granulocyte/macrophage-colony-stimulation-factor (GM-CSF) 

in uncoated Petri dishes of 10 cm diameter at a concentration of 0.2x106 /ml and a 

starting volume of 10 ml. The primary cells were cultured for 8 days at 37 °C 

supplemented with 7 % CO2. On day 3, the culture volume was increased to 20 ml. On 

day 8, BmDCs were matured by addition of 300 ng/ml E. coli derived LPS. The next 

day, BmDC were harvested. 5 mM EDTA was used to remove cells from the Petri dish. 

Before freezing the BmDC, cells were irradiated with 20 gray and the quality of the 

BmDC was monitored using flow cytometry.  

6.3.2. Peptide stimulation assay of T hybridoma cells 

TCR functional avidity was assessed by stimulating 1.5x105 T hybridoma cells 

expressing the TCR of interest with titrated amounts of peptide in the presence of 

8×104 congenically marked BmDCs in cIMDM. As a positive control, T hybridoma cells 

were stimulated TCR independently with AntiCD3 antibody. As a negative control, an 

unrelated peptide (OVA) was applied. Cultures were incubated for 19 h at 37 °C 

supplemented with 7 % C02 in a 96-well round bottom microtiter plate. After 

stimulation, the T hybridoma cells were fixated in 1 % PFA and analysed by flow 

cytometry. Analysis focused on CD45.1- Vb6+ huCD2+ cells. Applied gating strategy is 

depicted in Figure 37.  

The T hybridoma cells contain an NFAT-GFP reporter system with a dynamic range of 

GFP expression. To assess functional avidity, the relative amount of GFP+ cells was 

plotted against lg(peptide concentration). Logarithm was used to account for serial 

dilution. Data was interpolated with a four-parameter sigmoid dose response curve 

and lgEC50 of the stimulant (peptide or antibody) was calculated. EC50 is the 

concentration of the stimulant which induces a response halfway between the 

baseline and maximum response (Figure 38).  
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Figure 37| Gating strategy of stimulation assays: FSC-A and SSC-A was used to gate for living T hybridoma cells. 

Analysis was focused on CD45.1- cells to eliminate congenically marked BmDC and on hybridoma cells efficiently 

expressing the complete TCR composed of a common β chain βTCR-PLP1 that can be stained with antiVb6 antibody, 

and an individual αTCR. huCD2 was used as a marker for efficiently αTCR transfected hybridoma cells. Finally, 

relative amount of GFP+ cells was assessed.  

 

Figure 38| Calculation of half effective concentration: T hybridoma cells containing an NFAT-GFP reporter system 

were stimulated with titrated amounts of peptide. Relative amount of GFP+ cells was plotted against log10 of 

peptide concentration as depicted in this schematic representation. Data was interpolated with a four-parameter 

sigmoid dose response curve and lgEC50 was calculated as indicated. 
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6.3.3. PLP1-IAb stimulation assay of T hybridoma cells 

96-well cell culture plates were coated with 50 µl PBS containing PLP1-IAb at varying 

concentrations for 6 h. As a negative control, culture plates were coated with no 

MHC II complex or with IAb loaded with an PLP unrelated peptide (LLO). After coating 

was completed, wells were washed three time with PBS to remove uncoated proteins. 

Afterwards, 1.5x105 T hybridoma cells in 200 µl cIMDM were added. Cultures were 

incubated for 12 h at 37°C supplemented with 7% C02. After stimulation, the T 

hybridoma cells were fixated in 1 % PFA and analysed by flow cytometry. Analysis was 

performed as described before for peptide stimulation assays.  

  



 

84 

6.4. Tetramer assays 

PLP1-tetramer was produced in our laboratory as previously published (Hassler et al., 

2019) and was kindly provided by Dr. Tobias Hassler.  

6.4.1. Tetramer staining 

T hybridoma cells were incubated with 10 nM PLP1-tetramer in FACS buffer in the 

presence of 5 µg/ml AntiCD3 for 30 min at 25 °C and afterwards for 60 min at 4 °C.  

6.4.2. Tetramer dissociation assay  

T hybridoma cells were stained with 10 nM PLP1-tetramer. After 2 washing steps with 

cold FACS buffer, cells were resuspended in 450 µl cold dissociation buffer containing 

2 % FCS, 2 mM EDTA and 3.3 µg/ml IAb capturing antibody (M5/114.15.2, to prevent 

rebinding) in PBS. PLP1-tetramer dissociation was studied by flow cytometry. Only 

T hybridoma cells expressing huCD2 (as a marker for expression of the specific TCRα 

chain) were included. PLP1-tetramer MFI of the T hybridoma cells over time was 

recorded and data was interpolated with a third order polynomial function: 

𝑀𝐹𝐼(𝑡) = 𝑀𝐹𝐼0  +  𝐵1 ∗ 𝑡 + 𝐵2 ∗ 𝑡2  +  𝐵3 ∗ 𝑡3 

 

Figure 39| Schematic representation of tetramer dissociation. 
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MFIPlateau was measured after 45 min and ΔMFI was calculated: 

𝛥𝑀𝐹𝐼 = 𝑀𝐹𝐼0 − 𝑀𝐹𝐼𝑃𝑙𝑎𝑡𝑒𝑎𝑢  

PLP1-tetramer half-life t1/2 was calculated by solving the following equation: 

𝑝𝑙𝑎𝑡𝑒𝑎𝑢 + 𝛥𝑀𝐹𝐼/2 = 𝑀𝐹𝐼0  +  𝐵1 ∗ 𝑡 1/2 + 𝐵2 ∗ 𝑡 1/2
2  +  𝐵3 ∗ 𝑡 1/2

3 

{𝑡 1/2 ∈ ℝ| 𝑡1/2 > 0} 

If more than one solution is possible, t1/2 is the smallest solution.  

6.5. Lipid bilayer experiments 

Lipid bilayer experiments, including Ca2+ flux measurements and FRET experiments, 

were performed as previously published in detail by Axmann et al. (Axmann et al., 

2015a, 2015b). A brief description of the experimental setting can be found in the 

introduction (see 1.6.5). 

6.6. Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 9.1. Details are 

displayed in the figure legends.  

6.6.1.  Statistical analysis of stimulation assays 

To account for serial dilution of the stimulant, statistical evaluation was performed 

using log(10)EC50. For multi comparison analysis of lgEC50, Tukey's multiple 

comparisons test was used based on the following assumptions: 

• Experiments were repeated several times. Each time several treatments were 

handled in parallel. Since experiment-to-experiment variability was 

anticipated, data was analysed in such a way that each experiment was treated 

as a matched set. 

• Gaussian distribution was assumed. 

• Sphericity was assumed as data represented sets of matched observation. 

• There were no missing values. 
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• For multiple comparison, mean of lgEC50 of each representative TCR was 

compared with mean of lgEC50 of every other TCR. 

• Statistical significance was defined using an alpha value of 0.05. 

6.6.2. Statistical analysis of tetramer dissociation experiments 

For multi comparison analysis of MFI0 and half-life of tetramer dissociation 

experiments, Tukey's multiple comparisons test was used based on the following 

assumptions: 

• Experiments were repeated several times. Each time several treatments were 

handled in parallel. Since experiment-to-experiment variability was 

anticipated, data was analysed in such a way that each experiment was treated 

as a matched set. 

• Gaussian distribution was assumed. 

• Sphericity was assumed as data represented sets of matched observation. 

• As some values were missing due to random experimental failures (e.g., 

malfunction of the flow cytometer) a mixed effects model was used. 

• For multiple comparison mean of MFI/half-life of each representative TCR was 

compared with mean of MFI/half-life of every other TCR. 

• Statistical significance was defined using an alpha value of 0.05. 
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6.7. Materials 

6.7.1. Chemicals 

Common chemicals were acquired from Roche and Merck unless otherwise 

mentioned. 

6.7.2. Antibodies  

For flow cytometry 

Epitop Clone 

CD3 17A2 
CD4 RM4-5 
CD45.1 A20 
CD8Α 53-6.7 
HUCD2 RPA-2.10 
TCR VΒ6 RR4-7 

Conjugates with different fluorochromes were purchased from BioLegend or BD. 

For protein analysis 

Epitop Clone Manufacturer 
6-HIS TAG HIS.H8 ThermoFisher 

Antibody was labelled with horseradish peroxidase. 

6.7.3. Enzymes 

Enzyme Manufacturer 

Hind III Pharmacia Biotech 
Nde I Fermentas 
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6.7.4. Plasmids 

Plasmid Source Description 

p18 BirA  M. Jenkins Encodes for BirA enzyme which mediates 
biotinylation of the BirA signal sequence 
(Beckett et al., 1999) of the IAb α chain. 

pCoBlast M. Jenkins Encodes for a resistance gene for 
Basticidin under control of the copia 
promotor for expression in S2 cells.  

pET-30a(+) Novagen Was used for production of soluble TCRs 
in E. coli. Contains a T7 RNA polymerase 
based expression system. (Vector map see 
7.1.6) 

pRMAHa-3 IAb alpha  T. Hassler Encodes for the IAb α chain 
pRMAHa-3 IAb beta 
PLP1 

T. Hassler Encodes for the IAb β chain loaded with 
PLP11-19. 

6.7.4.1. Expression systems 

Bacterial strain  Manufacturer 

BL21(DE3) Competent E. coli New England BioLabs Inc.  
Gibco® Drosophila S2 Cells  Thermofisher Scientific  
OverExpress C41(DE3)  Lucigen 
OverExpress C41(DE3) pLys Lucigen 
OverExpress C43(DE3)  Lucigen 
OverExpress C43(DE3) pLys Lucigen 
Rosetta™ 2(DE3) Merck 
SoloPack® Gold Competent Cells Agilent Technologies 

6.7.5. Commercial kits 

Kit Manufacturer 

Alexa Fluor™ 647 C2 Maleimide ThermoFisher 
MinElute PCR Purification Kit  Qiagen 
SuperSignal® West Pico 
Chemiluminescent Substrate 

ThermoFisher 

Zero Blunt® PCR cloning kit Invitrogen 
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6.7.6. Instruments 

Instrument Trade name Manufacturer 

Bacterial incubator Avantgard Line 56 BD 
Cell culture incubator HERAcell 240 ThermoFischer 
Centrifuge Multigufe X3R Heraeus 
Electrophoresis Cell LKB 2117 Multiphor II LKB/Pharmacia 
Flow cytometer FACS Canto II BD 
Flow cytometer plate 
reader 

CytoFLEX S Beckman Coulter 

High speed centrifuge RC6+ centrifuge Sorvall 
Incubation shaker Innova 44 Brunswick 
Sonicator Branson sonifier® Branson Sonic Power Co. 
Spectrophotometer BioPhotometer Eppendorf 
Vertical Electrophoresis 
Cell 

TetraCell BioRad 

Water bath Isotemp 220 ThermoFisher 
Western Blot Imaging 
System 

iBright CL750 ThermoFisher 

6.7.7. Programs 

Program Task Manufacturer 

FlowJo v10 Flow cytometry data 
analysis 

BD 

Prism 9.1 statistics GraphPad 

6.7.8. Buffers and Solutions 

Buffers & solutions Ingredients 
ACK buffer 0.15 M NH4Cl 

10 mM KHCO3 
0.1 mM EDTA 
Adjust the pH to 7.2-7.4 

Extraction buffer  
 

20 mM Tris pH 8.0 
8 M urea 
0,5 mM EDTA 
1 mM DTT 

FACS buffer PBS containing 
2 % (v/v) FCS 
2 mM EDTA 

Lam’s sample buffer (4x) 60 % (v/v) Glycerol 

200 mM Tris HCl pH 6.8  
30 µg/ml Bromphenol-blue  
in H2O 
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Buffers & solutions Ingredients 

PBS 0,15 M NaCl, 
3,0 mM KCl 
8,0 mM Na2HPO4 
2,0 mM KH2PO4 
pH adjusted to 7.2-7.4 

Reducing sample buffer (3x) 85 mM Tris HCl pH 6.8 
11,4 % (v/v) Glycerol 
2,9 % (w/v) SDS 
0,05 % (w/v) Bromphenolblue 
in H20 

Resuspension buffer 50 mM Tris pH 8.0 
25 % (w/v) sucrose 
1 mM EDTA 
10 mM DTT 
0,2 mM PMSF 
1 µg/ml pepstatin A 

SDS-Running buffer (10x) 0,25 M Tris HCl pH 6 
1,9 M Glycine 
35 mM SDS 
in H20 

Separation gel buffer 1.5 M Tris pH 8,8 
0,4 % SDS 
in H2O 

Stacking gel buffer 0.5 M Tris pH 6,8 
0,4 % SDS 
In H2O 

Wash buffer 50 mM Tris pH 8.0 
0,5 % (v/v) Triton X-100 
100 mM NaCl 
1 mM EDTA 
1 mM DTT 
0,2 mM PMSF 
1 µg/ml pepstatin A 

Wash buffer 2 50 mM Tris pH 8.0 
1 mM EDTA 
1 mM DTT 
0,2 mM PMSF 
1 µg/ml pepstatin A 

Western Blot blocking solution 5 % (w/v) milk powder 
in PBS with 0.05 % Tween 20 

Western Blot staining solution 0,5 % (w/v) milk powder 
in PBS 

Western Blot Transfer buffer (1x) 8 % (v/v) Methanol 
in 1x SDS-Running buffer 

Western Blot wash buffer 0,5 % (w/v) milk powder 
in PBS with 0.05 % Tween 20 
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6.7.9. Cell culture media 

Medium Ingredients 

cDMEM 8% (v/v) Fetal calf serum (heat-
inactivated, 54 °C for 35 min) (Merck) 
2 % (v/v) L-Glutamin (Gibco) 
1 % (v/v) Penicillin (10.000U/ml)/ 
Streptomycin (10.000 g/ml) (Gibco)  
1 % (v/v) MEM non-essential amino 
acids (100x) (Gibco) 
0,1 % [v/v] β-Mercaptoethanol (Gibco) 
in Dulbecco's Modified Eagle Medium 
(Gibco) 

cIMDM  8 % (v/v) Fetal calf serum (heat-
inactivated, 54°C for 35min) (Merck) 
2 % (v/v) L-Glutamin (Gibco) 
1 % (v/v) Penicillin (10.000 U/ml)/ 
Streptomycin (10.000 g/ml) (Gibco)  
1 % (v/v) MEM non-essential amino 
acids (100x) (Gibco) 
0,1 % [v/v] β-Mercaptoethanol (Gibco) 
in Iscove's Modified Dulbecco's Medium 
medium (Gibco) 

LB agar plate  2 % (w/v) LB medium (Lennox)  
1,5 % (w/v) Agar 
in H20 

LB medium 2 % (w/v) LB medium (Lennox)  
in H20 
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7. Supplement  

7.1. Cloning sequences for soluble TCR production 

mouse variable domain 
human constant domain 
conserved linker region 

7.1.1. αTCR-A yellow 

Protein sequence: 
MGDSVTQTEGPVTVSESESLIINCTYSATSIAYPNLFWYVRYPGEGLQLLLKVITAGQKGSSRGFE
ATYNKETTSFHLQKASVQESDSAVYYCALGAPGGYKVVFGSGTRLLVSPDIQNPDPAVYQLRDS
KSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWSNKSDFACANAFN
NSIIPEDTFFPSPESS* 
 
DNA sequence: 
NdeI site 
CATATGGGAGATTCCGTGACTCAAACAGAAGGCCCAGTGACCGTCTCAGAAAGCGAGAGC
CTGATCATTAATTGCACGTATTCAGCCACAAGCATTGCTTACCCTAATCTTTTCTGGTATGTT
CGCTATCCTGGAGAAGGTCTGCAACTCTTACTGAAAGTCATTACGGCTGGCCAGAAGGGAA
GCAGCCGCGGGTTTGAAGCCACATACAATAAAGAAACCACCTCCTTCCACTTGCAGAAAGC
CTCAGTGCAAGAGTCAGACTCGGCTGTGTACTACTGTGCTCTGGGTGCCCCCGGAGGCTAT
AAAGTGGTCTTTGGAAGTGGGACTCGCTTGCTGGTAAGCCCTGACATCCAGAACCCGGATC
CTGCCGTGTACCAGCTGCGCGACAGCAAATCCAGTGACAAGTCTGTCTGCTTATTCACCGAT
TTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCGGATGTGTATATCACAGACAAATG
TGTGCTGGACATGCGTTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAA
AGCGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCC
GAGCCCAGAGAGCTCGTAAGCTT 
HindIII site 
BamHI site 
 

7.1.2. αTCR-L blue 

Protein sequence: 
MGDSVTQTEGPVTVSESESLIINCTYSATSIAYPNLFWYVRYPGEGLQLLLKVITAGQKGSSRGFE
ATYNKETTSFHLQKASVQESDSAVYYCALGSPGGYKVVFGSGTRLLVSPDIQNPDPAVYQLRDS
KSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWSNKSDFACANAFN
NSIIPEDTFFPSPESS* 
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DNA sequence: 
NdeI site 
CATATGGGAGATTCCGTGACTCAAACAGAAGGCCCAGTGACCGTCTCAGAAAGCGAGAGC
CTGATCATTAATTGCACGTATTCAGCCACAAGCATTGCTTACCCTAATCTTTTCTGGTATGTT
CGCTATCCTGGAGAAGGTCTGCAACTCTTACTGAAAGTCATTACGGCTGGCCAGAAGGGAA
GCAGCCGCGGGTTTGAAGCCACATACAATAAAGAAACCACCTCCTTCCACTTGCAGAAAGC
CTCAGTGCAAGAGTCAGACTCGGCCGTGTACTACTGTGCTCTGGGTTCTCCTGGAGGCTATA
AAGTGGTCTTTGGAAGTGGGACTCGCTTGCTGGTAAGCCCTGACATCCAGAACCCGGATCC
TGCCGTGTACCAGCTGCGCGACAGCAAATCCAGTGACAAGTCTGTCTGCTTATTCACCGATT
TTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCGGATGTGTATATCACAGACAAATGT
GTGCTGGACATGCGTTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAAA
GCGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCG
AGCCCAGAGAGCTCGTAAGCTT 
HindIII site 
BamHI 

7.1.3. TCR-E salmon 

Protein sequence: 
MGDSVTQTEGPVTVSESESLIINCTYSATSIAYPNLFWYVRYPGEGLQLLLKVITAGQKGSSRGFE
ATYNKETTSFHLQKASVQESDSAVYYCALGGPGGYKVVFGSGTRLLVSPDIQNPDPAVYQLRDS
KSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWSNKSDFACANAFN
NSIIPEDTFFPSPESS* 
 
DNA sequence: 
NdeI site 
CATATGGGAGATTCCGTGACTCAAACAGAAGGCCCAGTGACCGTCTCAGAAAGCGAGAGC
CTGATCATTAATTGCACGTATTCAGCCACAAGCATTGCTTACCCTAATCTTTTCTGGTATGTT
CGCTATCCTGGAGAAGGTCTGCAACTCTTACTGAAAGTCATTACGGCTGGCCAGAAGGGAA
GCAGCCGCGGGTTTGAAGCCACATACAATAAAGAAACCACCTCCTTCCACTTGCAGAAAGC
CTCAGTGCAAGAGTCAGACTCGGCTGTGTACTACTGTGCTCTGGGTGGCCCTGGAGGCTAT
AAAGTGGTCTTTGGAAGTGGGACTCGCTTGCTGGTAAGCCCTGACATCCAGAACCCGGATC
CTGCCGTGTACCAGCTGCGCGACAGCAAATCCAGTGACAAGTCTGTCTGCTTATTCACCGAT
TTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCGGATGTGTATATCACAGACAAATG
TGTGCTGGACATGCGTTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAA
AGCGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCC
GAGCCCAGAGAGCTCGTAAGCTT 
HindIII site 
BamHI 
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7.1.4. TCR-F grey 

Protein sequence: 
HMQSVTQPDARVTVSEGASLQLRCKYSYFGTPYLFWYVQYPRQGLQLLLKYYPGDPVVQGVN
GFEAEFSKSNSSFHLRKASVHWSDWAVYFCAVSSNTNTGKLTFGDGTVLTVKPNIQNPDPAVY
QLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWSNKSDFAC
ANAFNNSIIPEDTFFPSPESS* 
 
DNA sequence: 
Non codon optimized version:  
NdeI site 
catatgCAGTCAGTGACGCAGCCCGATGCTCGCGTCACTGTCTCTGAAGGAGCCTCTCTGCAG
CTGAGATGCAAGTATTCCTACTTTGGGACACCTTATCTGTTCTGGTATGTCCAGTACCCGCG
GCAGGGGCTGCAGCTGCTCCTCAAGTACTATCCAGGAGACCCAGTGGTTCAAGGAGTGAAT
GGCTTTGAGGCTGAGTTCAGCAAGAGTAACTCTTCCTTCCACCTGCGGAAAGCCTCTGTGCA
CTGGAGCGACTGGGCTGTaTACTTCTGTGCTGTGAGCTCCAACACCAATACAGGCAAATTAA
CCTTTGGGGATGGGACCGTGCTCACAGTGAAGCCAAACATCCAGAACCCGGATCCTGCCGT
GTACCAGCTGCGCGACAGCAAATCCAGTGACAAGTCTGTCTGCTTATTCACCGATTTTGATT
CTCAAACAAATGTGTCACAAAGTAAGGATTCGGATGTGTATATCACAGACAAATGTGTGCT
GGACATGCGTTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAAAGCGA
CTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCGAGCCC
AGAGAGCTCGTAAGCTT 
HindIII site 
BamHI 
 
Moderatly codon optimized version: 
NdeI site 
CATATGCAGTCAGTGACGCAGCCCGATGCTCGCGTCACTGTCTCTGAAGGAGCCTCTCTGCA
GCTGCGCTGCAAGTATTCCTACTTTGGGACACCTTATCTGTTCTGGTATGTCCAGTACCCGC
GCCAGGGGCTGCAGCTGCTCCTCAAGTACTATCCAGGAGACCCAGTGGTTCAAGGAGTGAA
TGGCTTTGAGGCTGAGTTCAGCAAGAGTAACTCTTCCTTCCACCTGCGTAAAGCCTCTGTGC
ACTGGAGCGACTGGGCTGTATACTTCTGTGCTGTGAGCTCCAACACCAATACAGGCAAATT
AACCTTTGGGGATGGGACCGTGCTCACAGTGAAGCCAAACATCCAAAACCCGGATCCTGCC
GTGTACCAGCTGCGCGACAGCAAATCCAGTGACAAGTCTGTCTGCTTATTCACCGATTTTGA
TTCTCAAACAAATGTGTCACAAAGTAAGGATTCGGATGTGTATATCACAGACAAATGTGTGC
TGGACATGCGTTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAAAGCGA
CTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCGAGCCC
AGAGAGCTCGTAAGCTT 
HindIII site 
BamHI 
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Strongly codon optimized version: 
NdeI site 
CATATGCAGTCAGTGACGCAGCCCGATGCGCGCGTCACTGTCTCGGAAGGTGCCTCACTGC
AGCTGCGCTGCAAGTATAGTTACTTTGGCACCCCTTATCTGTTCTGGTATGTCCAGTACCCGC
GCCAGGGCCTGCAGCTGTTGCTGAAGTACTATCCGGGTGATCCGGTAGTTCAAGGAGTGAA
TGGCTTTGAAGCGGAATTCAGCAAGAGTAATTCGTCATTCCATCTGCGTAAAGCCTCGGTTC
ACTGGAGCGATTGGGCGGTATACTTCTGTGCGGTTAGCTCCAACACCAATACGGGCAAATT
AACCTTTGGCGATGGGACCGTGCTTACTGTTAAGCCAAATATCCAAAACCCGGATCCTGCCG
TGTACCAGCTGCGCGACAGCAAATCCAGTGACAAGTCTGTCTGCTTATTCACCGATTTTGAT
TCTCAAACAAATGTGTCACAAAGTAAGGATTCGGATGTGTATATCACAGACAAATGTGTGCT
GGACATGCGTTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAAAGCGA
CTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCGAGCCC
AGAGAGCTCGTAAGCTT 
HindIII site 
BamHI 

7.1.5. βTCR PLP1 

Protein sequence: 
MDGGIITQTPKFLIGQEGQKLTLKCQQNFNHDTMYWYRQDSGKGLRLIYYSITENDLQKGDLSE
GYDASREKKSSFSLTVTSAQKNEMAVFLCASSIQGGNTEVFFGKGTRLTVVEDLKNVFPPEVAVF
EPSEAEISHTQKATLVCLATGFYPDHVELSWWVNGKEVHSGVCTDPQPLKEQPALNDSRYALSS
RLRVSATFWQNPRNHFRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRAD* 
 
DNA sequence: 
NdeI site 
CATATGGATGGTGGCATCATTACTCAGACACCCAAATTCCTGATTGGTCAGGAAGGGCAAA
AACTGACCTTGAAATGTCAACAGAATTTCAATCATGATACAATGTACTGGTACCGCCAGGAT
TCAGGGAAAGGATTGCGTCTGATCTACTATTCAATTACTGAAAACGATCTTCAAAAAGGCG
ATCTGTCTGAAGGCTATGATGCGTCTCGTGAGAAGAAGTCATCTTTTTCTCTCACTGTGACA
TCTGCCCAGAAGAACGAGATGGCCGTTTTTCTCTGTGCCAGCAGTATTCAGGGAGGAAACA
CAGAAGTCTTCTTTGGTAAAGGAACCCGTCTCACAGTTGTAGAGGATTTAAAAAACGTGTTC
CCACCCGAGGTCGCTGTGTTTGAGCCATCAGAAGCAGAGATCTCCCACACCCAAAAGGCCA
CACTGGTATGCCTGGCCACAGGCTTCTACCCCGACCACGTGGAGCTGAGCTGGTGGGTGAA
TGGGAAGGAGGTGCACAGTGGGGTCTGCACAGACCCGCAGCCCCTCAAGGAGCAGCCCGC
CCTCAATGACTCCCGTTACGCCCTGAGCAGCCGCCTGCGTGTCTCGGCCACCTTCTGGCAGA
ACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGAATGACGAGTG
GACCCAGGATCGCGCCAAACCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGGCGCGC
AGACTAAGCTT 
HindIIIsite 
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7.1.6. pET-30a (+) vector map (Novagen) 
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7.2. Peptide sequences of myelin proteolipid protein (PLP) 

PLP: 
MGLLECCARC LVGAPFASLV ATGLCFFGVA LFCGCGHEAL TGTEKLIETY FSKNYQDYEY 
LINVIHAFQY VIYGTASFFF LYGALLLAEG FYTTGAVRQI FGDYKTTICG KGLSATVTGG 
QKGRGSRGQH QAHSLERVCH CLGKWLGHPD KFVGITYALT VVWLLVFACS AVPVYIYFNT 
WTTCQSIAFP SKTSASIGSL CADARMYGVL PWNAFPGKVC GSNLLSICKT AEFQMTFHLF 
IAAFVGAAAT LVSLLTFMIA ATYNFAVLKL MGRGTKF 
 
PLP1-24: 
GLLECCARCL VGAPFASLVA TGLC 
Molar mass: 2368 g/mol 
 
PLP9-20: 
CLVGAPFASL VA 
Molar mass: 1147 g/mol 
 
PLPFRET: 
ALVGAPFASL VAGGSC 
Molar mass: 1420 g/mol 
  



 

98 

7.3. Protein sequences of FRET-IAb constructs 

7.3.1. α chains: 

begin crystal structure 
end crystal structure 
linker 
acidic leucine zipper 
BirA singal sequence 

7.3.1.1. IAb α (original sequence) 

MLSLCGGEDDIEADHVGTYGISVYQSPGDIGQYTFEFDGDELFYVDLDKKETVWMLPEFGQLA
SFDPQGGLQNIAVVKHNLGVLTKRSNSTPATNEAPQATVFPKSPVLLGQPNTLICFVDNIFPPVI
NITWLRNSKSVADGVYETSFFVNRDYSFHKLSYLTFIPSDDDIYDCKVEHWGLEEPVLKHWEPEI
PAPMSELTETGGGGSTTAPSAQLEKELQALEKENAQLEWELQALEKELAQGGSGGSGLNDIFEA
QKIEWHE* 

7.3.1.2. I-Ab α G28C 

MLSLCGGEDDIEADHVGTYGISVYQSPCDIGQYTFEFDGDELFYVDLDKKETVWMLPEFGQLAS
FDPQGGLQNIAVVKHNLGVLTKRSNSTPATNEAPQATVFPKSPVLLGQPNTLICFVDNIFPPVINI
TWLRNSKSVADGVYETSFFVNRDYSFHKLSYLTFIPSDDDIYDCKVEHWGLEEPVLKHWEPEIPA
PMSELTETGGGGSTTAPSAQLEKELQALEKENAQLEWELQALEKELAQGGSGGSGLNDIFEAQ
KIEWHE* 

7.3.1.3. I-Ab α S90C 

MLSLCGGEDDIEADHVGTYGISVYQSPGDIGQYTFEFDGDELFYVDLDKKETVWMLPEFGQLA
SFDPQGGLQNIAVVKHNLGVLTKRSNCTPATNEAPQATVFPKSPVLLGQPNTLICFVDNIFPPVI
NITWLRNSKSVADGVYETSFFVNRDYSFHKLSYLTFIPSDDDIYDCKVEHWGLEEPVLKHWEPEI
PAPMSELTETGGGGSTTAPSAQLEKELQALEKENAQLEWELQALEKELAQGGSGGSGLNDIFEA
QKIEWHE* 
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7.3.2. β chains: 

PLP11-19 (C-2 to A) 
linker 
begin crystal structure 
end crystal structure 
linker 
basic leucine zipper 
His6 – tag 

7.3.2.1. I-Ab β PLP1 

MALQIPSLLLSAAVVVLMVLSSPGTEGCLVGAPFASLVAGGGGTSGGGSGGSERHFVYQFMGE
CYFTNGTQRIRYVTRYIYNREEYVRYDSDVGEHRAVTELGRPDAEYWNSQPEILERTRAELDTVC
RHNYEGPETHTSLRRLEQPNVVISLSRTEALNHHNTLVCSVTDFYPAKIKVRWFRNGQEETVGV
SSTQLIRNGDWTFQVLVMLEMTPRRGEVYTCHVEHPSLKSPITVEWRAQSESAWSKGGGGST
TAPSAQLKKKLQALKKKNAQLKWKLQALKKKLAQHHHHHH* 

7.3.2.2. I-Ab β PLP1 C-2A 

MALQIPSLLLSAAVVVLMVLSSPGTEGALVGAPFASLVAGGGGTSGGGSGGSERHFVYQFMGE
CYFTNGTQRIRYVTRYIYNREEYVRYDSDVGEHRAVTELGRPDAEYWNSQPEILERTRAELDTVC
RHNYEGPETHTSLRRLEQPNVVISLSRTEALNHHNTLVCSVTDFYPAKIKVRWFRNGQEETVGV
SSTQLIRNGDWTFQVLVMLEMTPRRGEVYTCHVEHPSLKSPITVEWRAQSESAWSKGGGGST
TAPSAQLKKKLQALKKKNAQLKWKLQALKKKLAQHHHHHH* 

7.3.2.3. I-Ab β PLP1 C-2A linker G23C 

MALQIPSLLLSAAVVVLMVLSSPGTEGALVGAPFASLVAGGGGTSGGGSGCSERHFVYQFMGE
CYFTNGTQRIRYVTRYIYNREEYVRYDSDVGEHRAVTELGRPDAEYWNSQPEILERTRAELDTVC
RHNYEGPETHTSLRRLEQPNVVISLSRTEALNHHNTLVCSVTDFYPAKIKVRWFRNGQEETVGV
SSTQLIRNGDWTFQVLVMLEMTPRRGEVYTCHVEHPSLKSPITVEWRAQSESAWSKGGGGST
TAPSAQLKKKLQALKKKNAQLKWKLQALKKKLAQHHHHHH* 
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