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Abstract

Antigen discrimination is the process bywhich T cells differentiate self from foreign antigens.

They do this using their T cell receptors (TCRs) that recognize peptide antigens bound toma-

jor histocompatibility complexes (pMHCs) and this TCR/pMHC interaction is augmented by

a host of other co-signaling receptors including adhesion receptors. Despite extensive work,

the quantitative ability of T cells to discriminate antigen and the molecular mechanisms un-

derlying it remain debated. We developed an improved binding assay that allowedmeasure-

ment of ultra-low affinity TCR/pMHC interactions, generated >30 different peptide variants

for two different human class I-restricted TCRs and accuratelymeasured their affinities. Sur-

prisingly, we found an affinity floor at a KD of ∼2 mM that could not be further lowered even

by changing the peptide sequence dramatically. This could represent the self-pMHC affin-

ity at which T cells are selected during positive selection in the thymus. I utilized the KDs

generated by our new binding assay to characterize the ’discrimination power’, which is a

measure of a receptor’s ability to discriminate between ligandswith different affinities or off-

rates. I found that thediscriminationpowerof theTCRwasmuch lower than the ’near-perfect

discrimination’, previously reported, and that in some settings it was increased by CD2 and

LFA-1. Furthermore, these adhesion receptors increased the sensitivity to pMHC,while accel-

erating pMHC-dependent TCR downregulation, indicating that they likely influence the way

the TCRbinds pMHC. In the future, this newunderstanding could be useful for improving the
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sensitivity anddiscriminationpower of artificial receptor constructs used in immunotherapy,

enhancing their safety and efficacy.
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Chapter 1

Introduction



2 Introduction

T cells are lymphocytes found in all jawed vertebrates. Theymediate important effector func-

tions in the immune system and orchestrate the adaptive immune response in several ways

through cell-to-cell interactions and release of cytokines. Furthermore, they form an impor-

tantpart of immunologicalmemory. T cells have increasinglybecome the focusof therapeutic

interventions, such as for the treatment of cancers or autoimmune diseases.

The functionof T cells crucially depends on their ability todiscriminate between self andnon-

self antigens. While abundant self is meant to be ignored, T cells readily recognize non-self,

such as pathogens or tumor-associated antigens, and start an immune response. They there-

fore form the core of the adaptive immune system. They also engage directly in effector func-

tions andorchestrate other immune functions, such as theproductionof antibodies byB cells,

which usually depends on T cell help. One unique feature of T cells is that when their TCR (T

cell receptor) is created randomly through the process of somatic recombination, they do not

knowwhat their cognate ligand is. This applies similarly to B cells, however, their activation

usually depends on T cell help and T cell are required for the generation of high affinity anti-

bodies through the process of hypermutation [6]. Immune coverage by the adaptive immune

system is achieved through the production of large numbers of naïve T cell clones, many of

which will never become activated. Given the physical limit of the number of T cells an in-

dividual can harbor, T cells need to be inherently cross-reactive. In the following sections, I

will discuss the experimental evidence for antigendiscrimination. Iwill be reviewinghowthe

TCR binds pMHC and the role of the adhesion receptors CD2 and LFA-1 in this process. Lastly,

I will explain different models of antigen discrimination and TCR triggering.
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1.1 T cells must be highly sensitive and discriminatory

Antigen recognition by T cells is functionally characterized by a combination of sensitivity,

specificity*, and speed. One of the most striking features of T cells is their ability to respond

to <10 cognate antigens, while ignoring the abundant self antigens. High sensitivity is par-

ticularly important in the presence of immune evasive mechanisms to reduce the number of

antigens presented on the cell surface. Such mechanisms are employed by many viruses [9]

and are commonly found in tumors [10]. In vitro, CD4+ T cells have been observed to respond

to a single pMHC [11, 12]. Similarly, CD8+ T cells were shown to respond to 3 or fewer ligands

[13, 14].

Notably, T cells cannot employ long temporal integration to achieve high sensitivity, since

on average T cells spend only 1–5 min scanning each antigen-presenting cell (APC) [15–19].

Such rapid scanning is essential given that individual T cell clones can be comprised of very

few cells and enables individual dendritic cells (DCs) to interact with thousands of T cells per

hour, assuming around 250 T cells can be in contact with an individual DC simultaneously

[18]. In fact, the requirement for fast dissociation after scanning is one potential reason for

the low affinities of the receptor/ligand pairs involved in conjugation [20]. While priming

of naïve T cells may require interactions with APCs over many hours [17, 21, 22], in vitro and

in vivo data suggest that the decision making is much more rapid. For example, when T cells

were isolated frommice 5 min after i.v. injection of peptide, they showed signs of activation

[23]. Furthermore, when T cells were stimulated in vitrowith antibodies, phosphorylation of

downstream molecules such as ZAP-70 or LAT was observed after less than 60 s [24]. Using

photoactivatable peptide-MHC (pMHC), Huse et al. couldmeasure LAT phosphorylation and

*The term specificity has historically been used in the T cell field to describe different properties. For example

in modeling, it is often defined as 𝑡𝑟𝑢𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒/(𝑡𝑟𝑢𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝑓𝑎𝑙𝑠𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒) (e.g. in [7]). In T cell

biology, it is sometimes used to describe the opposite of promiscuous/cross-reactive (e.g. in [8]). However

cross-reactivity does not only depend on specificity, but also sensitivity (see also Discussion). In my analysis I

therefore introduce the new term ’discrimination power’.



4 Introduction

calciumfluxing after less than 10 s [25]. Consistently, individual contacts between T cells and

APCs that constitute the primary unit of antigen recognition similarly were found to last only

10–20 s [19, 26].

Achievinghighspeedandsensitivity isparticularly challenging if ahighdiscriminationpower

is required. Discriminating between self andnon-self antigens is a core function of T cells and

adefect in this ability can lead todebilitating autoimmunity or susceptibility to infections and

cancer. Despite intensive research, no structural difference has been identified between TCRs

binding activating (agonistic) versus non-activating (non-agonistic) peptides [27–29]. In-

stead, T cells are thought to discriminate antigens based on sampling a continuous biophys-

ical property of the binding event, such as affinity or lifetime. This conclusion is supported

by multiple, independent experiments using a similar approach. T cells expressing a defined

TCR with a known cognate peptide were stimulated with the cognate peptide or a variant of

it. These altered peptide ligands (APLs) were produced by introducing 1–2 amino acid substi-

tutions into the cognate peptide. Strikingly, sometimes even a single amino acid substitution

was able to abrogate the T cell response completely [30–32]. To understand the difference in

binding between agonists and non-agonists, the authors measured the affinities or lifetimes

of the TCR/pMHC interaction by surface plasmon resonance (SPR) using recombinant pro-

teins. Intriguingly, in differentmurine systems, including class I and class II TCRs, they found

that a 3–10-fold decrease in lifetime or affinity is sufficient to render an agonist into a non-

agonist [30–36]. This represents a very high level of discrimination and is sometimes referred

to as ’absolute discrimination’* [37].

*Absolute discrimination is a theoretical construct, but is used here to refer to extremely good discrimination.

Given the ambiguousmeaning, I will be using the term ’near-perfect discrimination’ throughout this thesis.
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1.2 T cell development generates self reactive TCRs

T and B cells are unique in their ability to recognize a ligand that they were never previously

exposed to. In the case of T cells these are peptides not represented in the body’s peptidome.

Thesepeptidesmaybederived fromexogenous sources, such as commensals or pathogens, or

neoantigens created through genomicmutations. Howdoes one solve such a complex task? T

cells have evolved to express a TCR created through the somatic recombination of numerous

TCR genes and further introduction of mutations, creating a unique receptor only present on

each individual T cell clone.

The human genome has 4 TCR loci: TRA and TRD located on chromosome 14, and TRB and

TRG on chromosome 7. They encode for the α and δ, and β and γ chain of the T cell receptor,

respectively. While there are 4 possible chains, the functional TCR is a heterodimer. Usually

it is composed of either an αβ or γδ dimer, however, T cells expressing δ/αβ or a hybrid chain

containingparts from2TCR locihavebeendescribed [38, 39]. ConventionalMHC-restrictedT

cells* exclusively expressαβTCR,while unconventional T cellsmayexpress either of the afore-

mentioned dimers.

T cell development and TCR recombination occurs in the thymus. Thymocytes start recom-

bining the TRB locus and only cells expressing functional β chain progress to the recombina-

tion of the TRA locus [40]. Recombination is dependent on the RAG1/2 protein complex and

lack thereof results in severe combined immunodeficiencywith lack of T and B cells. The pos-

sible diversity varies in each organism and is estimated to be in the order of 1018 for humans

[41, 42]. Notably, this is a purely theoretical diversity. Any given individual will harbor sig-

nificantly fewer unique T cell clones. For example, a human has fewer than 1012 T cells with

<108 unique, naïve T cell clones [43, 44]. This number is far from sufficient to cover a theo-

retical peptidome diversity of 209 ≈ 1011 for a 9 amino acid peptide (much more for a class

*In the following, I will be using the generic term ‘T cells’ to refer to conventional, αβTCR-expressing T cells.
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II peptide), if each TCR binds only 1 specific peptide [45]. Since a naïve T cell does not know

its ligand a priori, each TCR must recognize many peptides presented on MHC to ensure full

coverage of the peptidome. This inherent cross-reactivity is estimated to be in the order of 1

million peptides per given T cell clone [45].

Since recombination results in receptors with novel specificities, there needs to be a mecha-

nism to prevent T cells reacting to ubiquitous self ligands. These mechanisms include pro-

cesses in the periphery, as well as, a negative selection step during T cell development. In the

thymus, T cells binding self-peptide loaded MHCs (self pMHCs) too strongly will be elimi-

nated (negative selection). Furthermore, T cells not binding MHC at all, will die from ‘death

by neglect’ (positive selection) [40]. Since their ligandwill always be presented in the context

of MHC, any T cell not responding to MHC at all, will be incapable of reacting to any mean-

ingful foreign ligand [46]. Thymic selection results in the generationofMHC-restrictedT cells

with randomTCRs, that do not activate when encountering self-antigen. It therefore sets the

stage for antigen discrimination in the periphery.

1.3 The structure of the T cell receptor

TheT cell receptor is a complex assembly ofmultiple transmembraneproteins. Fromthe early

days of TCR structural analysis, structural informationwas used to inform themechanism of

TCR triggering and how T cells discriminate antigens. While today there are many unligated

or ligated structures of the TCRαβ available, and most recently a structure of the whole TCR

complex [29], this knowledge has not led to a convincing conclusion on the mechanisms of

TCR triggering, yet, but helped exclude somemodels.
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Figure 1.1: The structure of the T cell receptor.

(A) Structure of a αβTCR complex without resolved by cyro-EM (PDB: 6JXR) [29]. The second CD3ζ is

hidden in this view. (B) The structure of the class I-restricted 1G4 TCRαβ interacting withMHC (PDB:

2BNQ) [47].

The functionalαβTCR* is a complexconsistingof fourdifferentdimers, namelyTCRαβ, CD3ζζ,

CD3γε and CD3δε (Figure 1.1A). The TCR is a disulfide-linked dimer with two extracellular

immunoglobulin (Ig)-like domains each and a very short cytoplasmic chain. CD3ε, CD3δ,

and CD3γ each have one extracellular Ig-like domain and an unstructured intracellular tail

with one immunoreceptor tyrosine-based activation motif (ITAM) per chain. ITAMs include

two short tyrosine-containing sequences (consensus: YxxL/I), separated by a 6–8 amino acid

spacer [48] and generally confer activating signals upon phosphorylation. CD3ζ, in contrast,

has a short, extracellular domain, a single transmembrane domain with an embedded inter-

molecular disulfide bridge, and a long (113 amino acid), unstructured cytoplasmic tail with

3 ITAM sequences. The TCR complex is held together by electrostatic interactions between

the transmembrane regions and extracellular domains and is unstable if any component is

missing. The TCRαβ dimer contains a total of 2 lysine and 1 arginine residue that form elec-

trostatic interactions with aspartate and glutamate residues in the transmembrane domains

*I will use the term αβTCR to refer to the whole TCR:CD3 complex, and TCRαβ for the αβ heterodimer.
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of CD3δε, CD3γε and CD3ζ subunits [49–51]. Furthermore, motifs in the extracellular do-

mains of CD3δε, CD3γε and TCRαβ were thought to be important for assembly of a func-

tional complex [52–54]. Most subunits contain an ER retention signal that prevents expres-

sion on the cell surface of not fully assembled TCR complexes [55]. CD3ζζ lacks this signal

and can therefore be expressed independently on the plasma membrane [56]. Incomplete

TCR/CD3 complexes are quickly removed from the cell surface by degradation or recycling

[57–60]. The TCRαβ has been intensively structurally studied with numerous unbound or

MHC-conjugated murine and human TCR ectodomain crystal structures available. Recently

the structure of a full-length humanTCR in associationwith all CD3 subunitswas resolved by

cryo-EM [29], confirming a 1:1:1:1 stoichiometry of the complex. Interestingly,when the struc-

tures of CD4 and pMHC-ligated TCR were overlaid, they match the cryo-EM structure well,

indicating that there are no large conformational changes within the TCRαβ upon binding.

1.4 Ligand recognition by T cell receptors

TCRs can bind a variety of different ligands, including peptides presented onmajor histocom-

patibility complex (MHC) class I& II, lipidspresentedonCD1a–d, stress ligands likeMICAand

hMSH2, ormetabolites presented onMR1 or BTN3A1 [46]. Given that the signaling chains are

thought to be conserved in different T cells, this has important implications for the mecha-

nism underlying antigen discrimination by T cells. For example, being able to recognize such

a diverse array of ligands would be more difficult if the TCR is activated through conforma-

tional change, as compared to other mechanisms of TCR triggering.

On conventional T cells, αβTCR binds to peptide presented onMHC I or II (Figure 1.1B). MHC

class I molecules are dimers comprised of the invariant β2M (beta-2-microglobulin) with a

heavy chain encoded by the HLA (human leukocyte antigen) -A, -B and -C genes in humans.

Class II molecules are also dimers, formed by an alpha chain and a beta chain encoded on the
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HLA-DR, -DQ, and -DP genes in humans. MHC genes are generally considered themost poly-

morphic genes in the human genome with more than 20,000 known class I and over 7,000

class II alleles (IPD-IMGT v3.41.2). DifferentMHC variants vary in their binding specificity for

peptides, thereby conferring an evolutionary advantage for a large polymorphism in the pop-

ulation. The binding groove of MHC class I is closed on each end and therefore can only hold

peptides 8–10 amino acids long [40]. Some larger peptides can bind too, but they result in

bulging [61]. The binding site of class II ismore size-promiscuous, being able to bind peptides

between 13–20 amino acids long [40]. Each MHC dimer can bind a large variety of peptides.

Notably, MHC class I is only stable on the cell surface as a trimer of heavy chain, β2M, and

peptide [40].

Binding of TCR to MHC occurs through its 3 complementary-determining regions (CDRs) in

each of the TCRα and β chain. These regions correspond the most highly variable sequences

in the TCR genes. CDR1 and 2 are germline-encoded, while CDR3, being the most variable,

is the product of V(D)J-junctional diversity and the addition or removal of random P- and N-

nucleotides by a protein complex that includes terminal deoxynucleotidyl transferase (TdT).

Most crystal structures of TCR/pMHC complexes show the TCR binding in a diagonal orien-

tation with a 30–45° angle [62]. There are reports of a reversed binding orientation for both

class I and class II TCRs [63, 64]. CDR3α and β are oriented in the center and in direct contact

with the peptide, while CDR1/2 contact predominantly the germline-encoded parts of MHC

[61].

1.4.1 TCR interactions are weak

Previous researchhas established that the T cell response is correlated to the binding strength

of the TCR/pMHC bond [30, 31, 35, 65]. Interestingly, the affinity of this interaction in solu-

tion is lower than formanyother receptors in the immunesystem. NaturalTCRs typicallyhave

https://www.ebi.ac.uk/ipd/imgt/hla/stats.html
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dissociation constants (KDs) of 1–100𝜇Mfor their cognate antigens [66]. The lowTCR/pMHC

affinities are the result of relatively slow on-rates and fast off-rates. In comparison, B cell re-

ceptors commonly reach KDs of less than 1 nM [67]. Notably, TCR/pMHC affinities are not

structurally limited, since in vitro engineered TCRs can reach >5 orders of magnitude higher

affinities [68], implying that low affinities have a functional relevance. Indeed, engineered,

high affinity TCRs do not necessarily lead to an improved function [69]. Alternatively, the

affinity may be limited by the recombination process. For example, B cells require hypermu-

tation in presence of the antigen to generate high affinity antibodies [6]. This process does

not exist in T cells.

In a comparison of a small sample of TCRs, Cole et al. found TCRs binding class IMHC tend to

haveslightlyhigheraffinities, usuallyabout2–30𝜇MKD forhumanclass ITCRs, and20–100𝜇M

KD for class II TCRs [70]. Furthermore, they find pathogen-specific TCRs bind stronger than

TCRs directed against self-antigens. Interestingly, the decreased affinity of class II TCRs is a

result of a smaller on-rate, while the off-rate is relatively consistent between different TCRs.

Cole et al. hypothesize that this is a result of the flatter topology of the peptide in MHC class

II, thereby exposing less surface for binding. Functionally, the decreased affinity could be a

necessity to achieve higher cross-reactivity, allowing CD4 cells to cover themuch larger class

II peptidome (as a consequence of having longer peptides) with a similar number of T cells.

Dissociation constants for the interaction of TCRswith self-pMHC are difficult tomeasure by

current technology and consequently the affinity to ’self’ is unknown. Notably, these self-

interactions are physiologically important and provide T cells with tonic signals, crucial for T

cell maintenance in vivo [71].
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1.4.2 TCR interactions at the membrane

Initial work on antigen discrimination has correlated T cell responses with binding parame-

tersmeasured in 3D, usually by SPR. In these assays, onebindingpartner is immobilizedwhile

theother is in solution. At theTcell interface, however, both interactingmoleculesareembed-

ded inmembranes. Multiple factors can change the binding in such an environment dramat-

ically to what is measured in vitro using recombinant proteins. First, the TCR/pMHC binding

occurs at areas of close membrane proximity, termed close contacts (see also Figure 1.2) [72],

leading to an increased effective on-rate, due to the high local concentrations. Such an effect

could be further enhanced if the TCR is enriched in clusters. Microclusters occurring after ini-

tial triggering are well established [73, 74]. Furthermore, nanoclusters of TCR on resting T

cells have been observed too [75–77]. Given high local concentrations, membrane-proximity,

and relatively slow diffusion, rebinding of the TCR to the same pMHC can increase the ef-

fective dwell time massively [78]. Serial triggering, a mechanism to explain high sensitivity,

where one pMHC goes through a series of binding events with different TCRs [79–82], also

depends on high local TCR concentrations. Moreover, binding of the TCR to pMHC also leads

to engagement of the CD4 or CD8 co-receptors [55], forming a ternary complex that is not

present in SPR. Such a complex may be more stable than a TCR/pMHC dimer. Most impor-

tantly, thermal membrane fluctuations, size mismatches between different receptor/ligand

pairs (such as TCR/pMHC and LFA-1/ICAM1), active polymerization processes, and electro-

static repulsion of the glycocalyces are expected to exert a force on molecular interactions at

the interface [83–86].

Multiple assays have been used to directly investigate binding kinetics at the T cell interface

(in situ). Johannes Huppa and colleagues at the Davis laboratory found strongly accelerated

kinetics when using a Förster resonance energy transfer (FRET)-based assay to measure 2D

kinetics of CD4 T cells binding to class II MHC [87]. Their techniquemeasures FRET between
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labeled pMHCona lipid bilayer and labeledTCRonT cells. In comparison to valuesmeasured

by SPR, association was increased by around 100-fold, while dissociation was accelerated by

4–12-fold. Huang et al. also reported accelerated kinetics for a class I TCR using an adhesion-

based assay [88]. In this assay, a red blood cell (RBC) coated with pMHC class I is brought

into contact with a T cell with a micropipette. Since the T cell is also fixed in place via a mi-

cropipette, a retraction of the RBC leads to its deformation and bond rupture can be micro-

scopically observed as a relaxation of the RBC. They found that 2D on-rates varied strongly

and correlatedwith T cell responses. This is in contrast to 3D kinetics, where on-rates usually

do not change drastically, but the off-rate correlates with functional responses [78]. Similar

results on 2D kinetics were found with CD4 T cells [89]. However, 2D and 3D kinetics were

quite well correlated in that study. Further support for accelerated unbinding come from a

diffusion-based assay, where the diffusion slowdown of pMHC on a lipid bilayer is observed

upon TCR binding [90]. Subsequent conflicting results using this assay, where bond disso-

ciation was observed to be slower than in SPR, rather than faster, likely is an artifact of the

imaging conditions chosen [91]. Since they used a much longer exposure time compared to

previous studies, they potentially missed short-lived binding events, biasing their results to-

wards longer lifetimes. Together these results highlight that binding in thephysiological con-

text of anT cell/APC interactionwill likely exert different dynamics thanwhenmeasuredwith

recombinantproteins in vitro. However, 3Dkinetics or affinitiesmeasuredbySPRcan still pre-

dict antigen discrimination, assuming 2D and 3D values are correlated. As discussed below,

active exertion of force on the TCR/pMHC bondmay be one mechanism that can cause a bad

correlation by changing the off-rates relative to 3D off-rates of some peptide more than of

others [92].
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1.5 TCR signal transduction

Explanations for how the TCR achieves good discrimination generally invoke the TCR proxi-

mal signaling chain. TheTCRproximal signaling cascadeof T cells comprisesnumerousbind-

ing andphosphorylation events, thatmay serve as kinetic proofreading steps to achieve effec-

tive antigen discrimination.

Initially, stimulating TCRswith pMHC leads to a rapid phosphorylation of tyrosines in the ten

ITAMs of the CD3/TCR complex by the Src family kinases Lck and Fyn [93, 94]. Lck is lipid-

anchored and can non-covalently associate with CD4 and CD8 [95, 96]. One theory is that

binding of the co-receptor to TCR-bound pMHC brings Lck in direct proximity of the CD3

ITAM, allowing efficient phosphorylation [97]. The activity of Lck is controlled by multiple

tyrosine phosphorylation sites. Phosphorylation of Y505 by Csk leads to inactivation, while

pY394 has an activating effect [94]. Interestingly, both sites can be dephosphorylated by the

largephosphataseCD45, leading toanunphosphorylated, primedstatewith lowkinaseactiv-

ity [98]. This dual role of CD45 has important implications for signal induction, as discussed

below [99].

Phosphorylation of CD3 ITAMs is followed by binding of the Syk kinase ZAP-70 [100, 101],

which propagates the signal by phosphorylating the scaffolding protein LAT, where signal

amplificationanddivergenceoccurs [102–104]. Interestingly, LckandZAP-70bothhavehighly,

but oppositely charged active centers, leading to distinct substrate specificities with little

overlap [105, 106]. ZAP-70 itself can also be phosphorylated at 3 activating and 1 inhibitory

tyrosine residues.

Upon phosphorylation LAT formsmicroclusters that are enrichedwith TCR and other signal-

ing molecules [73, 76]. In vitro reconstitution showed these clusters form by cross-linking of

LAT through Grb2, Sos, Gads, SLP76 and Nck [107]. Loss of LAT or SLP-76 results in a severe
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TCR signaling defect, similar to lack of Syk and Zap-70, or Lck and Fyn [94]. LAT phospho-

rylation leads to propagation of the main signaling pathways through the production of the

soluble second messengers diacylglycerol (DAG) and the lipid inositol triphosphate (IP3) by

phospholipase Cγ 1 [94]. Ultimately, they lead to the activation of 3 key transcription factors,

that control the effector functions: NFκB, AP-1 and NFAT [94]. The actual effector functions

induced depend on the state of the T cell and contextual signals received. Full T cell activa-

tion requires signaling throughmultiple pathways. For example, NFAT activity without AP-1

activation leads to T cell anergy, rather than activation [108].

CD3 ITAM phosphorylation is the earliest detectable biochemical correlate of TCR trigger-

ing and has been intensively investigated. CD3ε and CD3ζ were found to interact with the

plasmamembrane through basic-rich sequences (BRSs) in their unstructured tails [109–111].

This is possible since the inner leaflet of the plasma membrane is negatively charged as a re-

sult of an asymmetric distribution of phospholipids between the layers. In vitro work with

reconstituted bicells revealed the unphosphorylated ITAM tyrosine residues buried into the

hydrophobic core of themembrane,when observed byNMR [110, 112]. Phosphorylation of the

ITAMs by Lck negates some of the charges in the tail, leading to dissociation from the mem-

brane. Xu et al. proposed this servesasa safetymechanismtopreventunwantedphosphoryla-

tion in resting cells, thereby opening a potentialmechanism for conformation- or force-based

TCR triggering models. However, it is not clear if dissociation from the membrane is truly a

cause or just a consequence of phosphorylation. Furthermore, rather than an on/off-model,

the tails likely will be in a thermodynamic equilibrium between membrane-bound and free

states. Interestingly, CD3δ and CD3γ do not have BR sequences. While they therefore are not

subjected to the sameprotectivemechanism, theyare intrinsically less likely tobephosphory-

lated, since the BR sequence is important for the binding of Lck [105, 106]. This offers a possi-

ble explanationwhy CD3ε and CD3ζwithmutated BRS, unable to bindmembrane, are being

less phosphorylated inside the cell [111, 113]. Notably, the release of calcium during activation
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may help negate negative membrane charge [114]. Since calcium is a downstream messen-

ger of TCR signaling, this could serve as feed-forward loop, amplifying activation, rather than

causing it. Consistent with this, inhibition of calcium in T cells decreases phosphorylation of

CD3ε and CD3ζ [114].

1.5.1 Co-receptors

Binding of TCR to MHC is accompanied by the binding of the co-receptors CD4 or CD8 for

MHC class II- and class-I-restricted T cells, respectively. Co-receptors are thought to play

a role in the kinetic proofreading chain that may power the T cell’s ability to discriminate

between antigens [115, 116]. Furthermore, they are important for the sensitivity to antigen,

particularly to low-avidity TCRs [117]. Lastly, co-receptors are involved in controlling cross-

reactivity.

Both co-receptors contain extracellular domains with Ig-like domains and intracellular tails

capable of associating with the kinase Lck. T cell activation can occur in the absence of co-

receptors, but sensitivity to antigen is severely decreased [11, 14, 118]. Structurally, CD4 and

CD8 are quite distinct. CD4 is a monomer with 4 Ig-like domains and a 40 amino acid long

intracellular tail. CD8 is expressed as either a CD8αα homodimer or CD8αβ heterodimer and

only has 1 extracellular Ig-like domain, plus a long and rigid stalk region. On conventional

αβ T cells, CD8 is expressed as a heterodimer. In contrast, on γδ T cells, NK cells and certain

dendritic cells, it is expressed as a homodimer of the α chain. The affinities for co-receptors to

MHC are generally low. The dissociation constant for human CD4 toMHC in solution is esti-

mated to be in the mM range, while the 2D affinity is also very low with a KD of about 5,000

molecules/µm2 [119]. CD8 binds humanMHCswith a KD of about 150𝜇M,whilemurine CD8

binds significantly more tightly with about 50 𝜇M KD [120]. CD8 is implicated in control-

ling the cross-reactivity of T cells, for example by changing to the less active αα isoform [121],
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downregulation through internalization or transcriptional inhibition [122, 123], or changing

the activity through CD8 glycosylation [124–126]. Consequently, mice need a higher affinity

binding to achieve higher cross-reactivity, yielding the same antigen coverage with a smaller

T cell repertoire. Consistently, murine TCR affinities were also found to be higher than for

human TCRs [70, 120].

1.6 Accessory receptors impact TCR signal transduction

The interaction of T cells with antigen presenting cells (i.e. target cells or professional APC)

is complex in nature and not only dependent on the TCR/pMHC interaction, but many more

counter-receptors. This includesco-stimulatory, co-inhibitory, andadhesionmolecules. Struc-

turally,mostof theseproteinsarecomprisedof Ig-likedomains (e.g. CD2orCD28)or cysteine-

rich domains (CRD; TNF receptor superfamily). In combinationwith cytokines, accessory re-

ceptorsprovide the context forT cell activation. Accessory receptorsmayact through intracel-

lular signaling, but can also influence of TCR/pMHC binding by creating membrane proxim-

ity. CD2 and LFA-1 play an important role in antigen sensitivity and (as shown in this thesis)

contribute to antigen discrimination, as well.

1.6.1 CD2 and its ligands

CD2 (also known as LFA-2) is a heavily glycosylated protein from the immunoglobulin (Ig)

superfamily, involved in co-stimulation and adhesion. It is primarily expressed on the sur-

face of T cells, NK cells, thymocytes, thymic B cells and to a lesser extent DCs [127] and is

enriched on memory T cells [128]. CD2 is involved in thymic selection and antigen recogni-

tion by T cells, and the activation of NK cells and has received increased attention in the last

years as a potential target to treat autoimmune disease. In humans, CD2 binds to the struc-
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turally similar Ig-like protein CD58 with which it shares limited sequence homology [129].

CD58 exists in a second isoform in humans with a transmembrane domain and cytoplasmic

tail, instead of a GPI-anchor. CD58 is broadly expressed in hematopoietic cells and alsomany

non-hematopoietic cells, including endothelial cells, erythrocytes and keratinocytes [127].

Structure and interactions of CD2

Binding of CD2 to its ligand is mediated through electrostatic interactions, with little surface

complementarity [129, 130]. The affinity of CD2 is relatively lowwith a 3Daffinity of 9–22𝜇M,

a consequence of a fast off-rate [131]. This low affinity has been implicated in allowing tran-

sient T cell interactions [20]. Furthermore, the affinity might be limited by the force required

to extract the lipid-anchored isoformofCD58 [132, 133]. CD2 is expressedat adensity of about

100 molecules/µm2 on peripheral T cells [134] and half-maximal binding was determined to

occur at about 5–7 molecules/µm2 [134, 135]. Therefore, significant binding is expected to

occur despite its low affinity. Furthermore, activation of T cells has been shown to increase

CD2’s avidity moderately through a combined mechanism of a 1.5-fold increased expression

and a 2.5-fold increase in 2D affinity [136, 137]. This is also accompanied by a temporary, but

stark increase in immobile fraction of CD2. Notably, the adhesionmediated by CD2might be

limitedbydiffusion, asadhesionwasmoreefficientwith themuchmoremobileGPI-anchored

than the TM isoform of CD58 [138].

While homologs of CD58 are found in othermammals such as pigs and sheep, and even some

lower vertebrates such as zebrafish, it is absent in rodents [139, 140]. Instead CD2 binds a

structurally relatedproteincalledCD48 inmice [141] andother rodents. Interestingly, through-

out evolution fromfish tomammals the intracellular tail of CD58 became shorter [140], while

CD48 only exists as a GPI-anchored form. Moreover, unlike CD58, the expression of CD48 is

mostly restricted to the hematopoietic compartment. HumanCD2bindsCD58with a∼5-fold
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higher 3D affinity than does rat CD2 to CD48, and this difference is elevated to ∼40-fold [142]

for the 2D dissociation constants.

CD2co-precipitateswithTCR/CD3[143, 144]andPI3K [145], butnodirect interactionhasbeen

shown. CD2has a 166 amino acid longunstructured cytoplasmic tail that lacks classical ITAM

sequences and any other tyrosine residues but contains a highly conserved proline-rich re-

gion. This region hosts 5 putative SH3-binding sequences, each containing 3–5 prolines [146,

147], andmediates a number of interactions, such aswith CIN85 [148, 149] and its alternative

splicing variant CD2BP3 [150], the kinases Fyn and Lck [151–153], CD2BP1 [154] and CD2AP

[152]. Motif 1 and 2 can furthermore act as binding site for glycine-tyrosine-phenylalanine

(GYF) domains [153, 155], such as in the GYF prototypic CD2BP2 [146]. The tail terminates in

an asparagine residue, which was shown to be involved in avidity regulation [156, 157], but

was dispensable for CD2-mediated signaling.

Function of CD2

CD2 shares some traits with CD28 and might fulfill a similar co-stimulatory role in specific

contexts. For example, co-stimulation of CD2 was shown to be the primary pathway of acti-

vation in CD28-negative T cells [158]. Mice lacking both CD2 and CD28 do not show a strong

in vivo phenotype, but a severe defect when T cells are stimulated ex vivo [159]. While CD28

integratesmore distally of the TCR signaling cascade and leads to potent activation of NF-κB,

stimulation through CD2 converges more proximal and preferentially leads to mTOR signal-

ing via phosphorylation of S6 ribosomal protein [160–162].

In humans, CD2 and CD28 have a similar affinity for their ligands [163]. However, CD28 does

not mediate adhesion efficiently, due to a combination of low mobility and low expression

[164], potentially resulting in inefficient nucleation of adhesive contacts. Unlike CD2, CD28

engagement does not increase TCR downregulation [165]. When bound to their ligands, both
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receptor/ligand pairs are expected to span a similar intermembrane distance based on their

similarity in dimensions. Consequently, CD2 and CD28 both accumulate together with the

TCR at the center of the immunological synapse [164, 166]. The positioning of CD2 depends

on its cytoplasmic tail, which allows binding of the adapter molecule CD2AP [152]. At high

expression levels, CD2 also accumulates in a ring between peripheral and distal SMAC in the

immunological synapse, termed the ‘CD2 corolla’, with other molecules such as CD28, LAT

and activated Src-family kinases [167, 168].

CD2 is thought to facilitateTCR/pMHCbindingby creating close contacts (see also Figure 1.2).

Consistent with its function, elongating CD48 in a rodent system decreased binding and in-

hibited T cell activation [169]. Despite its important proposed function, early studies in mice

where CD2was either genetically removed through a knock-out or inhibited with antibodies

did not show an overt phenotype during T cell development or activation [170–172]. How-

ever, subsequent studies showed a subtle defect of CD2-null cells in response to antigen and

in thymic selection [173–176]. Two groups have quantitatively assessed the effect of CD2 on

T cell activation and found CD2 engagement reduced the dose required to stimulate prolifer-

ation or cytokine secretion of murine CD4 and CD8 T cells 3–100-fold [165, 175, 176]. Inter-

estingly, the shift in the dose response increased for lower affinity ligands, implying that CD2

could influence antigen discrimination. This was accompanied by increased downregulation

of the TCR, consistent with the idea that CD2 increases TCR/pMHC binding. Why there is a

clearphenotypewhenTcells are tested in vitro, butnoapparent systemicdefects, is amatterof

speculation. It is possible that adaptation in vivomasks strong effects or that there are com-

pensatory receptor/ligand interactions. Notably, the importance of CD2 in humans is likely

to be higher than in rodents, since the ligands inmice and humans differ in tissue-restriction

andaffinity. Wehave recently shownthatCD2hasa similar effect inhumansusinganaffinity-

enhanced TCR [3]. In this thesis, I show a similar effect when using a natural TCR and human

T cells.
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Additional data highlight the importance of the CD2/CD58 axis in humans. First, viral an-

tagonism by a human cytomegalovirus (HCMV) protein has been reported and results in de-

creasedkillingbyCD8+ Tcells andNKcells [177, 178]. In aCRISPR screen in cancer cells, loss of

CD58 was highly associated with evasion of T cell killing [179]. Interestingly, the CD2/CD58

axis was also shown to be important for activation of CAR T cells [180]. Mutations in CD58 or

loss of expression on tumor cells has been implicated in therapeutic resistance to CAR T cells

[181]. Loss of CD58 has also been observed outside of CAR T cell therapy inHodgkin’s and dif-

fuse large B cell lymphoma and results in decreased NK cell and T cell mediated cytotoxicity

[182, 183]. Moreover, a specificmutation inCD58,which resulted in increased expression,was

associated with protection in multiple sclerosis patients [184]. They suggest this allele con-

fers protection by increasing CD58 expression, whichwhen engaged by regulatory T cells en-

hances their function. Polymorphisms in CD58 are also associatedwith neuromyelitis optica

[185] and rheumatoid arthritis [186]. In a mouse model, variations in the CD2 gene were as-

sociated with susceptibility to type 1 diabetes [187]. Therapeutically, CD2 is actively targeted

by alefacept, a CD58-Fc fusion protein, licensed for treatment of psoriasis and investigated as

type 1 diabetes treatment [188, 189]. Siplizumab is a humanized antibody currently under in-

vestigation for psoriasis, solid and stem cell transplantations, graft-versus-host disease and

CD2-positive malignancies [190–195]. Furthermore, peptides mimicking the CD58 binding

site have been investigated to treat collagen-induced arthritis in a mouse model [196, 197].

1.6.2 LFA-1 and its ligands

Integrins are a family of heterodimeric adhesion receptors expressed on leukocytes, platelets,

and non-hematopoietic cells. There are 18 α and 8 β subunits known, forming 24 unique αβ

dimers. Integrins play an important role in leukocyte trafficking, adhesion to the extracel-

lular matrix, APC conjugation and cell activation [198]. Defects in the integrin pathways,

known as leukocyte adhesion deficiency (LAD), cause severe immunodeficiency in humans
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[199]. Leukocytes express at least 10 different integrins, including members of the β2 and β7

family that are exclusive to leukocytes [200]. For example, T cells expressLFA-1 (CD11a/CD18),

VLA-4, LPAM-1, VLA-5, andVLA-6,with somesubsets also expressingHML-1, VLA-1, andVLA-

2 [200]. LFA-1 is the most intensively studied integrin expressed on T cells and is involved in

T cell/APC contacts and extravasation. In addition to collagen, it binds ICAM-1–5 and JAM-A,

which are all members of the immunoglobulin superfamily with 2–9 Ig-like domains. In the

context of T cell interacting with APCs, ICAM-1 is considered the most important ligand and

has been suggested to formhomodimers on the cell surface [201, 202]. Expression of ICAM-2,

ICAM-3 and JAM-A can also be detected on professional APCs, such as DCs and monocytes.

T cells express ICAM-2 and some ICAM-1, ICAM-3, and JAM-A according to mRNA analysis

[203].

LFA-1 is thought to exist in an equilibrium of 3 allosteric states with vastly different ligand

affinities: closed bent, open bent, and an open extended conformation with low, intermedi-

ate, and high ligand affinity, respectively, with high-affinity binding depending on the pres-

ence of Mg2+ [204]. LFA-1 binds ICAM1 more strongly than ICAM2 or ICAM3 [205] with a KD

of ∼0.2 𝜇M, ∼5 𝜇M, and >1 mM for the high, intermediate and low affinity state, respectively

[205–207]. Dimerization of ICAM1 increases this further to ∼5 nM [202, 206]. Importantly,

signals through other pathways can change the conformation of LFA-1 (inside-out signaling),

but LFA-1 can also transmit binding signals via its cytoplasmic tails (outside-in signaling).

Signals received through the TCR, chemokine receptors, or selectin can induce a shift towards

an intermediate affinity, open conformation [208, 209]. However, to reach the highest affin-

ity conformation, stabilization by ligand binding and the application of perpendicular force

are required. LFA-1 binding to ICAM1 shows a remarkable strengthening under force, pro-

ducing what is called a catch bond, that helps with its function during leukocyte trafficking

[210]. Force application requires immobilized ICAM1 and immobilization onDCs uponmatu-

ration has been shown to be important for T cell activation and adhesion [211]. Bi-directional
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signaling through LFA-1 is mediated by the interactions of its intracellular tail with proteins

such as RAP1 (a small GTPase) or Kindlin3 [208]. During outside-in signaling, LFA-1 interacts

with the kinases ZAP-70 and Lck and activation of the former is required to shift into the high

affinity state [212]. LFA-1 formsmicroclusters uponT cell activation thatmigrate centripetally

to forma ring around the central immunological synapse [213, 214]. Segregation of LFA-1 from

the TCR is consistentwith its larger size compared to the TCR or othermolecules such as CD2

orCD28 (see also Figure 1.2) [99, 215]. Recentwork indicates that LFA-1 forms small, transient

rings around TCRmicroclusters and these structures depend on the actin cytoskeleton [216].

Comparison with other data suggests that these rings present the periphery of a membrane

protrusion, with the TCR localized in the center [1, 216, 217].

Lack of the β2 chain that forms part of LFA-1 and other integrins or loss of Kindlin3 cause LAD.

Knockout of the LFA-1-specific αL chain results in a more subtle immune defect with a nor-

mal response to viruses including lymphocyte choriomeningitis virus and vesicular stomati-

tis virus, but impairedproliferation andactivationof T cells in vitro [218]. Furthermore, ICAM1

on APCs is important for T cell memory formation, but lack of it can be compensated by other

activating factors, such as through an increase in antigen dose or co-stimulation [219]. Inter-

estingly, T cells lacking ICAM-1 do not form aggregates, but unlike LFA-1 deficient cells, they

proliferate normally in response to stimulation [220]. Quantitative analysis of T cells lacking

LFA-1, showed a similar phenotype to CD2-deficient cells, with a 10- to 100-fold higher re-

quired dose of antigen, and decreased TCR downregulation [221–223]. Notably, the effects of

a CD2 and LFA-1 knock-out are additive and can result in a 100-fold shift in the dose response

curve [165]. A similar effect was observed for B cells lacking LFA-1 [224]. Lack of LFA-1 also

results in a defect in regulatory T cell function and development [225, 226]. While stimula-

tion of LFA-1 can increase production of Th1 cytokines dramatically, in the absence of CD28

engagement it leads to T cell anergy [227, 228].
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1.7 TCR triggering

Themechanismbywhich the TCR transduces ligand-binding into an intracellular event lead-

ing to the activationof Lckhas been the focus of intense research, yet there is still considerable

dissensus and the co-existence of mutually exclusive models. Unlike any other receptor, the

TCR does not know its ligand and is confrontedwith an abundance of chemically similar self-

ligands. Facedwith these challenges, T cells evolved a highly complex receptor and signaling

machinery. Some TCR triggering models, such as the conformational change model, explain

both how the TCR is triggered and how antigen discrimination occurs. Othermodels, such as

kinetic segregation, only concern the triggering process and require mechanisms like kinetic

proofreading to explain antigen discrimination.

1.7.1 Conformation change models

Conformational change models were among the first models to be investigated for the TCR.

Many other receptors, such as the large family of G protein-coupled receptors (GPCRs) [229],

work by this principle. Ligand binding to these receptors may work by allostery, i.e. bind-

ing stabilizes a rare equilibrium state, rather than inducing a different conformation directly.

Conformational changemodelsofferanattractivealternative since theyareable toexplain the

exquisite specificity and sensitivity. In contrast to other receptors, however, the TCR needs to

recognize structurally diverse ligands and TCRs are inherently unable to co-evolve with their

peptide ligands. Furthermore, comparison of TCRs with or without ligand showed only sub-

stantial conformational changes in the variable regions of the TCR, but no consistent struc-

tural changes in the constant domains [27–29]. The lack of conformational change observed

in crystal structures of TCR is unlikely a consequence of missing molecular context such as

glycosylation, associationofCD3 subunits andpresence of transmembranedomains, since an
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unligated cryo-EM structured of the whole TCR complex overlapped strikingly with a crystal

structure of the sameTCR in a complexwith a cognate pMHC [29]. In theirwork, they also did

not find any overt signs ofmultiple allosteric stateswhose equilibriumcould be influenced by

ligand-binding. Molecular dynamics simulations have further strengthened the case against

conformational changes [230].

1.7.2 Mechanosensing

More recently, conformational change models have regained traction due to the finding that

T cells can exert forces on the TCR/pMHC bond [231]. In such amodel, T cells may apply force

to test the bond, causing a force-induced conformational change [232]. Since these changes

are only appearing upon application of force, one would not expect to find them in crystal or

cryo-EM structures of TCR/pMHC complexes, where binding happens in solution. Forcemay

also directly change the kinetics of the TCR/pMHC interaction.

Workdoneby theReinherz group founddirect evidence for structural differences between the

TCRbinding to agonistic versusnon-agonistic pMHCs [233]. They investigated the lifetimeas

a function of forces, using a single-molecule optical trap (OT) either in a purely in vitro system

with recombinant proteins or by probing TCRs on a T cell. This technique works by exerting

force on a beadwhen it is displaced froma laser beam (referred to as trap). They found a catch

bond (i.e. a bond strengthening under force) with agonistic pMHC with a peak at 15 pN, but

not irrelevant pMHC, using either experiments with recombinant proteins or a cellular ap-

proach [233]. Binding was accompanied by a structural change of the TCR from a compact

to an extended state, observed as a small displacement of the OT bead, without bond rup-

ture. They found larger displacements with activating versus non-activating pMHC. Further

research has suggested the occurrence of this structural change in the pre-TCR of thymocytes

[234]. In this model, the force-induced conformational change is transduced into the CD3
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units, where it leads to dissociation of the ITAM-containing cytoplasmic tails [235]. Such a

release is proposed to lead to spontaneous phosphorylation and subsequent downstream ac-

tivation.

Interestingly, the elongation observed in the TCRαβ using recombinant proteins was up to

150 Å, twice the size of thewhole TCR, and evenmorewhen using cells, therefore raising con-

cerns howphysiological these structural changes are. Differences between testedpMHCwere

smaller (∼40 Å) andmore consistent with a TCR that is not completely unfolded. They deter-

mined this structural change to be dependent on the FG loop in the constant region of the

TCRβ chain [236]. It is intriguing that the FG loop is only present in mammalian αβTCR, but

not γδTCRs [237], raising questions if this mechanismwould be applicable to γδ T cells.

1.7.3 Kinetic segregation

Another class ofmodels is based on segregation of the TCR and othermolecules on themem-

brane upon ligand binding by the TCR. Kinetic segregation of the TCR, integrins and the large

phosphatase CD45 was first observed in the immunological synapse [238–241] and is pre-

dictedby thedifferences in size [215]. CD45 ishighlyexpressedonTcells andotherhematopoi-

etic cells and efficiently catalyses the dephosphorylation of a broad spectrum of targets [98].

Under resting conditions, the negative effect of CD45 is expected to outweigh spontaneous

phosphorylation of TCR ITAMs by Lck by a factor of 100 [242]. Binding of TCR to pMHC leads

to a segregation of TCRs and CD45 (Figure 1.2). In contrast, the kinase Lck is intracellular and

therefore not affected by kinetic segregation. Consequently, the ratio of dephosphorylation

to phosphorylation of the CD3 ITAMsbyCD45 and Lck, respectively changes in favor of phos-

phorylation, ultimately leading to TCR triggering [99, 243].
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Figure 1.2: Kinetic segregation of molecules at the surface of T cells.

On the surface of T cells,molecules can segregate based on theirmolecular heights. Such a segregation

has been described on a micro-meter scale in the immunological synapse, and occurs on a smaller

scale on the initial close contacts. TCR bound to pMHC is relatively small and therefore binding is not

energetically favored. Adhesion molecules like CD2 can create close-contacts where TCR can bind to

pMHC. Such contacts are surrounded by LFA-1 bound to ICAM1 andmore distally, large glycoproteins

such as the phosphatase CD45.

Interestingly, kinetic segregation is not directly ligand dependent. Indeed, evidence for lig-

and independent triggering of TCRs in close contacts supports this view [72, 244]. How does

the T cell differentiate agonists and non-agonists in this model? Fernandes et al. give a pos-

sible explanation based on experimental data andmathematical simulations. In theirmodel,

close contacts cause phosphorylation of any TCR passing them [245]. However, due to fast

diffusion, TCRs not bound to a ligand do not acquire sufficient phosphate modifications to

induce downstream signaling. Ligand binding slows diffusion drastically, thereby allowing

full phosphorylation and T cell activation. Since binding needs to reach a certain time, this

model effectively implements kinetic proofreading on a binding model. Notably, this model

is highly sensitive to changes in close contact radius. Extending the radius quickly results in

ligand independent triggering and therefore poses the question of how the T cell might regu-

late this tightly. Since close contacts likely are the results ofmicrovilli (membraneprotrusions

of T cells) tips pressing against the target cells [1], it is possible that these structures are lim-

iting the size that such contacts could grow to. Another attractive idea comes from the work
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of Razvag et al. They find that large segregation (>200 nm) of CD45 from TCR correlates neg-

ative with phosphorylation [244]. In their data, CD45 needed to be at an optimal distance of

about 40 nm. This is consistent with the dual role of CD45, facilitating TCR activation by de-

phosphorylating an inhibitory phospho-tyrosine of Lck, while at the same time preventing it

by direct dephosphorylation of TCR ITAMs [98]. While T cells may form large close contacts,

the size of the zone where productive phosphorylation can occur is intrinsically limited by a

minimal distance of CD45, allowing the diffusion of unphosphorylated Lck into the contact.

Interestingly, kinetic segregation is not restricted to the TCR.Many important immune recep-

tors, such as the BCR, Fc-receptors, andmultiple types of NK receptors, belong to the class of

non-catalytic tyrosine-phosphorylated receptors (NTRs) [246]. These receptors do not pos-

sess any intrinsic kinase activity, but they contain tyrosine residues that can be phosphory-

lated by independent kinases such as Lck. All of them are relatively small and therefore fit the

kinetic segregation model. Direct evidence has been found, for example, for the Fc-receptor

mediated phagocytosis of macrophages [247].

Inaddition toobserving segregation in functional cells, extensiveworkhas focusedonshining

light on the biophysical sources of segregation. One challenge has beenmeasuring the height

of CD45 reliably. While the TCR/pMHC bond has been determined to span about 13 nm, de-

termining the effective height of CD45 has proven to be more complicated. Its ectodomain

is rigid and stretches about 15 nm [72], but is further extended by heavy O-glycosylation in a

mucin-like region, resulting in a total hydrodynamic length of about 22 nm [248]. Segrega-

tion is a result of entropic effects anddirect electrostatic repulsion [83, 249]. Furthermore, the

membrane elasticity determines the energetic penalty imposed onproteinswithmismatched

sizes [86]. Notably, CD45 exists in multiple isoforms and the longer isoformwas found to be

more efficiently excluded in a reconstituted membrane system [250]. Differences in height

of as little as 5 nm can drive efficient exclusion, however even in absence of height difference

segregation can occur due to crowding effects [251]. Binding of a receptor can lead to local
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enrichment (e.g. a microcluster) in a membrane domain. Unbound receptors, or unrelated

receptorswill segregate out, even if there is no difference in size. Kinetic segregationwas pro-

posed over 20 years ago, yet due to the technical challenges of imaging the dynamic events

driving segregation, initially faced a slow adoption in the field. New technology has helped

uncover some thedetails of thismechanismandmaysupport confirmingkineticproofreading

in the TCR field and beyond.

1.8 Mechanisms of antigen discrimination

While T cells are one of themost studied cells in the human body, how they become activated

on amolecular level and how they discriminate antigens still remain largely unsolved. T cells

may discriminate antigens in different ways through sampling of: (1) Qualitative properties,

such as the ability to induce a conformational change. (2)Quantitative properties, such as the

TCR/pMHC lifetimeor affinity. Inmodels based on conformational change, themechanismof

triggering is also responsible for antigen discrimination. In contrast, in kinetic segregation an

intracellular signaling machinery is required to discriminate between signals produced from

binding agonistic versus non-agonistic ligands. The predominantmodel in the field is kinetic

proofreading [252].

1.8.1 Kinetic proofreading models

Kinetic proofreading (KP) is a model of an intracellular signaling pathway that can achieve

improved antigen discrimination. It predicts T cell responses to correlate with the off-rate

of the TCR/pMHC interaction. Experimental evidence, where the off-rate (or its inverse, the

lifetime)measuredbySPRat least partially predicts thepotencyof a ligand, supports this ’life-

timedogma’ [30, 31, 35, 65]. Notably, KDsandoff-ratesofAPLs foragivenTCRareoftenclosely
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correlated and may explain why other studies found that affinities are also a good predictor

of potency [78]. Kinetic proofreading can be evaluated in contrast to the occupancymodel. In

this model, activation depends only on receptor occupancy, which in turn is a function of the

affinity and the dose of the ligand [253]. This model can be considered the null hypothesis,

since it represents the simplest receptor/ligand model. In this model, the discrimination is

limited to the fold difference in affinity or lifetime (for the latter assuming a constant on-rate;

𝐾𝐷 = 𝑘𝑜𝑓𝑓/𝑘𝑜𝑛). For example, a 10-fold difference in affinity between an agonist and non-

agonistwouldproduce the same receptor occupancy and therefore signal, if thenon-agonist’s

concentrationwas 10-fold higher. Since non-agonistic self-peptide is ubiquitously present in

our bodies, this model is not compatible with the physiological requirements of antigen dis-

crimination.

Classical kinetic proofreading

Based on these shortcoming to explain the T cell discrimination observed experimentally, ki-

netic proofreading was proposed [252]. Initially it was evaluated as a mechanism to achieve

high fidelity during DNA replication or protein translation [254, 255]. Importantly, kinetic

proofreading is a model of the receptor proximal signaling pathway and therefore compati-

ble with many TCR triggering models, such as the kinetic segregationmodel [99]. Unlike the

occupancy model, kinetic proofreading operates out of equilibrium under energy consump-

tion to achieve a higher specificity. Specifically, upon binding its ligand, the receptor/ligand

complex (𝐶0)must undergo one ormultiple independent irreversiblemodifications (𝐶𝑖) un-

til it reaches a signaling-competent state (𝐶𝑁; Figure 1.3A). Since each step requires the lig-

and to be bound for a certain time (𝜏𝑝 = 1/𝑘𝑝) to allow modification to occur, the quantity

of signaling-competent complex (𝐶𝑁) strongly depends on the off-rate of the ligand (Fig-

ure 1.3B). T cells likely integrate signals received frommultiple TCRs. Furthermore, since acti-
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vation on a single cell levelwas shown to be digital [12], T cells need to implement a threshold

that defines at what level of𝐶𝑁 they get activated (Figure 1.3).
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Figure 1.3: Kinetic proofreading is sensitive to changes in off-rate.

(A) Inkineticproofreading, the ligand/receptor-complex (C)needs toundergoa seriesofmodifications

before it starts to transduce produce a signal (𝐶𝑁). Signals frommultiple receptors are integrated and

subjected to a threshold. (B) The number of signaling-competent complexes (𝐶𝑁) depends strongly

on the off-rate. Shown is an arbitrarily chosen threshold λ that defines whether a cell becomes acti-

vated. SeeMaterials &methods for details on simulations.

In kinetic proofreading, the potency of the ligand is dependent on its off-rate (Figure 1.4A–

B). When a population of T cell is stimulated, population heterogeneity results in a typical

sigmoidal dose response (Figure 1.4A). However, at low off-rates there is saturation, which

depends on the T cell intrinsic threshold (λ). Kinetic proofreading can approximate the ide-

alized model of perfect discrimination. In perfect discrimination, every single molecule of

ligand with an off-rate smaller than a cutoff will activate. However, no increase in dose, can

ever convert a non-agonist (right) to an agonist (left; Figure 1.4C). In kinetic proofreading, in-

creasing the number of steps leads to better discrimination (Figure 1.4D), however this come

at the cost of speed, sensitivity (omitted in Figure 1.4D) and/or energy consumption [7, 256].

Different proximal signaling events, such as CD4/CD8binding, Lck binding, phosphorylation

of the ten different TCR:CD3 ITAMs, ZAP-70binding andphosphorylation, and LATphospho-

rylation [116, 257], have been implicated as the biological implementation of the proofreading

chain (Figure 1.5). Whilekineticproofreading is consistentwith the ’lifetimedogma’, it cannot

explain the combination of exquisite sensitivity, specificity, and speed observed experimen-
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tally. To achieve ’near-perfect’ discrimination*, a simple kinetic proofreading model would

require long engagement and a large number of agonistic ligands. Based on these apparent

shortcomings, more complexmodels based on kinetic proofreading were developed.
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Figure 1.4: Antigen discrimination in kinetic proofreading.

(A) Simulated dose responses of T cells for antigens with different off-rates/lifetimes. Shown are the

results of a kinetic proofreadingmodel with 3 steps. The sigmoidal shapemay arise as a result of pop-

ulation heterogeneity. I define potency here as the dose required to reach 10% activation. (B) This po-

tency depends on the off-rate. For small off-rates, the response saturates. (C) Perfect antigen discrim-

ination is characterized by perfect sensitivity (i.e. responding to a single molecule of pMHC) and per-

fect discrimination (i.e. a sharp threshold in off-rate between agonists and non-agonists). (D) Kinetic

proofreadingmodelswith identical sensitivity, but different discrimination powers. Baseline discrim-

ination is the level predicted by an occupancymodel (assuming 𝑘𝑜𝑓𝑓 ∝ 𝐾𝐷) or a kinetic proofreading

model with one step. SeeMaterials &methods for details on simulations.

*As I will argue in this thesis, the assumption of ’near-perfect’ discrimination does not hold true. Once this

stringent requirement is dropped, kinetic proofreadingbecomes compatiblewith thehigh sensitivity and speed

found in T cells [4].



32 Introduction

TCR

ZAP-70

Lck

CD4/8

LAT

MHC

Figure 1.5: Potential kinetic proofreading

steps in the proximal TCR signaling network.

TCR/pMHC binding is followed by co-receptor

binding. Next, co-receptor-bound or free Lck

phosphorylates the tyrosines of the ten TCR-

associated ITAMs. These ITAMs serve as a bind-

ing site for the kinase ZAP-70, which can addi-

tionally be directly phosphorylated by Lck to in-

crease its activity. ZAP-70 leads to LAT phos-

phorylation, which serves as an adapter for

many more signaling molecules. Each of these

steps shownherehavebeen implicated inkinetic

proofreading [116, 257]. Yellow squares indicate

ITAM sequences. Dots show single phosphory-

lation sites.

Kinetic proofreading models with feedback

In classical kinetic proofreading models, signal integration occurs downstream of the proof-

reading chain. Integration and thresholding of the signal can explain the digital activation

profile observedwhen T cells are stimulated at the single cell level [12]. To achieve better dis-

crimination, T cells may additionally sense antigen dose by measuring receptor occupancy

of many TCRs in a model called adoptive sorting [258, 259]. Adoptive sorting implements

this adaptation to the dose using a feed-forward loop (Figure 1.6A), however a very similar

effect can be achieve using negative feedback instead (Figure 1.6B). In either case, occupancy

is integrated from multiple TCRs to cancel any influence of the antigen dose, while retain-

ing sensitivity to the bond lifetime. Unlike simple kinetic proofreading chains operating in a

physiological parameter regime, in such a model, even an extremely high dose cannot turn a

non-agonist into an agonistic ligand. Antagonism emerges as an unavoidable consequence

of this model [260]. Here adding a non-agonist can reduce the sensitivity for an agonist dra-

matically. While there is some evidence for antagonism in T cell recognition [261–263], other

studies did not identify such effects [264, 265]. Antagonism could potentially be very danger-
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ous for the immune system, since it would allow immune evasion by expression of antago-

nistic peptides. Furthermore, adoptive sorting may not be very robust. If realistic (i.e. finite)

parameters are tested for the speed that proofreadingmodifications are removed, the time to

reach activation in this model increases dramatically [256] and becomes incompatible with

the physiological requirements of antigen discrimination. For example, ZAP-70 binding was

shown to have a longer lifetime than normal pMHC ligands and could therefore represent a

not easily reversible step [266–268].
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Figure 1.6: Feedback can improve the discrimination power of kinetic proofreading.

(A) The adoptive sorting model includes a feed-forward loop. This loop is shared between TCRs, and

is thought to achieve a higher discriminationwith the same number of proofreading steps. (B)Kinetic

proofreading with negative feedback. This results in a very similar effect as in (A).

1.8.2 The effect of force on antigen discrimination

The notion that forces are exerted by T cells during scanning and might also be applied to

TCR/pMHC bonds [231], fueled research into the contribution of force to antigen discrimina-

tion. Some of themost exciting results about forces on the TCRwere generated using an assay

termed biomembrane force probe (BFP) [269]. In this assay, using amicropipette, a red blood

cell (RBC) coupledwith a bead that is coatedwith pMHC class I is brought into contactwith a

T cell. Since the T cell is also fixed in place via a micropipette, a retraction of the RBC leads to

its deformation and bond rupture can bemicroscopically observed as a relaxation of the RBC.

This technique can be used to apply a defined force at a single TCR bond. Liu et al. used the

BFP assay to apply forces up to 30 pN and observe how the bond lifetime changed at different
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forces. When comparingmultiple pMHC ligands, theymade the interesting observation that

agonistic pMHC binding strengthens under force (termed catch bond), while non-agonistic

binding weakens under force (slip bond) [269]. Under a force of about 10 pN, they found the

differences in lifetimebetweenagonistsandnon-agonists tobe the largest. This led to the idea

that T cellsmight be capable of applying verywell-defined forces on the TCRbond to increase

the spread in lifetimes, compared to zero-force conditions, thereby improving discriminating

between antigens (Figure 1.7).
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Figure 1.7: Molecular bondsmay strengthen or weaken under force.

(A) The lifetime of catch bonds increases under force, while the lifetime of slip bonds decreases. At

high enough forces all catch bonds turn into slip bonds. (B) Force may improve the difference in life-

time between antigen and thereby support discrimination by kinetic proofreading. Shown is the fold

difference in lifetime between the two antigens displayed in (A). Conversely towhat is simulated here,

force could also decrease antigen discrimination, if agonists tend to be slip bonds and non-agonists

catch bonds.

Sibener et al. applied the same methodology to explain why some TCR/pMHC combinations

donot confer activation [92]. They isolateddifferent T cell clones, all binding the samepMHC,

by tetramer staining. While all of themwere able to bind tetramer, some of them did not ac-

tivate upon stimulation with pMHC. Importantly, they could not explain this difference in

activation by either 3D affinity or 2D dwell time. Interestingly, they found that activation

was connected to catch bond formation. While KD and off-rate generally correlatedwell for a

given TCR tested with multiple peptide ligands [78], this is not always true when comparing
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different TCRs. In their study they argue that twoTCRs binding the same peptide showeddif-

ferent activation. However, inspection of their SPR data indicates that there likely is a signifi-

cant different in off-rate thatmay explain the functional differences. Furthermore, one of the

main limitations of adhesion-based assays to measure the response to force is the possibility

of changes in adhesion frequency during sequential testing [270]. One possible explanation

for such ‘memory’ is restructuring of the T cell surface after activation by the first fewbinding

events. Unfortunately, repetitive testing of the same T cell, rather than using a fresh cell for

each repeat, is often a necessity due to the effort involved in changing cells. Indeed, a recent

study investigating catch bond behavior with recombinant proteins, could not identify any

catch bond for agonistic peptide [271].

A major question arising from these studies is the potential structural mechanism of catch

bond formation. An interesting idea was proposed by Wu et al. using steered molecular dy-

namics simulations [234]. In their simulations, a conformational change inMHCupon appli-

cation of forcemade all the difference between catch and slip bond. Theyuse high forces since

they are a necessity to achieve manageable simulation times. Yet, it is not clear if the drastic

conformational changes theyobserve athundredsof pNsareplausible, considering somepro-

teins can be extracted from amembranewith as little as ∼10 pN force [132]. Notably, previous

work on force using the BFP utilized MHC mutants to block co-receptor binding. Hong et al.

directly investigated the importance of CD8 in thymic selection using thymocytes from OT-

I mice [272]. Interestingly they did not find intrinsic catch bonds between the TCR and any

self-ligand in the absence of CD8 binding. When they added CD8, the same ligand showed a

catch bond, while a positively selecting ligand remained a slip bond.

Analternativeexplanation forhowforcemay improvespecificitywithout implyingcatchbonds

or structural changes in the TCR was proposed by Klotzsch and Schütz in a theoretical anal-

ysis [273]. While the probability function of the lifetime of a bond under no load can be de-

scribed as an exponential decay, this changes drastically if the bond is set under stress. A
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constant velocity applied on the bond (e.g. pulling apart the binding partners) results in a

linearly increasing force on the bond in thepN range. Naturally, such a force on the bond is ex-

pected to accelerate unbinding, consistent with accelerated unbinding observed in a cellular

system, compared to binding of recombinant proteins. Interestingly, applying an increasing

force ’tightens’ the probability distributions of different ligands and therefore aids discrimi-

nation. It isworthhighlighting that this effect is onlypresentwhena force gradient is applied;

a constant force will not result in such a change.

1.9 Putting it all together

T cells fulfill a unique role in the immune system. They are able to differentiate with remark-

able precision between self and non-self, while maintaining high speed and sensitivity. This

ability has profound implications for solving the enigma of TCR triggering. Despite decades

of research, it is still not clear if the TCR is activated through conformational change, force, in

a ligand-independent ways such as predicted by kinetic segregation, or in a way we have not

even thought about yet. Kinetic proofreading is an attractivemodel of the proximal signaling

chain to explain antigen discrimination and compatible with TCR triggering models such as

thekinetic segregationmodel. However, kineticproofreadingstruggles toexplain theextreme

requirements of specificity found in early studies of antigen discrimination while maintain-

ing physiological levels of sensitivity and speed. Surprisingly, as I will discuss, I could not

replicate these early findings. When stimulating primary human CD8+ T cells with different

peptides, I found antigen discrimination to be good, but not near-perfect. This discrepancy

may result from inaccurate SPR measurements used to determine the kinetic and affinities

in these early studies. To solve this problem, we developed a new SPR method that allowed

better measurements of the binding properties of TCR/pMHC interactions.



Chapter 2

Effect of CD2 and LFA-1 on T cell activation
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2.1 Introduction

T cells are a key element of the adaptive immune system. They continously interact with im-

mune and non-immune cells to fulfill their functions. Many of these interactions are sup-

ported by the adhesion receptors CD2 and LFA-1 expressed on human T cells. Previous work

has established their role in increasing antigen sensitivity in murine systems [165, 175, 176,

221–223]. However, less is known about their role in humans. Studies in humans are particu-

larly important for CD2, because its ligand in humans, CD58, is not present in rodents, where

CD2 binds a structurally related protein called CD48. Interestingly, in humans, CD58 binds

CD2 with ∼5-fold higher affinity than the CD2/CD48 interactions in rodents and this differ-

ence is increased to about 40-fold when the affinity is measured in 2D [163]. Furthermore,

unlike CD58, which is ubiquitously expressed, CD48 is mostly restricted to the hematopoi-

etic system [141]. Recently, the importance of CD58 for immune evasion in cancer or during

viral infections has been recognized [178, 179]. Taken together, although only a subtle role

for CD2 has been identified in rodents [274], emerging data suggests that it is likely to have a

more prominent role in humans.

Unlike CD2, LFA-1 can bind to multiple ligands, most prominently the family of ICAMs. Of

those ligands, the interactions between ICAM1 and the LFA-1 integrin receptor has been stud-

ied themost. This interaction has both a role in T cells adhering to APCs aswell as in extrava-

sation [275]. Interestingly, inmice, ligationofLFA-1by ICAM1causesan increase in sensitivity,

similar to the effect of CD2/CD48 engagement [221–223]. This shared functional phenotype

on antigen sensitivity is observed despite the fact that CD2 and LFA-1 are part of different

protein families exhibiting different ligand affinities, receptor/ligand dimensions, and recep-

tor signalingmechanisms. CD2 is a 2 Ig-like domain protein binding another 2 Ig-like domain

protein (CD48 or CD58), yielding a very similar height to the TCR bound to pMHC [133]. In

contrast, LFA-1 is a hetero-dimer belonging to the integrin family and its ligand ICAM1 con-
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sists of 5 Ig-like domains resulting in a substantially increased height versus CD2 and its lig-

and. Consequently, they occupy different spaces in the immunological synapse [166, 168, 213,

214]. The affinity of LFA-1 to ICAM1 depends on the activation state of LFA-1. In the high affin-

ity state LFA-1 exhibits significantly higher affinity [205–207] than CD2 to its ligand CD58

[131].

While CD2 and LFA-1 have been studied a lot separately, little is known about how they differ

in function of promoting T cell/APC adhesion. Furthermore, most research on CD2 has been

done in the context of the CD2/CD48 rodent system. Here, I employ a functional approach to

study the effect of CD58and ICAM1 inprimaryhumanCD8+ Tcells. In a reductionistic system

with immobilized ligands, I find a similar phenotype to what has previously been described

inmurinemodels, where ligation of CD2 or LFA-1 by their respective ligands led to a increase

in sensitivity to pMHC and the maximum amount of cytokines secreted. When investigat-

ing this effect in a co-culture system, I find a qualitatively similar phenotype. Unexpectedly,

ligation of CD2 continued to impact antigen sensitivity evenwhen using an affinity-matured

TCR that bound the antigen with 1000-fold higher affinity. This work underlines the impor-

tanceof humanCD2andLFA-1 in increasing theT cell sensitivity to antigenandhighlights the

utility of reductionist systems in quantifying the impact of co-signaling receptors in antigen

recognition.

2.2 Results

2.2.1 Producing a solid phase stimulation surface

I chose to study the effect of ligation of CD2 or LFA-1 by their respective ligands CD58 and

ICAM1 in a reductionistic systemwhere recombinant accessory ligands and pMHCare immo-

bilizedonaplate. In contrast to antigen recognitiononAPCs that express various ligands, this
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reductionist system allowed me to generate well-defined surfaces expressing different con-

centration of both pMHCandCD58or ICAM-1. To allowpotential imaging applications in the

future, I chose microscopy-grade glass bottom plates as my substrate. The plates were func-

tionalizedby coating themwithbiotinylatedBSA, followedbyadditionof saturatingamounts

of streptavidin to allow binding of biotinylated pMHC and CD58 or ICAM1 (Figure 2.1A). This

results in a clean, relative homogeneous coating with a linear relationship between ligand

added and ligand bound (see Figure 2.1B–C). The resulting slope of slightly over 1, is prob-

ably a result of underestimating binding at very low doses. Notably, results depend on the

batch of glass plates used and saturation is usually seen around 100–200 ng pMHC binding

(∼2–4 pmol).
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Figure 2.1: Coating of glass plates allows for linear ligand binding.

(A) Microscopy-grade glass plates are functionalized with biotinylated BSA, followed by binding of

streptavidin. Biotinylated recombinant pMHC, followed by CD58 or ICAM1 are then bound in a final

step. (B)Coating protocol results in even coatingwhen tested either by anti-MHCstaining (W6/32Ab)

orwhen the underlying biotinylated-BSA layer is tested using fluorescent streptavidin. pMHCfluores-

cence is shown log-transformed. (C) Binding of pMHC ligand on plates is linear with respect to the

amount of ligand added.
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2.2.2 Effect of CD58 & ICAM1 in a reductionist system

For stimulation, we isolated primary human CD8+ T cells, bulk-transduced them with the

1G4 TCR, and expanded them (Figure 2.2A). They showed a high purity directly after isolation

(Figure 2.2B–C) and expression of the 1G4 TCR after expansion was routinely analyzed us-

ing tetramers (Figure 2.2D). The 1G4 TCR binds a cognate peptide called 9C from the NY-ESO

testis/tumor antigen presented onHLA*02:01 [276]. Formy studies, I used the heteroclitic 9V

variant (hereafter calledNYE9V)with improved stability on theMHC [47]. As expected,when

the cells were incubated on these plates for 4 h, they responded in a pMHC dose-dependent

way by expression of the early activation marker CD69 and the secretion of IL2 (Figure 2.3).

Adding either CD58 or ICAM1 caused a dramatic improvement in sensitivity and additionally

increased the total amount of cytokine secreted.

To summarize the effect of CD58 and ICAM1 in T cells isolated frommultiple donors, I chose

to characterize these dose response curves by their maximum (Emax) and potency. Bothmea-

sures are derived from fitting the data with a sigmoidal model to smooth out small data er-

rors. Notably, somedose response curves showadecreased responseat veryhighpMHCdoses

(i.e. a bell-shape). We have previously described this adaptation effect as a result of fast TCR

downregulation [277].
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Figure 2.2: T cell isolation and transduction protocol.

(A) CD8+ T cells were isolated from the blood of healthy donors, stimulated, and transduced with

lentivirus encoding the 1G4 TCR. After 11–16 days of expansion, the bulk population was incubated

for 4 h on immobilized recombinant pMHC in the presence or absence of CD58 or ICAM1. Activation

wasmeasured by flow cytometry (activationmarkers) and ELISA (cytokine secretion). (B) Flow cyto-

metric analysis of T cells after isolation. (C) The protocol yields CD8+ T cells with a purity of >90 %.

(D) Stainingwith tetramers after transduction and expansion. Transduction efficiency varies between

30–80%.
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Figure 2.3: Primary human CD8+ T cells transduced with the 1G4-TCR respond in a dose-

dependent way to pMHC.

(A) Example of T cells responding in a pMHC-dependent way by upregulation of CD69 (per cent pos-

itive cells). Data was fitted using a sigmoidal model. Adding ICAM1 or CD58 decrease the pMHC dose

required for activation. Shown is the EC50 (the concentration to reach half-maximal activation) for

the CD58 condition. (B) T cells also secrete IL2 in the supernatant. Data was fitted using a sigmoidal

model. Crosses refer to datapoints that were automatically removed before fitting (bell-shape).
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Figure 2.4: CD58 and ICAM1 increase the sensitivity to pMHC dramatically

(A) Presence of CD58 or ICAM1 does not change the maximum fraction of CD69-positive cells. How-

ever, additionofCD58or ICAM1results ina small tomodest increaseofmaximumcumulative secretion

of IL2 (B) or TNF (C). Maximum secretion is defined as the value of a sigmoidal fit at the top pMHC

concentration. (C) Potency for CD69 (per cent positive cells). Fold difference in geo. mean: 220x for

CD58; 270x for ICAM1. Potency for the cumulative secretion of IL2 (D) and TNF (E). Fold difference in

geo. mean: 64x for CD58; 40x for ICAM1 (IL2) and 79x, 80x (TNF), respectively. Colors indicate data

derived from the same blood donor. Statistics in (A)–(F) from Dunnett’s multiple comparison test on

log-transformed data.

When analyzing data from multiple donors, I find that addition of CD58 or ICAM1 does not

change themaximumpercentageofCD69positive cells (Figure2.4A).Asexpected,CD69varies

somehow between donors and this likely results from differences in transduction efficacy.

The absolute amount of IL2 andTNFdetected in the supernatant varies considerably between

donors/experiments, but adding CD58 or ICAM1 consistently increased IL2, but TNF less so

(Figure 2.4B–C). In contrast, the potency was more conserved between donors. Presence of

CD58 or ICAM1 decrease the EC50 by more than 100-fold (Figure 2.4D), and this phenotype
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is conserved for cytokine secretion (Figure 2.4E–F). As previously described [277, 278], TCR

is downregulated from the cell surface in a pMHC-dependent way (Figure 2.5A). Since some

of the tetramer dose response curve did not have a well defined minimum, I chose to use the

pMHC dose required to cause 40 % downregulation, rather than an EC50, to quantify TCR

downregulation. Consistent with their adhesion role in promoting TCR/pMHC interactions,

the presence of CD58 or ICAM1 increased the pMHC-dependent downregulation of TCR, as

measured by 1G4-specific tetramers (Figure 2.5).
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Figure 2.5: Engagement of CD58 and ICAM1 leads to increased TCR downregulation.

(A) pMHC-dependent downregulation of the 1G4 TCR from the surface (as measured by NYE 9V

tetramer staining) is increased upon addition of CD58 or ICAM1. Potency threshold used for (B) is in-

dicated as dotted line. (B)TCRdownregulation is reproducibly higherwith addition of CD58or ICAM1

than with pMHC alone. Fold difference in geo. mean: 49x for CD58 and 27x for ICAM1. Colors in in-

dicate data derived from the same independent experiment/blood donor. Statistics from Dunnett’s

multiple comparison test on log-transformed data.

2.2.3 Effect of CD58 and ICAM1 in a cellular system

I next sought to investigate the phenotype in a more physiological system using a co-culture

system of pulsed cells and the same 1G4-transduced CD8+ T cells (Figure 2.6). I chose the hu-

man glioblastoma cell line U87, since these cells naturally express HLA-A*02, they are adher-

ent and therefore easy to wash after peptide pulsing, and non-hematologic in origin. Impor-

tantly, these cells do not express CD80 or CD86 (Figure 2.7A), excluding a potential compen-
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sation as has been described previously betweenCD2 andCD28 [158]. They naturally express

CD58 and ICAM1 and I therefore created cell lines deficient in either or both accessory ligands

using CRISPR, followed by sorting of the bulk population (Figure 2.7B), to be able to study the

contributions of the molecules to T cell activation.
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Figure 2.6: T cell/U87 co-culture system.

Primary human CD8+ T cells were isolated from the blood of healthy donors, stimulated, transduced

with the 1G4 TCR, and further expanded. For stimulations, T cells were co-cultured with U87 cells (a

glioblastoma cell line expression HLA*02:01) and pulsed with NYE 9V peptide.
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Figure 2.7: Generation of CD58, ICAM1& double KOs of the HLA-A2+ U87 cell line.

(A) The parental U87 cell line expresses HLA-A2, but not CD80 or CD86. (B) CRISPR KO of U87 cells

are deficient in CD58, ICAM1 or both, but they have similar HLA-A2 expression.
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Figure 2.8: T cells are less sensitive to target cells lacking CD58 or ICAM1.

(A) Effect of CD58, ICAM1 or double knockout on U87 target cells on the upregulation of CD69. (B)

EC50 from fitting the data in (A) with a sigmoidal model. Error bars indicate 95 % CI from fitting. (C)

Effect of CD58, ICAM1 or double knockout on U87 target cells on TNF secretion. (D) Potency as shown

in (C) as dotted line from sigmoidal fit.

Knockout of either CD58 or ICAM1 led to a small decrease in sensitivity andmaximal cytokine

secretion (Figure 2.8). For some of my data the dose response did not have a well defined

maximum. Consequently, I chose to define a potency measure that is independent of the

Emax. Based on a control condition (parental) I selected an activation threshold (15 %) and

calculated the pMHC concentration required to reach that level of activation for each condi-

tion (Figure 2.8C). This method avoids extrapolation, such as when calculating an EC50 for

a curve with badly defined Emax. Interestingly, the double KO revealed an additive effect of

both molecules. However, the shift (∼20-fold) remained smaller than in the plate system,

where addition of CD58 or ICAM1 causes a >100-fold increase in pMHC sensitivity. Notably,

for cytokines the shift was about ∼40–70-fold and therefore similar to what I observed on
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plates (∼40–80-fold). To independently verify this phenotype, I repeated this experiment us-

ing blocking antibodies against CD58, ICAM1, or a combination. The results closely matched

those of the KO cell lines (Figure 2.9). For both experiments, inhibition of CD58 or ICAM1

is accompanied by a small decrease in cognate TCR downregulation from the surface (Fig-

ure 2.10A–B). Blocking CD58 via antibodies increased the levels of CD2 expression on the T

cells (Figure 2.10C–D). Notably, this effect is pMHC-independent. In KO cells, this phenotype

is less clear, possibly since interactions of CD2with CD58 on other T cells are not inhibited in

this system.
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Figure 2.9: Inhibiting CD58 or ICAM1 bindingwith antibodies decreases sensitivity to peptide.

(A) Effect of adding blocking antibodies to CD58, ICAM1 (2 different clones) or both on upregulation

of CD69. (B) EC50 fromfitting the data in (A)with a sigmoidalmodel. Error bars indicate 95%CI from

fitting. (C) Effect of antibody blockage on U87 target cells on TNF secretion. (D) Potency as shown in

(C) as dotted line from sigmoidal fit. T cells were pre-incubated with antibodies and they remained

present during co-culture. Isotype (2x dose) is an additional control to account for the increased anti-

body dose in the double blocking condition.
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Figure2.11: Expressionofaccessory ligands in

U87 cells.

RNA expression of CD2, LFA-1, andCD28 ligands

in the U87 cell line. A value of 1 (dotted line)

is defined as the threshold required for protein

detection. Data from the Human Protein Atlas

[203].

Since the shift in sensitivity seen with U87 cells, when measured by CD69 upregulation, is

much smaller than on plates, I sought to investigate if compensatory interactions could play

a role. T cells interact with other cells via numerous receptor/ligand pairs and some of these

could potentially mask the effect of a CD58 or ICAM1 KO. For example, U87 cells express the

LFA-1 ligands ICAM3, ICAM5, and JAM-A in addition to ICAM1, whenmeasured on RNA level

http://www.proteinatlas.org
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(Figure 2.11). I therefore employed a xenogeneic CHO systempreviously developed in the lab-

oratory. Due to the cricetine (hamster) origin of these cells, most ligands are not expected to

interact with human receptors found on the T cells. Similar to the plate system, this allows

for an additive approach, where human ligands to be studied can be introduced. They have

been transduced with human HLA-A*02:01 single chain dimer to allow TCR/MHC interac-

tions, as previously described [279]. When examining T cell activation and killing in response

to a titration of antigen on CHO cells transduced with human CD58 or not, I only found a

modest increase in antigen sensitivity by CD58 (Figure 2.12). Since the shift is not larger than

what I observed in U87 cells, this argues formechanisms other than compensation to explain

the difference observed between plate and co-culture systems.
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Figure 2.12: Addition of CD58 increases sensitivity to peptide.

Pulsed HLA-A*02+ CHO cells were co-cultured for 21–24 h with 1G4-transduced CD8+ T cells. To test

the effect of CD58, CHO cells were additionally transducedwith a human CD58 transgene. (A) Exam-

ple of CHO cell killing with sigmoidal fit in absence or presence of CD58 on CHO cells. Optical density

(OD) of LDH release was measured by ELISA. (B) Potency measured by EC50 of 41BB upregulation (a

T cell activation marker) on T cells. Comparison using paired t-test on log-transformed data. (C) Po-

tency measured by EC50 of CHO cell killing (as measured by LDH release). Comparison using paired

t-test on log-transformed data. LDH: Lactate dehydrogenase.
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2.2.4 Effect of CD58 in a high-affinity therapeutic TCR*

CD58 loss is a potentialmechanismofT cell evasionby cancer cells and infected cells [177, 179,

181]. To study the effect of different doses of CD58, I used a detailed titration. Furthermore,

T cell therapies often employ high affinity TCRs or CARs. I therefore sought to investigate the

impact of CD58 on antigen sensitivity with an engineered variant of the 1G4 called c58c61

(hereafter referred to as 1G4hi) that has been affinity-matured for a ∼100,000-fold increase

in affinity [68, 82]. For consistency with previously generated data in the laboratory, I used

NYE 4A immobilized on commercial streptavidin-coated plates. The 1G4hi binds to NYE 4A

with a super-physiological affinity of ∼1 nM. Importantly, by using the NYE 4A8K variant, I

could stimulate 1G4hi-transduced T cells with a physiological affinity, similar to the one of

the natural 1G4 binding its cognate peptide NYE 9V (Figure 2.13A).
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Figure 2.13: Super-physiological antigen affinity for the 1G4hi TCR results in increased sensitiv-

ity in the absence of CD58.

(A) The affinity-matured c58c61 1G4 TCR (1G4hi TCR) binds the NYE 4A peptide with super-

physiological affinity, but binds 4A8K with an affinity comparable to the natural 1G4 TCR binding its

cognate peptide 9V. Data from [78, 82]. (B) Dose response of T cells transduced with 1G4hi TCR and

stimulated with immobilized pMHC ± CD58. While the higher-affinity peptide is more potent in ab-

sence of CD58, this is reversed in presence of CD58.

*The data in this chapter is published in [3] and is part of another thesis [2].
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Stimulating 1G4hi-transducedCD8+ T cells for 8 hwith immobilized pMHC resulted in a typi-

cal dose response curve (see Figure 2.13B). Thehigher affinity peptideNYE4Aproducedadose

response shifted to lower doses, compared to 4A8K (Figure 2.13B). As above, CD58 increased

the sensitivity to pMHC dramatically for a physiological affinity antigen. Notably, this effect

is smaller for 4A, resulting in a reversal of the potency between 4A and 4A8K in presence of

CD58 (Figure 2.13B). A detailed titration of CD58 revealed that a small increase in CD58 dose

can change sensitivity dramatically (Figure 2.14). Furthermore, the effect of CD58 saturates

at high doses. Themaximum amount of cytokines secreted is similar for both peptides when

CD58 is engaged (Figure 2.15). Notably, the effect on potency saturates around 125 ng CD58,

whereas the effect on cytokine Emax continues to increase until∼500ngCD58, indicating that

these phenotypes could be mediated by different mechanisms. As expected, CD58 leads to

an increased downregulation of the TCR from the cell surface (Figure 2.16A–B). CD2 itself is

also downregulated in a CD58-dependent manner, but independent of the pMHC dose (Fig-

ure 2.16C–D).
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Figure 2.14: Engagement of CD2 increases the sensitivity of pMHC.

Effect of titration of CD58 (colors) and pMHC (x-axis) for high affinity NYE 4A (A) and physiological

affinity NYE 4A8K (B) antigens on CD69 upregulation. Notably, due to the different substrate, more

pMHC is needed to get the T cells activated than when using the glass plates described above.
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Figure 2.16: Ligand-dependent downregulation of CD2 and the TCR.

pMHC-dependent downregulation of surface TCR for NYE 4A (A) and 4A8K (B)measured by tetramer

staining. CD58-dependent downregulation of surface CD2 for NYE 4A (C) and 4A8K (D).
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To test how sensitive T cells in this system are to changes to CD58 dosage, I fitted all the po-

tency and Emax data derived from fitting the dose responses (as described in Figure 2.3) with

an additional sigmoidal function. One parameter of these fits is the Hill number, which is

close to 1 for a linear relationship. Values greater than 1 are an indication of a system with

positive cooperativity that is very sensitive to changes in CD58 dose (ultra-sensitivity). I find

that the increase in cytokine secretion isquite sensitive to theCD58doseusedwithaHill slope

of 2.1–2.9 (Figure 2.17A–B). Tomeasure the potency, I define a threshold of 10%of the 1000ng

CD58condition (P10; Figure 2.17C). Interestingly, thepotency forNYE4Aand4A8K is also very

sensitive to changes in CD58 (Hill slope: 1.7–18; Figure 2.17D–E). Both Emax and potency show

Hill slopes significantly larger than 1, indicate some level of ultra-sensitivity (Figure 2.17F).
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Figure 2.17: Effect of CD2 on potency and Emax is ultra-sensitive.

Effect of CD58 titration on IL2 Emax when responding to NYE 4A (A) or 4A8K (B). (C) Example of sig-

moidal fit of IL2 and the P10 threshold used to calculate potency. Data points that were automatically

removed due to their contribution to a bell-shape are indicated as crosses. Effect of CD58 titration on

IL2 potency to NYE 4A (D) and 4A8K (E). (F) Summary of hill slopes of sigmoidal fits as shown in (A),

(B), (D), and (E). Log transformed datawas compared to log 1 (=0)with independent 1-sample t-tests.

p<0.0001 for NYE 4A and p=0.008 for 4A8K. Colors in (A), (B), (D), and (E) indicate different blood

donors.
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2.3 Discussion

Here I showed how CD58 and ICAM1 affect the response of primary human CD8+ T cells by

employingmultiple, complementaryexperimental systems. I foundthatCD58or ICAM1share

a similar phenotype, where addition of either increases the sensitivity >100-fold to immobi-

lized pMHC. Interestingly, while this effect is qualitatively conserved in a cellular system, the

magnitudewas smallerwith cells. Lastly, I showed that even for a TCRwith 1000-fold higher

affinity, CD58 still plays a pivotal role in increasing sensitivity.

In a plate based system, the effect of CD58 and ICAM1 on sensitivity is dramatic, qualitatively

consistent with what has been found in other studies in murine systems for LFA1/ICAM1 and

CD2/CD48(the rodent counterpart ofCD58) [165, 175, 176, 221–223]. Inbothcellular andplate

systems, a shift in functional sensitivity is accompanied by an increase in TCR downregula-

tion. Notably, in a comparative study that includes data presented here, we found that the

accessory ligands CD86 (ligand to CD28) and CD70 (ligand to CD27) did not, or only moder-

ately increased the sensitivity to pMHC [3]. Of the ligands tested (ICAM1 was not included),

CD58 showed the strongest effect on cytokine Emax and EC50.

I found thatCD58and ICAM1 showvery similar phenotypes, consistentwith abroadly similar

function inenablingcell adhesion. While thedimensionofCD2/CD58matches theTCR/pMHC

size well and therefore conceptually can easily facilitate TCR binding in close contacts, LFA-

1/ICAM1 is significantly larger. Consistentwith their size, CD2/CD58can localizewithTCR/pMHC

[166],while LFA-1/ICAM1 is segregated (see also Figure 1.2) [213, 214]. It is therefore thought to

be more important for ’macroscopic’ adhesion. However, bringing the adjacent membranes

to a distance larger than the TCR/pMHC may still be highly beneficial for TCR binding and

thereby could explain the very similar phenotype to CD2/CD58 in my work. Interestingly,

when titratingCD58, I foundT cells to behighly sensitive to changes in theCD58dose, shown

by a hill slope >1. This indicates there might be cooperativity between CD58 molecules. For



2.3 Discussion 55

example, critical concentration of CD2/CD58 bonds could be required to create sufficiently

large domains of membrane proximity to allow TCR/pMHC binding.

Interestingly, the potency shift is >100-fold for a physiological antigen, but this effect is less

pronounced for the higher affinity antigen 4A, arguing that this interaction might be less re-

liant on CD2/CD58 due to its intrinsically higher affinity. Yet, increasing the affinity >1000-

fold cannot compensate for the loss of CD58 and therefore affinity-matured TCRs might still

be prone to immune-evasion by loss of CD58. Interestingly, when CD58 is present, the lower

affinity antigen seems to bemore potent than the higher affinity antigen. Potentially, this is a

consequence of inhibition of serial triggering for pMHCs that bind too strongly (i.e. too long)

to the TCR, as previously observed [79–82].

I found the effect of either CD58 or ICAM1 on pMHC sensitivity to be more pronounced on

plates than in co-culture with human cells. One potential explanation could be the presence

of other adhesive ligands on these cells. For example, based on public RNA data, U87 cells

express the LFA-1 ligands ICAM3, ICAM5 & JAM-A (Human Protein Atlas). Liu et al. found

ICAM2, but not ICAM3, to be important in sensitizing a pancreatic cancer cell line to killing by

γδ T cells [280], while others reported that ICAM3 on Langerhans cells is important for stim-

ulation of CD4+ T cells [281]. In theory,manypotential interactions should be greatly reduced

in theCHOsystem. The similar phenotype in these cellswhencompared to theU87 system in-

dicates that this may not be due to compensatory interactions. However, I have not ruled out

the possibility that CD2or LFA-1 canbind ligands onhamster cells. Other possible reasons are

the mobility of the ligands on a cell compared to the immobile plate system, the presence of

a glycocalyx, or the softness of the substrate. For example, previous work found the adhesion

of E-cadherin to benefit from less mobility to allow for a more efficient nucleation process

[282]. Conversely, a theoretical analysis of integrin binding predicts much higher binding

when both receptor and ligand are mobile [283]. Furthermore, they find that bonds formed

in amobile experimental system aremore resistant to force. Consistent with these results on

http://www.proteinatlas.org
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integrin binding, there is similar data for CD2, showing thatmobile CD58 is better at binding

CD2 [138]. It should be noted that Smith et al. worked with reconstituted membrane where

no signaling could occur. Immobility of ICAM1 may be important to allow for force-induced

activation of LFA-1 and lack of ICAM1 mobility on DCs was shown to impair T cell priming

and adhesion [211]. Future experiments with supported lipid bilayers could yield insight into

whether mobility is an important factor. Similar to the plates used here, lipid bilayers offer

good dose control, but the ligands canmove laterally.

Interestingly, the effect of CD2 on increasing cytokine production and enhancing sensitivity

might be mediated through separate mechanisms [2]. While the former is likely due to sig-

naling through CD2’s long cytoplasmic tail, the increase in sensitivity may be a direct conse-

quence of its adhesion function. CD2 also plays a role for CAR T cell activation [180, 181], even

thoughCARs are generally larger and therefore their sizewill notmatchwithCD2/CD58. Mu-

tations or loss of CD58 are strongly associated with evasion of T cell killing in vitro, as well as

in cancer patients [179, 182, 183]. In the future, more subtle approaches to inhibit or enhance

the CD2 axis may be required to harness the full therapeutic potential of this molecule. For

adoptive CAR T cell therapy, it will be interesting if one can remove CD2 from the equation

and therefore make these cells resistant to the loss of CD58 found in some tumors [182, 183].

Here I have shown the effect of CD58 and ICAM1 on T cell activation, cytokine secretion, and

TCR downregulation. Surprisingly, ligation of CD2 by CD58 or binding of the much larger

LFA-1/ICAM1 pair leads to highly similar phenotypes. Even affinity-matured TCRs rely on

CD58 engagement to increase the sensitivity of pMHC. A higher affinity is not beneficial any-

more in thepresenceofCD58, but results in adecreasedpotency. Interestingly, thephenotype

in a co-culture system was less pronounced, even when using CHO cells to eliminate poten-

tial compensatory interactions. Experiments on supported lipid bilayers could bridge that

gap and help understand the factors contributing to the action of CD58 and ICAM1. Further-

more, comparing ligand densities directly could establish if any difference is due to a lower
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number of ligands on cells, compared to what I used on plates for my experiments. In the fu-

ture, understanding this axis better might help improve therapeutic success in patients with

CD58 alterations and to utilize the power of LFA-1 and CD2 in CAR T cell therapy.





Chapter 3

Measuring ultra-low affinity TCR/pMHC

interactions by SPR
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3.1 Introduction

Surface plasmon resonance (SPR) is the gold standard for measuring interactions between

binding partners, such as proteins, small molecules, nucleic acids, or even viruses [284]. It

allows one tomeasure binding kinetics (off- and on-rates) and affinities using slightly differ-

ent experimental regimes. For monomeric interactions, affinities can also be calculated from

measured kinetics (𝐾𝐷 = 𝑘𝑜𝑓𝑓
𝑘𝑜𝑛

). Unlike many other methods, SPR does not require labeling

of the binding partners, but rather measures any association onto the surface-proximal vol-

ume of the SPR chip. Tomeasure specific binding, one of the binding partners is immobilized

on the chip surface or a surface-bound matrix (e.g. dextran) and a potential binding partner

is injected over the surface (termed analyte; Figure 3.1A). With the appropriate controls, any

binding can then be attributed to a specific interaction between these molecules. However,

since the measurement is not specific to one species, SPR is prone to errors by contamina-

tion of the analyte with other potential binding partners, differences in buffer composition

causing apparent signals, and aggregation of the analyte [284, 285]. The latter is common for

proteins at ahigher concentration and thereforeneeds tobe strictly excluded to receivemean-

ingful results. Fortunately, some of these artifacts can easily be spotted when inspecting the

sensogram (time versus response of an SPR experiment), and improved protein production

workflows havemade it significantly easier to generate clean products for SPR experiments.
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Figure 3.1: SPR tomeasure TCR/pMHC interactions.

(A)Principle of surface plasmon resonance (SPR). In our experiments, the pMHC is immobilized on the

chip, while a soluble version of the TCR serves as an analyte. (B) TCR/pMHC affinities are low com-

pared to other interactions in the immune system. Affinities for cognate TCR/pMHC pairs are usually

within a range of 1–100𝜇M, but KDs for self-peptide or altered peptide ligands are expected to be sub-

stantially higher. (C) Simulated SPR experiment of a TCRbinding a lowaffinity pMHC. The fast associ-

ation and dissociation prevent good kinetic fitting. Simulation parameters: 𝑘𝑜𝑛 = 50, 000 𝑀−1𝑠−1;
𝑘𝑜𝑓𝑓 = 10 𝑠−1; [𝑇 𝐶𝑅] = 50 𝜇𝑀. (D) Simulated sensogram of a TCR binding immobilized pMHC

with an KD of 10 𝜇M. (E) Steady-state values from (D) over TCR concentration. Indicated are the Bmax

(saturation) and the KD. TNFR: TNF receptor. NTR: non-catalytic tyrosine-phosphorylated receptors.

Measuring the interaction of TCRs with pMHC via SPR has been instrumental in driving our

understanding on how T cells recognize their ligands. Interestingly, TCR/pMHC bonds are

among theweakest in the immune system (Figure 3.1B). For instance, B cell receptors are sim-

ilarly structured with variable immunoglobulin-family domains that bind their target and

also signal through ITAMs when expressed on the surface of B cells. Yet, they generally ex-
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hibit significantly higher affinities than TCRswith KDs ranging from about 1𝜇Mto picomolar

values (Figure 3.1B) [67]. In contrast, typical TCR affinities for cognate peptides are in the

range of 2–30 𝜇M for human class I TCRs, and 20–100 𝜇M for class II TCRs [70]. Their low

affinity results from a combination of a relatively slow on-rate (∼103–105 M-1s-1) and a fast

off-rate (∼0.1–1 s-1) [66]. Notably, this not an inherent structural limit of the TCR, as in vitro

affinity-matured TCRs can bind pMHCwith antibody-like affinities (e.g. ∼50 pM for the high

affinity 1G4 variant used in chapter 2).

The affinities and kinetics of a number of class I and some class II TCRs when interacting

with their cognate antigen have been determined by SPR. However, KDs and off-rates for pep-

tide variants used in discrimination studies (such as here), cross-reactive peptides, or self-

peptides can be significantly higher than 100𝜇Mand 5/s, respectively. With current technol-

ogy affinities and off-rates beyond these values have been very difficult to measure and con-

sequently, the affinity of TCRs to self-pMHC is a matter of speculation. Notably, measuring

low affinity TCR/pMHC interactions is not an issue of signal-to-noise. Modern SPR technol-

ogy (suchas theBiacoreT200used in thiswork) are extremely sensitive (<1RU), and therefore

are able to detect even the little binding produced by a lowaffinity interaction (see Figure 3.1C

for an examplewith a KD of 200𝜇M). For kinetics, the limiting factor is the time resolution of

the SPR machine. With a typical frequency of 10 Hz, the maximum achievable off-rates that

can be measured are in the order 10 s-1 (see Figure 3.1C for example). SPR also allows one to

determine the affinity directly through measuring the response at steady-state at different

concentrations of analyte (Figure 3.1D; often called equilibrium analysis). At high concentra-

tions (top [TCR]≫KD), almost all of the active pMHC on the surface will be TCR-bound. The

KD is defined as the analyte concentration required to achieve half-maximal binding, where

maximal binding (Bmax) refers to the level of binding when each pMHC on the chip is bound

(Figure 3.1E). Therefore, accurate determination of a KD requires a good estimate of the Bmax.

Generally, to reach sufficient binding to calculate the Bmax by extrapolation, the top TCR con-
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centration should be higher than the KD to bemeasured (typically somewhere >2–10-fold the

KD, depending on the technical error/noise). Although this is feasible for higher-affinity in-

teractions, it can be difficult to achieve for lower affinity interactions because increasing the

concentration of the TCR is not practical without introducing aggregates.

Here we aim to overcome this practical limitation on the lower limit of TCR/pMHC affinities

that can be measured by SPR. We show that using a new SPR protocol where the Bmax is in-

dependently determined allows reproducible affinity measurements for >1 mM KDs for two

different human TCRs. This method is useful for generating peptide panels to study antigen

discrimination (see chapter 4), tomeasure theminimal affinitybetweenTCRsandpMHC, and

to investigate the interactions between TCRs and self-pMHC.

3.2 Results

3.2.1 Steady-state fitting of low affinity pMHC leads to large errors

Here we aimed to develop a SPR-based protocol to measure TCR/pMHC KDs >100 𝜇M. Since

determining the affinity through kinetics is technically limited by the sampling rate of the

machine, we decided to use steady-state fitting instead. First, I sought to estimate which KDs

can still be reliably measured and which ones cannot. Since this depends on the error, I first

investigated TCR/pMHC data in the lab to understand how much it deviates from an ideal

binding curve (such as in Figure 3.3C). For simplicity, I ignored other sources of noise, such as

from drifts. To test the maximum KD that can reliably be measured, given this experimental

error and a top TCR concentration of 100 𝜇M, I usedMonte Carlo simulations, where I simu-

lated SPR experiments repeatedly with random errors and then fitted the data and extracted

the KD. As expected, I find that the variance increases substantially when trying to measure

KDs over the top TCR concentration (simulated in Figure 3.2A). This includes many extreme
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outliers such that KDs >5,000𝜇MorKDs <200𝜇Mrepresent over 50%of the results for a true

KD of 1,000 𝜇M (Figure 3.2B). Lastly, even when averaging many experiments the geometric

mean of the KD (and even more so the arithmetic mean) will include a substantial bias (Fig-

ure 3.2C). For example, at a true KD of 1000 𝜇M the geo. mean is >50-fold off the true value,

resulting in an apparent KD geo. mean of ∼50,000 𝜇M. If outliers with very high KDs are ex-

cluded, this trend reverses and the KD is underestimated (visible on Figure 3.2A). Given that

it is difficult to achieve TCR concentrations that are significantly larger than 100 𝜇M, while

avoiding aggregation, this limits practically measurable KDs for TCR/pMHC interactions to

around 50–200 𝜇M.
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Figure 3.2: Trying tomeasure low affinity pMHC can lead to large errors in KD.

(A) Measuring increasingly low affinities with the same top TCR concentrations leads to the intro-

duction of significant variance between experiments. (B) The number of experiments withmore than

>5-fold error (grey area) shows a stark increase at high KDs. (C) At higher KDs the geometric mean of

multiple experiments does not reflect the true KD anymore, but rather significantly over estimates the

KD. Data generated byMonte Carlo stimulations (n=250 per condition) of steady-state bindingwith a

titration of 8 TCR concentrations, a top concentration of 100𝜇M, and a SD of 0.09/RU (estimated from

our own experimental data).
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3.2.2 SPR method to measure low affinity TCR/pMHC interactions*

As shown above, to get an accurate and reproducible estimate of the KD, it is required to use

analyte (here the TCR) concentrations that are close to saturating binding (Bmax). For our

typical TCR concentration of 50–100 𝜇M, this would limit the KDs we are able to measure

to <100 𝜇M.We therefore decided to independently determine the Bmax for SPR experiments

using a high-affinity antibody. Since the W6/32 antibody binds all human class I MHCs in

a peptide-independent, but conformation-dependent way, we can measure the amount of

active pMHC on the chip surface (i.e. the Bmax) independently of reaching saturating TCR

concentrations (Figure 3.3A). As expected, the TCR response can vary dramatically between

pMHCs, while the antibody response remained similar (Figure 3.3B). If the batch and anti-

body concentration are kept constant (as in our experiments), antibody bindingwill only de-

pend on the amount of pMHC immobilized and the active fraction of pMHC. For all our ex-

periments, I first fitted the data directly (Bmax fitted), where the Bmax is estimated based on

TCR binding (i.e. the traditional way to perform steady-state fitting). Using the same data,

I applied a second model, where the Bmax was constrained to the value that was calculated

based on antibody binding (Bmax constrained). For high affinity pMHC the Bmax and therefore

KD when using either method is similar, whereas for low affinity pMHC it may vary greatly,

based on the lack of data to determine the Bmax from the TCR binding alone (Figure 3.3C).

*The results in this chapter are published in [4].
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Figure 3.3: Methodology ultra-low affinity SPR.

(A)The conformation-specific, peptide-independent pan-class IMHCantibodyW6/32 allows tomea-

sure the Bmax independently of TCR binding. (B)While the TCR response depends on the peptide, the

W6/32 shows strong binding even to a low affinity pMHC. Antibody binding is a function of the an-

tibody concentration used, the amount of pMHC immobilized, the active fraction, and the antibody’s

affinity to MHC. Since we keep the concentration constant between experiments and this antibody

binds independently of the peptide, the bindingwill be a good reflection of the amount of active pMHC

on the surface (i.e. theBmax). (C)Forahigh-affinityTCR/pMHCinteraction, using theBmax determined

by TCR (Bmax fitted), or the Bmax determined using the W6/32 antibody (Bmax constrained) does not

change the fit significantly. However, for a low affinity pMHC, where saturation is not achieved, using

the antibody Bmax results in a dramatic change in KD. For the low affinity pMHC, an extrapolated re-

sponse with a x-axis limit of 10,000 𝜇M and a y-axis limit of 2,000 RU is shown as an inset. Only on

this larger scale, the differences in the fits become obvious. Peptide variants shown: NYE 3A (left) and

NYE 5F (right).
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Wegenerated an empirical standard curve fromhigh affinity TCR/pMHC experiments (where

top [TCR] > 2.5x KD) for two different natural human TCRs. Both the A6 and 1G4 TCR fall

on the same curve and the antibody is insensitive to the specific peptide used (Figure 3.4A).

Importantly, using the constrained Bmax method does not introduce additional error when

compared to the Bmax fitted method for high-affinity pMHCs. For lower affinity pMHCs, the

variance increased significantly when using the Bmax fitted method, while it did not increase

when using the antibody-determined Bmax (Figure 3.4B). The KD measured with Bmax fitted

correlated well at lower KDs, but stoped doing so at higher KDs (Figure 3.4C). Reminiscent of

the theoretical analysis above, KDs tend to be underestimated for KDs >20 𝜇M,with a second

peak appearing for pMHCwith KDs >1,000𝜇M. This second peak represents starkly overesti-

mated values and was clipped to 10,000 𝜇M inmy analysis for brevity.

For our SPR experiments we use CD58 as an inert protein in the reference flow cell andmatch

the immobilization levels. This is necessary since amismatch in immobilization between the

sample and the reference flowcell canhide small signals (volume exclusion effect; Figure 3.5).

Furthermore, small drifts within a flow cell can be a cause of errors. For example, the buildup

of small air bubbles can cause drifts and high temperatures (i.e. 37°C) promote their forma-

tion. Subtracting the reference flow cell signal (single referencing) corrects for larger changes

in response, such as bulk effects caused by differences in buffer composition, but it does not

account for small differences between the flow cells. To avoid these, we implemented double

referencing [285] for all our data analysis, where the buffer injections from the same flow cell

are used to correct for small drifts over time (Figure 3.6).
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Figure 3.4: New SPRmethod allows tomeasure ultra-low affinity pMHC reproducibly.

(A) Standard curve to correlate W6/32 antibody binding with saturated TCR binding. Immobiliza-

tion levels of NYE 9V are indicated. As expected, the TCR Bmax and W6/32 binding depend on how

much pMHC is immobilized. However, measuring immobilization does not differentiate between ac-

tive (i.e. able to bind the TCR) and inactive pMHC. In contrast,W6/32 binding is conformation-specific

and therefore offers a better correlate for TCR binding. (B) Geometric standard deviation factor (fold

change; 1.0 equals no variance) for higher (<100 𝜇M KD) and lower affinity (>100 𝜇M KD) pMHCs.

Paired testing by two independent Wilcoxon rank tests. Unpaired testing by Kruskal-Wallis test with

Dunn’s multiple comparison. (C) Correlation of KDs obtained with antibody-derived Bmax (Bmax con-

strained) or with traditional fitting (Bmax fitted). Shown is a loglog line with a slope of 1. An error to

underestimate theKD using the traditionalmethod seems to appear around aKD of 20𝜇M.Note: some

of the KDs fitted with the traditional method are significantly larger than 10,000 𝜇M, but are shown

here as 10,000 𝜇M for better visualization.
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Figure 3.6: Double referencing allows to adjust for small differences between flow cells.

A sensogram from a single flow cell with three low TCR concentration injection cycles before (A) and

after (B) double referencing. While the data in (A) is already referenced by the control flow cell, it

clearly shows a drift in response over time. To adjust for this, buffer injections from the same flow cell

as the sample are used as an additional reference.
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3.2.3 APL screening*

With the ability to measure ultra-low affinity pMHCs (>1 mM KD), we next sought to screen

many different altered peptide ligands to find a panel suitable for functional experiments.

Both the 1G4 and A6 TCR are natural human class I TCRs binding peptides presented onHLA-

A*02:01. The 1G4 TCR recognizes a peptide from the testis/tumor antigen NY-ESO (NYE) and

we use 11 previously described peptides [78, 82]. Many of these have only been studied in the

context of an affinity-matured TCR and thereforewe did not have a reference KD. As the index

peptide and base for all further substitutions, we used the NYE 9V peptide, which contains a

C9Vmutation to improve stability on MHC [47]. We utilized 6 previously described APLs for

the A6 TCR [27, 286], but I also designed 17 additional variants with a focus on substituting

position 5 and 7, based on the crystal structure of the A6/HLA-A*02:01 complex [27, 62]. The

indexpeptide for theA6TCR isderived fromtheviralTaxprotein fromhumanT-lymphotropic

virus 1 (HTLV-1). Additionally, ourpanel includesayeastpeptide (Tel1p) andapeptidederived

fromahumanself peptide (HuD2L9V) thatwerepreviouslydescribed tobind theA6TCR [287,

288]. To avoid large differences in stability onMHC,wedidnot alter the anchor residues 2L9V

for any of our 1G4 or A6 APLs.

*The results in this chapter are published in [4].
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Figure 3.7: Screening of peptide ligands for the 1G4 and A6 TCRs.

(A) Overview of peptide variants screened for the 1G4 and the A6 TCR. (B) Selection of 8 peptides for

functional experiments with the 1G4 TCR. (C) Selection of 8 peptides for functional experiments with

the A6 TCR. (D) A6 panel with higher affinities.

Whenwemeasured the affinities for all of these peptides,we foundabroad range of KDs rang-

ing from 2 𝜇M to ∼2 mM (Figure 3.7A; Table S1 and Table S2). For the 1G4 TCR, we could re-

produce the KDs reported previously for high-affinity peptides, but we found some difference

to lower affinity ones [78]. When comparing the affinities for the A6 TCR for the TaxWT and

the Tax 7R peptide, we find slightly lower affinities [27], potentially due to the difference in

temperature used (37°C for us). Based on the range of peptide affinities, I designed a panel for

the 1G4 and A6 TCR, each spanning a wide range of affinities (Figure 3.7B–C). Due to limited

sensitivity of A6-expressing T cells (see chapter 4 for details), I furthermore designed an addi-

tional panel for the A6 TCR that is enriched in higher-affinity peptide variants (Figure 3.7D).
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3.2.4 Recognition of pMHC by the TCR is characterized by an

affinity-floor

Surprisingly, even with double amino acid substitutions, we did not find peptides for either

the 1G4 or the A6 TCR that showed KDs significantly larger than 2mM (Figure 3.7A).We spec-

ulated that this might represent an affinity-floor. At this floor, the dominant energetic con-

tribution to binding is expected to come from contacts to the MHC, rather than the peptide.

Since for our initial APL screeningwechangedatmost twoaminoacids, thepeptideswere still

closely related to their ancestral index/cognate peptide. We therefore sought to investigate

completely unrelated peptides. First, we used NYE APLs designed for the 1G4 TCR and mea-

sured their affinity for the A6 TCR and vice versa (cross-reactivity). However, they boundwith

a similar affinity of about 2mMto either TCR (Figure 3.8A–B). Next, we tested aminimal pep-

tide that consists only of alanines with conserved anchor residues. Yet, the affinity remained

very similar (Figure 3.8A–B). Lastly, we tested a biased peptide library (see Table 6.9), where

the primary anchor residues (P2 + P9) are constrained to favor HLA-A*02:01 binding. Sec-

ondary anchor residues (P3 + P6) were chosen not to obstruct MHC binding. For TCR-facing

positions (P1, P4, P5, P7, P8) only residues were allowed that do not likely contribute to TCR

binding (i.e. small uncharged amino acids). Whenusing this biased peptide library, we found

a KD similar to the affinity floor (Figure 3.8A–B). Furthermore, when calculating the average

of all affinity-floor peptides, we found it to be very similar for both TCRs (Figure 3.8C).When

comparing the affinity floor with binding to NYE 9V, we estimate the loss of binding energy

to be around 3.4 kcal/mol* or ∼25 % based on a previously estimated total binding energy for

the 1G4 of -12.5 kcal/mol [289].

*Calculated using: ΔΔ𝐺 = −𝑅𝑇 ln ( 𝐾𝐷(affinity floor)
𝐾𝐷(NYE 9V) ), where RT is 0.62 kcal/mol at 37°C.
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about 2mM to HLA-A*02:01.

Comparison of KDs measured for

some ultra-low affinity peptides

for the (A) 1G4 and (B) A6 TCR.

This includes peptides derived

from the cognate/index peptide

by single or double amino acid

substitutions, completely unre-

lated peptides (cross-reactive), a

minimal peptide with all alanines

(except for the anchor residues),

and a peptide library (see Table 6.9

for details). Shown is the geo.

mean with 95 % CI. (C) Both TCRs

show a very similar affinity floor of

about 2 mM KD. Displayed is the

geo. mean of the geo. means of all

peptides shown in (A) and (B)with

geo. SD.

It is possible that this affinity-floor is merely an artifact of the control protein we used in the

reference flow cell. For example, if CD58 is repulsing the TCR, this would lead to apparent

binding topMHC.To exclude suchaneffect,we tested additional control proteins. When test-

ing MHC class II and CD86 we found them to be similar to CD58 (Figure 3.9A). Using ICAM1

led to a slightly (non-significantly) higher response than CD58 (Figure 3.9A). However, when

we tested the influence of different control proteins on the actual KD on the example of 1G4

binding NYE 5F from paired experiments, we found the effect to bemarginal (Figure 3.9B).
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Figure 3.9: Immobilizing alternative control proteins in the reference flow cell does not change

the KD of ultra-low affinity pMHCs dramatically.

(A) CD58 andMHC class II or CD86 produce a similar baseline. ICAM1 results in slightly more unspe-

cific binding compared to CD58. Shown are the slopes of the binding when using CD58 as reference

flow cell. Slopes were determined by fitting a linear function to the [TCR] vs RU data (see Figure 3.5B).

Statistical testing bymultiple, independent 1-sampleWilcoxon tests versus 0. p=0.84, p=0.31, p=0.06

forMHC class II, CD86, and ICAM1, respectively. (B)Using a different control protein for the reference

flow cell does not change the KD of an ultra-low affinity peptide (1G4/NYE 5F) significantly. Statistical

testing using mixed effect analysis (paired) with Dunnett’s multiple comparison on log-transformed

data. Shown are geo. mean + geo. SD. n=2, 4, 3 for MHC class II, CD86, and ICAM1, respectively.

3.3 Discussion

SPR has been pivotal in understanding TCR/pMHC interactions. However, due to the natu-

rally low affinity of TCRs, it has been practically impossible to measure the kinetics or affini-

ties for low affinity pMHCs. Here we showed a new SPR method based on steady-state KD

fitting, that allows the determination of KD values >1 mM; i.e. affinities >10-fold lower than

previously possible. To achieve thiswe used a conformation-specific antibody binding all hu-

man class I MHCs to assess the Bmax independently of reaching saturating concentrations of

TCR analyte. We showed that this method correlates well with the traditional approach for

high affinity pMHCs. There is currently no independentway to verify our KDs >100𝜇M.How-
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ever, in contrast to the Bmax fitted method, we were able to measure KDs reproducibly with a

variance similar to that for high affinity pMHCs.

Using this method we screened >40 APLs for the human class I TCRs 1G4 and A6. We found

affinities ranging from2𝜇Mto over 2mM. For the first time this allowed us to design a pMHC

panel to study the responseofTcells toultra-lowaffinitypMHCs (see chapter4). Surprisingly,

even with aggressive substitutions, cross-reactive peptides, or a minimal peptide we did not

identify pMHC with KDs much lower than 2 mM. When testing pMHC refolded with a pep-

tide library that represents a large diversity, we found a similar KD, defining an affinity floor

for TCR/pMHC interactions. Importantly, we tested multiple control proteins to exclude the

possibility that this affinity floor is due to a special property of our standard control protein

CD58. However, while our class I pMHC ligands are produced in bacteria, all control proteins

were produced in mammalian cells. Therefore, further experiments are required to rule out

the chance that the difference in glycosylation would result in higher unspecific binding of

the TCR to pMHC than the control proteins. Moreover, we did not attempt to change the an-

chor residues of our peptides, except for the peptide library, where they were allowed to vary

within a limited number of amino acids that can bind HLA-A*02:01 well. While they are not

expected to contribute much to the binding [290], they could play a role when assessing this

affinity floor.

Interestingly, the two TCRs tested by us showed a similar affinity floor. However, further ex-

periments are required to establish if this holds true for other TCRs as well. For example, it

would be interesting to investigate TCRs binding to other HLAs than HLA-A*02:01, which is

theHLA both the A6 and the 1G4 TCR bind to. Moreover, testing class IIMHCs could establish

if this threshold is biologically conserved for CD4+ T cells, as well. We hypothesize that this

affinity-floor represents the background affinity that a TCR would be exposed to in a physio-

logical settings when interacting with self-peptide on APCs. It is tempting to speculate that

this is a direct consequence of positive selection and therefore may vary greatly when TCRs
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are tested against MHC allotypes they have not experienced during thymic selection. Fur-

ther experiments would aid our insight into the importance self pMHC interactions andmay

provide clues for the mechanisms underlying the development of autoimmunity.

The ability to reliablymeasure theultra-lowaffinity peptides down to thebackgroundaffinity

would openupmultiple interesting applications. First, interaction of T cellswith self-peptide

expressing APCs has been shown to be important for T cell maintenance [71]. Better under-

standing of this process might help us to improve the persistence of engineered T cells, such

as CAR T cells in a therapeutic setting. Next, one could study how strong auto-reactive TCRs

bind their self-peptide and how this relates to the background affinity to other peptides. Ad-

ditionally, this assay could be useful to study cross- or allo-reactivity. In particular, when

studying engineered TCRs designed for clinics it would be interesting to exclude the strong

cross-reactivity that previously led to fatal auto-reactivity in patients [291]. Lastly, character-

izing these really low affinity interactions will help us better understand positive selection,

as it happens in the thymus, with the ultimate goal of generating non-auto-reactive TCRs

completely in vitro to any HLA allotype desired. In conclusion, this method opens up many

opportunities for SPR to continue to support the understanding of TCR/pMHC interactions

by providing affinities for pMHC ligands that were previously out of reach.



Chapter 4

Antigen discrimination by primary human T cells
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4.1 Introduction

T cells fulfill a unique functionwithin the immune systemof jawed vertebrates. They can rec-

ognize foreign-derived peptide presented on MHC and initiate an immune response where

necessary. Unlike the innate immune system, T cells do not rely on genetically-encoded pat-

tern recognition receptor (PRR), but are able to potentially bind any given peptide presented

on MHC through their T cell receptor. Since the ligand for a T cell clone (i.e. a specific TCR)

is not determined a priori, thymic selection after somatic recombination is necessary to pre-

vent binding to self-pMHC (negative selection), while ensuring that each TCR displays some

affinity for the MHC scaffolds that will carry potential foreign antigens (positive selection)

[40]. Given their peculiar situation, T cells are required to discriminate self and non-self anti-

gens in the periphery with high fidelity. Like anymonomeric receptor/ligand interaction, the

TCR binding the pMHC can be characterized by its affinity (i.e. KD) and its on- and off-rates.

While the on-rate may have some influence on rebinding [292], generally the off-rate (𝑘𝑜𝑓𝑓)

is considered the biophysical parameter probed through TCR binding, since it determines the

lifetime of the bond (𝜏 = 1/𝑘𝑜𝑓𝑓).

Based on substituting amino acids in a known cognate peptide, previous research has estab-

lished the astounding ability for T cells to recognize single amino acid changes. When mea-

suring the affinity or off-rates of the agonistic cognate peptide versus a non-agonistic sub-

stituted peptide by SPR, the difference was found to only be 3–10-fold using different murine

experimental systems [30, 31, 33–36]. This capacity to translate a <10-fold change in binding

into a >1000-fold difference in response (i.e. the difference between responding and not re-

sponding at all) is sometimes referred to as ’perfect’ or ’near-perfect’ discrimination. While

this presents currently the dominant view in the field, there are multiple reasons to question

such a high level of discrimination. First, it has been difficult to explain such discrimination

mathematically, while maintaining a physiological level of sensitivity and speed [37, 256].
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Furthermore, it is inconsistent with the idea of a physiological role of cross-reactivity. Since

the pool of naïve T cell clones is physically limited, to achieve full coverage of the peptidome,

each T cell needs to recognize an estimated onemillion peptides [45]. As such, it would be ex-

pected that there is someflexibility for small differences in binding. Lastly, upon close inspec-

tion of the SPR data from these early studies, we found signs of aggregation (i.e. multi-phasic

unbinding) andananalyte concentration too lowto reliablymeasureaffinitiesby steady-state

fitting (see chapter 3 for details).

Based on these results, I aimed to investigate the question of antigen discrimination quan-

titatively in more detail. Unlike prior studies, I used a new SPR protocol to reliably measure

TCR/pMHCaffinities >10 times lower thanpreviously possible. Whenmeasuring thediscrim-

ination power in primary human CD8+ T cells transduced with one of two natural TCRs, I

found it to be much lower than previously reported. Surprisingly, I could not identify any

hard affinity threshold after which the T cell response was fully abolished, but rather a grad-

ual, affinity-dependent decline in potency. However, discrimination was still above that of

an ’ordinary’ receptor and therefore consistent with the physiological role of T cells in bal-

ancing discrimination and cross-reactivity. Due to the large range in KDs, I was able to fit a

kinetic proofreadingmodel, to determine for the first time the proofreading rate and number

of proofreading steps for a TCR binding a physiological antigen.
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4.2 Results*

4.2.1 Defining discrimination power

T cells depend on their ability to differentiate self and foreign to fulfill their function as part

of the adaptive immune system. Based on previous work, antigen discrimination is expected

to be very good in T cells. In contrast, most other receptors in the body are not predicted to

have such discrimination. To allow a quantitative comparison of the level discrimination, I

introduced discrimination power (α) as the sensitivity of a system/cell to changes in affinity.

Calculating the discrimination power requires a measure of potency. Here, I use the antigen

dose required to reach 15 % of the activation seen with a high affinity peptide (Figure 4.1A).

When correlating potency and affinity on a loglog plot, the slope corresponds to the discrim-

ination power (α), while the y-intercept is a measure of sensitivity.

The discrimination power is an empirical measure and therefore independent of the under-

lying mechanism, such as kinetic proofreading. However, different antigen discrimination

models predict the maximum discrimination power that can be reached. In an occupancy

model, where activation only depends on the affinity, a discrimination power of 1 or less is

expected (Figure 4.1B). In this model, dose and affinity are interchangeable (i.e. a loss of one

can be compensated by an equal increase of the other). In contrast, kinetic proofreading can

achieve discrimination powers larger than 1 (Figure 4.1B). Here, signaling depends on the life-

time/off-rate, rather than the affinity. In kinetic proofreading, the receptor/ligand-complex

needs toundergoa seriesof irreversiblemodificationsbefore signaling [252]. Since these steps

are independent, they disproportionally favor ligandswith longer lifetimes, thereby allowing

discriminationsurpassing theoccupancymodel and toexplainα>1. ForagivenTCR, introduc-

ing substitutions to a peptidemostly changes the off-rate and not the on-rate [78] and there-

*The results in this chapter are published in [4].
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fore inmy analysis I can use KD (𝐾𝐷 = 𝑘𝑜𝑓𝑓/𝑘𝑜𝑛) as a good correlate of the off-rate. Notably,

our laboratory previously calculated the discrimination power reported in others studies on

T cells to be ∼9 [4].
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Figure 4.1: Kinetic proofreading can achieve better discrimination than an occupancymodel.

(A)When measuring the T cell activation over a titration of peptide, I define potency as the concen-

tration to reach 15 % of the maximum activation of the high affinity/control peptide (dotted line). (B)

Comparison of discrimination power between occupancy and kinetic proofreading model. In the oc-

cupancy model dose and affinity are interchangeable resulting in a power of 1. Kinetic proofreading

models can achieve discrimination powers >1, depending on the parameter regime. Note here I plot

KD, rather than koff, based on the assumption they are closely correlated.

4.2.2 Measuring physiological antigen discrimination

One way to study antigen discrimination is to use a panel of peptides spanning a large range

of affinities. Using the SPR technology introduced earlier (see chapter 3.2.3), we screened the

KDs of previously described [78, 82] single amino acid alteredpeptide ligands for the 1G4TCR,

a natural human HLA-A*02:01-restricted TCR. Spanning a range of ∼190-fold from the in-

dex/cognate peptide NYE 9V to the lowest affinity peptide NYE 5F (Figure 4.3A), this allowed

me to quantitatively study antigendiscrimination. Since the anchor residueswere conserved,

I didnot expect any substantial differences in stability on theMHCto influencehowwell these

peptides can activate T cells. To verify this, I pulsed T2 cells, which are deficient in the TAP

transporter. Pulsing leads to displacement of the weakly bound endogenous peptides and
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stabilization of MHC class I on the surface. All NYE peptides tested stabilized HLA-A2 to a

comparable level (Figure 4.2), indicating that there are no large differences in loading.
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Figure 4.2: All NYE peptides load similarly on T2 cells.

T2 cells were pulsed for 90minwith indicated peptides and upregulation of HLA-A2wasmeasured by

flowcytometry. (A)UpregulationofHLA-A2 inapeptide-dosedependentmanner. (B)AllNYEpeptide

load similarly on HLA-A2. Shown is the EC50 with 95 % confidence intervals from the fits displayed in

(A).

Next, I sought tomeasure antigen discrimination in a physiological systemusing T cells in co-

culture with peptide-pulsed U87 target cells (a glioblastoma cell line). Briefly, CD8+ T cells

were isolated from the blood of healthy donors, transduced with the 1G4 TCR, and expanded

(see also Figure 2.6). Surprisingly, when T cell activation was measured after 5 h by upreg-

ulation of the activation marker CD69, T cells showed a response even to the lowest affinity

peptide NYE 5F with a KD of ∼1,400 𝜇M (Figure 4.3A–B). Notably, T cells did not produce IL2

in response to NYE 5F and they showed only little ligand-dependent 1G4 TCR downregula-

tion (Figure 4.3C–D). Importantly, this response to ultra-low affinity peptides was specific to

the 1G4 TCR, since untransduced cells that only expressed endogenous TCR did not show any

response to either the high affinity NYE 9V, nor the low affinity NYE 5F peptide (Figure 4.3E).

The potency was calculated as defined above by taking the concentration required to reach

15%activation. This allows foraccuratemeasurementseven in theabsenceof a clearlydefined

Emax, as required for commonly used EC50 (defined as the concentration require to reach ½

Emax). To assess thediscriminationpower in this system, I plotted thepotencyof eachpeptide
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ligand against its KD, as measured by SPR. The data follows a power-law relationship (a lin-

ear function in loglog space)withno clear thresholduponwhich there is anover-proportional

loss in potency (Figure 4.3F). Notably, I cannot reproduce the complete loss of response with

a <10-fold difference in KD. However, T cells exhibit discrimination over baseline levels (i.e.

α>1), since a∼190-fold decrease in affinity requires a∼10,000–30,000-fold increase in dose to

reach the same level of activation (Figure 4.3F–H).

One possible reason for the discrepancy between previous data and my results could be the

TCRused. To independently verify these results, I repeated these experimentswith a different

TCR. Like the 1G4, the A6 TCR is a natural human TCR. However, it recognizes a viral, rather

than a self-peptide presented on the sameHLA-A*02:01 background [62]. As for the 1G4 TCR,

I designed a functional panel of 8 peptides spanning a wide range of affinities by screening

variants of the index peptide Tax WT (Figure 4.4A). Surprisingly, unlike 1G4-transduced T

cells, those transducedwith the A6 TCR stopped responding at a KD of ∼60𝜇M(Figure 4.4B).

Consistent with their lower sensitivity, these cells stained poorly with tetramers specific for

the A6 TCR (Figure 4.4C). To allow direct comparison of expression levels between the 1G4

and the A6 TCR using the same staining reagent, I transduced Jurkat cells lacking αβTCRwith

either TCR. Stainingwith anti-TCR antibody revealed an about 14-fold decrease in expression

when comparing the A6 to the 1G4 TCR (Figure 4.4D).
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Figure 4.3: 1G4-transduced T cells respond to pMHC in an affinity-dependentmanner.

1G4-transduced (B–D) or untransduced (E) T cells were stimulated for 5 h in co-culture with peptide-

pulsed U87 cells. (A) Selection of NYE peptides used for functional experiments. Shown are the geo-

metric means with geo. SD. T cells show CD69 upregulation (B), but no IL2 secretion (C) in response

to ultra-low affinity peptides. (D) TCR downregulation follows the same hierarchy as T cell activa-

tion. Thedotted lines indicate thepotency thresholdsused for the followingplots. (E) 1G4-transduced

(transd.), but not untransduced (UT) T cells respond to high and low affinity NYE peptides. The po-

tency of the T cell response is linearly correlated with the affinity of the pMHC for CD69 upregulation

(F), IL2 secretion (G), and TCR downregulation (H).
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Figure 4.4: A6-transduced T cells have lower sensitivity due to decreased TCR expression.

A6-transduced T cells were stimulated for 5 h in co-culture with peptide-pulsed U87 cells. (A) Selec-

tion of Tax peptides spanning awide affinity range. Shown are the geometric means with geo. SD. (B)

A6-transduced T cells do not respond to peptides >60 𝜇M KD. (C) Staining of A6-transduced T cells

withTaxWT tetramers ismuchweaker than staining of 1G4-transducedT cellswithNYE9V tetramers,

even though the former has a higher affinity. Notably, this is not due to a low transduction efficacy,

since a substantial fraction (∼30–70%) of A6-transduced T cells can respond to TaxWT peptide, such

as shown in (B). (D)Direct comparison of TCR levelswhen stainingwith pan-αβTCR antibody in TCR-

transduced Jurkat cells that lack endogenousTCR. Indicated is the folddifference inTCRαβgMFI,when

gating on transduced cells (by CD3) and subtracting the untransduced signal (UT).

Sinceaccuratemeasurementof thediscriminationpower requires asmanydatapoints aspos-

sible, I decided to select a peptide panel enriched in higher affinity variants, with the lowest

affinity around 60 𝜇M (Figure 4.5A). T cells stimulated with this panel show a hierarchy very

similar to what was seen with 1G4 T cells for a wider panel (Figure 4.5B). As before, when

correlating potency and affinity, I find a good correlation in loglog-space (Figure 4.5C). As

a measure of sensitivity, I define as 𝐶 (units of concentrations) the y-intersect of the power

function (linear function on loglog plot). This represents the potency of a theoretical peptide

with𝐾𝐷 = 1 𝜇𝑀 and allows comparison between different conditions. In addition, I define
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discrimination power α (dimensionless) as the slope of the linear function (or power of the

power function) used to fit the data empirically. As expected, when calculating the sensitiv-

ity, I found a >100-fold decrease in sensitivity between the A6 and the 1G4 TCR (Figure 4.5D).

Interestingly, the discrimination power is independent of the sensitivity and the specific TCR

used (Figure 4.5E).
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Figure 4.5: The A6 TCR discriminates with similar accuracy as the 1G4 TCR.

A6-transduced T cells were stimulated for 5 h in co-culture with peptide-pulsed U87 cells. (A) Selec-

tion of Tax peptides used for functional antigen discrimination experiments. Shown are the geometric

means with geo. SD. (B) Example of T cells responding to the A6 peptide panel. The dotted lines in-

dicate the potency thresholds used for the following plot. (C) Correlation between potency of CD69

response and TCR/pMHC affinity. Indicated are the sensitivity C and the discrimination power α. The

sensitivity is defined as the extrapolated potency to a theoretical 1mMKD peptide. The discrimination

power (α) corresponds to the slope of the line in loglog space. (D) A6-transduced T cells are consider-

ably less sensitive than 1G4-transduced T cells. (E)However, their discrimination power is very simi-

lar. Shown is the geo. meanwith geo. SD for (D) and (E). Geo. mean for α is 1.9 and 1.8 for the 1G4 and

A6 TCR, respectively.
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4.2.3 Factors influencing antigen discrimination

Once Ihaddefined the level ofdiscrimination inaphysiological system, I started to investigate

what factorsmight be important to achieve this. I utilized the plate systemwith immobilized

pMHC that I hadpreviously developed to study antigendiscrimination in a simplified system,

whereonly theTCR/pMHC interactions arepresent (see chapter 2.2.2). Asbefore, blasted 1G4-

transducedTcells responded toeven the lowestaffinitypMHCbyupregulationofCD69on the

surface (Figure4.6A) and thepotencyandaffinity correlatedwell. Notably, thediscrimination

power was lower when only pMHC was present (α=1.1), compared to the co-culture system

(α=1.9; Figure 4.6D and Figure 4.7B).

Basedonmy results that the accessory ligandsCD58 (ligand tohumanCD2) and ICAM1 (a lig-

and to LFA-1) can increase sensitivity dramatically in this system (see chapter 2.2.2), I sought

to study their contribution to antigen discrimination. As before, when adding either of these

two adhesion ligands, sensitivity to pMHC increased significantly (Figure 4.6A–C and Fig-

ure 4.7A). Antigen discrimination was also improved, but did not reach the level seen in the

more physiological co-culture system (Figure 4.6E–F and Figure 4.7B). Notably, all but immo-

bilized pMHC alone tested significantly different from the null hypothesis of an occupancy

model (𝛼 = 1).
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1G4-transduced T cells were stimulated for 4 h on glass plates with immobilized recombinant ligands.
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at very high doses).
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Figure 4.7: Adhesion ligands improve sensitivity and antigen discrimination.

(A) Sensitivity to pMHC is drastically increased when adding either CD58 or ICAM1. Compared using

repeated-measure ANOVA (Geisser-Greenhouse corrected). (B) The discrimination power with im-

mobilized pMHC is close to 1 and much lower than in the physiological context of an APC. Addition

of CD58 or ICAM1 partially rescues discrimination. Plate data are compared using repeated-measure

ANOVAwith Sidak’smultiple comparison. CD58/ICAM1 conditionwere compared to APCs using a or-

dinary 1-wayANOVA.All sampleswere compared to adiscriminationpower of 1 (indicated as graybox)

usingmultiple 1-sample t-tests. All tests were performed on log-transformed data.
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4.2.4 Fitting a kinetic proofreading model

In the previous sections, I chose to fit an empirical model rather than a mechanistic model.

Most of the data is fitted well by the empirical model. However, some datasets show satura-

tion at low KDs (e.g. Figure 4.6E). This is observed to some extent for all 1G4 data other than

pMHC alone on plates. Such flattening at higher affinities is predicted by kinetic proofread-

ing. I therefore directly fitted the data using a simplified kinetic proofreadingmodel (seeMa-

terials &methods for details). Since in kinetic proofreading, potency depends on the lifetime

(𝜏 = 1/𝑘𝑜𝑓𝑓) of the TCR/pMHC interaction and not the affinity, I first estimated off-rates of

the 1G4 peptide panel. This is possible since KD and off-rates are usually closely correlated for

peptide variants of a given TCR. I estimated off-rates (𝑘𝑜𝑓𝑓 = 𝐾𝐷 ×𝑘𝑜𝑛) based on previously

measured on-rates for the 1G4 TCR at 37°C [78]. As expected, the on-rates reported there do

not change strongly for different peptide variants tested (Figure 4.8A). I do not expect this

to introduce a significant error. For example, the off-rate previously measured for NYE 9V

is 0.33/s [78], whereas I estimated it to be 0.34/s, based on its KD of 8 𝜇M and an on-rate of

0.0447 µM-1s-1. Notably, I did not fit the A6 data with this KP model. First, there is no good

estimate of the on-rate at 37°C.Moreover, due to the small difference inKD in theA6panel, the

A6 data does not include any real saturation, which is required to determine the parameters

of a KPmodel unambiguously.
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Figure 4.8: Fitting a kinetic proofreadingmodel to the antigen discrimination data.

(A) On-rates of the 1G4 TCR to different peptide variants, as measured in [78]. Peptides with KDs

>50 𝜇M were excluded, since the kinetics will be more prone to errors. The average on-rate of the 7

peptides shown here was used to estimate the off-rates of the 1G4 peptides in this thesis based on:

𝑘𝑜𝑓𝑓 = 𝑘𝑜𝑛 × 𝐾𝐷. (B) Example of data fitted with a kinetic proofreading model. Shown are the

proofreading rate (𝑘𝑝), the number of steps (𝑁), and the sensitivity (𝜆̂). (C) Result of fitting 𝑁 glob-

ally. No estimate of the variance is available. (D) The sensitivity is much higher (i.e. smaller) when

CD58 or ICAM1 are added. Since theywere generatedwith different experimental systems, a compari-

sonbetweenAPCandplate datawouldnot be sensible. Statistics by a repeated-measure 1-wayANOVA

(Geisser-Greenhouse corrected)on log-transformeddata. Folddifferenceof geo. mean topMHCalone:

1800x (CD58) and 900x (ICAM1). (E) If 𝑁 is fitted globally, the decrease in discrimination power on

the plate can be explained by an increase in proofreading rate. This increase is reduced when adding

CD58 or ICAM1. APCs and pMHCalonewere compared by an unpaired t-test on log-transformed data.

Platedatawas comparedbya repeated-measure 1-wayANOVA(Geisser-Greenhouse corrected)on log-

transformed data. Geo. mean of 𝑘𝑝: 1.0, 4.8, 2.9, and 2.1 s
-1 for APCs, pMHC alone, pMHC + CD58, and

pMHC + ICAM1, respectively.
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The kinetic proofreading model used to fit the data includes 3 parameters: the proofreading

rate (𝑘𝑝), the sensitivity (𝜆̂), and the number of proofreading steps (𝑁). When fitted to the

data, N corresponds to the slope of the curve for high off-rates, 𝑘𝑝 to the inflection point (Fig-

ure 4.8B) and the sensitivity 𝜆̂ is defined as the potency at saturation. Since the number of

proofreading steps is expected to be independent of the condition, I fitted 𝑁 as a global pa-

rameter that is shared for all the 1G4 data. I found the number of proofreading steps to be

unexpectedly lowwith 2.6 steps (Figure 4.8C). As anticipated, the effect of CD58 or ICAM1 on

the sensitivity in the empirical model is reproduced by the kinetic proofreading model (Fig-

ure 4.8D). Since the APC and plate data were using different measures of dose, I did not at-

tempt to compare the sensitivity between them directly. Lastly, I found the proofreading rate

to be 1.0 s-1 for the data generated onAPCs, corresponding to aproofreading time (𝜏 = 𝑁/𝑘𝑝)

of 2.6 s. In this KP model, where 𝑁 is the same for all conditions, the decrease in discrimina-

tion power observed when fitting the empirical model, can be explained by an increase in

proofreading rate. This effectively represents moving to the left (i.e. the flatter part) of the

curve in Figure 4.8B. Adding CD58 or ICAM1 decreases the proofreading rate, consistent with

the results on the discrimination power.

4.3 Discussion

Antigen discrimination in T cells is essential for the function of the adaptive immune sys-

tem. Here I show that antigen discrimination in primary human CD8+ T cells is good, but

not as high as previously described in murine systems. In those studies, a 3–10-fold differ-

ence in affinity or lifetime resulted in the complete abrogation of the response, when com-

pared to a cognate antigen [30, 31, 33–36]. However, fitting non-saturated data can lead to

the introductionof large errors into affinitymeasurementswhenusing steady-statefitting (as

shown in chapter 3). These errors may explain why a complete loss of response was associ-
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atedwith such a seemingly small difference in binding affinity. Importantly, an analysis from

our lab further supports this theory. Wedetermined thediscriminationpowerusing the same

method described here on previously published data. When analyzing the published original

murine data, we found an average discrimination power of ∼9, consistent with near-perfect

discrimination. However, when reanalyzing some of this published data with independently

published, more recent SPRmeasurements, the discrimination decreased from ’near-perfect’

to levels similar to what I found in this work (∼2). Moreover, when this analysis is applied

to more recent data that was not specifically generated for the purpose of studying antigen

discrimination, a power of ∼2 is confirmed [4]. The combined evidence of my own data, as

well as thismeta-analysis, strongly supports the idea that these initial studies overestimated

discrimination and the true discrimination power is ∼2 for bothmouse and human.

Interestingly, I found that T cells can respond to ultra-lowaffinity peptides (>1mMKD). How-

ever, if this represents a physiological situation is not clear. As a comparison of the A6 and

1G4 impressively illustrates is that sensitivity depends strongly on TCR expression. It would

be interesting to directly compare the expression levels of these transgenic TCRs to endoge-

nous ones. When pulsing APCs or immobilizing ligand on plates the dosewill be significantly

higher thanexpectedduringphysiologicalpresentation,whereeachAPCpresentsa largemix-

ture of peptides. For example, theNYEpeptide recognizedby the 1G4TCRwas foundon 10–50

MHCmoleculesof eachcell of a tumorcell line tested that expressed theNY-ESOprotein [293].

However, the concentration of self pMHC can be considered asmuch higher, if themixture of

peptides comprising self pMHCpresented on APCs are considered as one entity. Importantly,

inmy experiments T cells stimulatedwith ultra low affinity peptides up-regulated CD69, but

did not secrete cytokines. Therefore, the activation observed may reflect tonic activation,

rather than full-blown activation that would lead to the initiation of an immune response.

Such tonic signaling has been shown to be important for T cell maintenance [71].



94 Antigen discrimination by primary human T cells

In my work I am correlating functional T cell responses with binding parameters measured

with recombinant proteins in solution (3D KD). However, in the physiological context of the

TCR being expressed on a T cell, the receptors and ligands are only mobile in 2D. Consistent

with this idea, Huang et al. found 2D kinetics, measured directly on the T cell, to bemore pre-

dictive than 3D kinetics by SPR [88]. However, this conclusionwas based on 3D SPR data that

likely exhibited protein aggregates. In contrast, another study using a different TCR found

both 2D and 3D affinity predicted T cell responses [294]. I showed that the 3D KD correlates

well with functional potency formydata. However, in some experiments, the order of NYE 5Y

and 5F for T cell activation and TCR downregulation is reversed. Considering that all peptide

loaded similarly, difference in stability seem unlikely to contribute to this phenotype. I mea-

sured KDs as a proxy of off-rates and generally this is expected to introduce only a small error

[78]. However, if NYE 5Y or 5Fwere outliers to this trend, differences in on-rate could explain

the reversed order. Surprisingly, onplateswith pMHCalone, their potency is in linewith their

KDs. Testing their off-rates directlywith amore advanced SPRmachine,may reveal why their

potency is not perfectly predicted by their KD. Furthermore, I have only tested two TCRs and

it is possible that the generally good correlation will not be true for any TCR/pMHC pairs.

More recently, force has been proposed to play amajor role for antigen discrimination. By ap-

plying force on the TCR/pMHCbond, T cellsmight enhance the difference in lifetime between

ligands [295–297]. This is based on the idea that the bondbetween the TCRand agonists have

an increased lifetime under force (catch bond), while non-agonists show a decreased lifetime

under force (slip bond). Such a behavior can also explain T cells that stainwith tetramers, but

do not respond to the peptide [92]. However, in my data, the potency of ligands correlated

well with their 3D affinity, providing no evidence for a role of force. Interestingly, in the plate

system, addition of the adhesion ligands CD58 or ICAM1 could partially enhance discrimi-

nation. One possible explanation is that these receptors could insulate the TCR from forces.

If forces are actually deleterious and not beneficial for discrimination, this could lead to the
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observed improvement in presence of the adhesion ligands. It would be interesting if the ad-

ditionofbothCD58and ICAM1at the same timewould lead toa level ofdiscrimination similar

to what I observed in the co-culture system. Furthermore, experiments that aim to directly

measure the forces on the TCR/pMHC bond could shed light on this speculative mechanism

of force insulation.

In this work, I used T cells blasts to study antigen discrimination. They are produced using

a protocol adapted from CAR T cell production [298] and are expected to exhibit an effec-

tor/memory T cell phenotype. To ensure that these results are not just limited to blasted T

cells, we sought to repeat these experiments in amore physiological settingwith professional

APCs. Wemeasured antigen discrimination using resting 1G4-electroporated naïve or mem-

ory CD8+ T cells that were co-cultured with autologous, peptide-pulsed dendritic cells [4].

Importantly, discrimination was similar between naïve, memory and T cell blasts, with a to-

tal average of 𝛼 = 2.0. Given that the structure of the TCR is evolutionarily conserved, it is

expected that antigen discriminationwould also be conserved in different T cells and species.

When closely inspecting the correlation of KD with potency, I often found some flattening

towards low KDs (see Figure 4.6E for example). This is seen for pMHC + CD58 or +ICAM1 on

plates, andalso in theco-culture experiments, but it isnot clear if thereare relevant systematic

differences. Such saturation at high affinities is predicted by kinetic proofreading (KP). Previ-

ous attempts to explain antigen discrimination by KP for near perfect levels of discrimination

failed when using a simple KPmodel and had to invokemore complicatedmechanisms, such

as adaptive sorting [258, 259]. However, a recent study could not identify a physiological pa-

rameter regime for adaptive sorting that explains discrimination, when they applied realistic

restrictions on the limits of the parameters [256]. Due to the limiteddata and the stringent re-

quirements of near-perfect discrimination, no good estimate for proofreading steps (𝑁) and

the proofreading rate (𝑘𝑝) existed. When I fitted my data with such a model, rather than the

empirical power lawmodel, I could determine the proofreading rate to be 1.0 s-1 and the num-
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ber of steps 2.6. While I used a simplifiedmodel, fitting a full KPmodel resulted in very similar

results with a proofreading rate of 1.3 s-1 and a 𝑁 of 2.7 [4]*. Unlike previous parameter esti-

mates [7], this parameter regimecanexplaindiscriminationand ligand sensitivity at the same

time [4]. Notably, fitting a KPmodel is only possible due to the large range in KDs found in the

1G4 panel. Thereby supporting the use of our new SPR-based method to measure ultra-low

affinity TCR/pMHC interactions.

In conclusion, I have shown that antigen discrimination is not near-perfect, as previously de-

scribed, but still above the levels predicted by a pure occupancy model. Furthermore, I was

able to directly fit a kinetic proofreadingmodel to the data to determine the proofreading rate

and number of steps for a TCR in a physiological system for the first time. Unlike prior work,

we employed an improved SPR protocol for reliable measurements of lower affinity pMHC.

With this new-found knowledge of discrimination, I hope we will be able to decipher the bi-

ologicalmechanisms that power this remarkable ability to distinguish different antigens. Ul-

timately, we may apply this to design better artificial antigen receptors like CARs, that avoid

some of the side effects, such as cross-reactivity. Moreover, understanding antigen discrimi-

nationwill further our comprehensionof the enigmaof TCR signal initiation. Theunexpected

findings that adhesion interactions improve discrimination may be interpreted as a hint to-

wards a previously unexpected impact of force. Further researchwill most certainly continue

to provide surprising new insights into one of the most sophisticated signaling machineries

in biology.

*SeeMaterials &methods for full discussion of the differences in model and data used.
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Antigen discrimination is a core function of T cells and a key prerequisite for the adaptive

immune system. Here I investigated the effect of accessory receptors on T cell activation and

quantified antigen discrimination in human CD8+ T cells.

First, I assessed the effects of the accessory receptors CD2 and LFA-1 when interacting with

their ligandsCD58and ICAM1, respectively. In linewithpreviousworkgenerated inmice [165,

175, 176, 221–223], I found a dramatic increase in sensitivity in human T cells when either of

these adhesion ligands was present. Notably, engagement of these accessory receptors led to

an accelerated downregulation of the TCR, indicating that they likely influence the kinetics of

TCR/pMHC binding.

Next, we developed a new SPR method to measure affinities that were out of reach for pre-

vious assays. Using an antibody to determine the Bmax independently of reaching saturating

concentrations of TCR allowed us to determine for the first time the KDs of TCR/pMHC inter-

actions above 100𝜇MKD reproducibly. Wedetermined the affinities ofmore than30 single or

double amino acid substitution variants of the cognate peptide NYE 9V and TaxWT, binding

the 1G4 and A6 TCR, respectively, with KDs ranging from 2 𝜇M to about 2 mM.

Lastly, I quantitatively investigated antigen discrimination using the 1G4 andA6TCRs. Previ-

ouswork in the 90s and early 2000s produced the notion of near-perfect or absolute discrim-

ination, where very small differences in lifetime or affinity (<10-fold) can convert an agonist

into a non-agonist [30, 31, 33–36]. I obtained a very different result here with a larger panel

of peptides. Antigen discrimination is good, but below the level previously proposed. Reas-

suringly, when our laboratory reanalyzed previous datawith updated SPRmeasurements, we

found a discriminatory power of ∼2, very similar to the results I obtainedwith the 1G4 and A6

TCR in this thesis [4]. It therefore seems highly likely that previous results came to thewrong

conclusion, based on inaccurate SPRmeasurements.
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5.1 Antigen discrimination and its implications

My results on antigen discrimination have important implications. First, they put emphasis

on mechanisms in the periphery for maintaining tolerance. The negative selection process

ensures that no TCR recognizing a self-pMHC expressed during selectionwillmake it into the

periphery. However, as a consequence of the lower discrimination, antigens that do not neg-

atively select at a low concentration in the thymus,may still activate T cells in the periphery if

presented at a high dose (Figure 5.1). Consistently, the human immune system includes var-

ious ways to support peripheral tolerance. For example, regulatory T cells play an important

role inmaintaining immune tolerance in the periphery and their absence results in severe au-

toimmunity [299]. Furthermore, the expression of co-stimulatory or co-inhibitorymolecules

on professional APCs and the secretion of cytokines by APCs and adjacent cells are important

to determine if a T cell is activated [300]. Modulating accessory interactions is nowone of the

most actively researched fields in the battle against cancer and autoimmunity [301].

T cell T cell

Near-perfect discrimination
No dose discrimination

Good discrimination
Dose discrimination

Cognate antigen

Self antigen

Activation

No activation

Figure 5.1: Discrimination based on antigen dose.

A lower discrimination power renders T cells more sensitive to dose. Theymay activate to low affinity

or self antigens if presented at high doses. The immune system might exploit this sensitivity to dose

for the control of its endocrine tissues [302]. In this theory, autoimmunity serves a physiological role

to eliminate hyper-secretive clones to avoid the negative effects of hormonal dysregulation.
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While a decrease in discriminatory power leads to less sensitivity for the affinity, it also in-

creases the ability of the T cell to sense differences in dose. Generally, this was thought to

be counter-productive, since a large quantity of a low affinity peptide may still be able to ac-

tivate T cells in the periphery (Figure 5.1). However, dose-sensitivity allows T cells to iden-

tify cells with differences in expression levels. Recently, it was postulated that such dose-

discrimination is important to kill hyper-secretive clones in endocrine tissues, therefore of-

fering a physiological role for auto-reactivity [302]. Furthermore, dose-discrimination may

be important to recognize cancer cells that overexpress a wild type protein. My findings are

consistent with dose-discrimination, but further research will be required to show that this

is actively exploited by T cells in vivo.

Lastly, my results support the concept of cross-reactivity (i.e the number of peptides a sin-

gle TCR can be activated by). The necessity for a single T cell to recognize a large number

of antigens has been known for a long time, based on theoretical calculations [303] and ex-

perimental work [304]. Cross-reactivity depends both on the discrimination power and the

sensitivity and vice versa (Figure 5.2). For example, affinity-enhanced TCRs have been shown

to be more cross-reactive [305, 306], but this is likely a consequence of increased sensitiv-

ity and not decreased discrimination power. Furthermore, the TCRs used in these particular

studies includedmutations in the CDR2 region and thereforemay have an increase affinity to

theMHC backbone. Conversely, at the same level of sensitivity, a T cell exhibiting the level of

discrimination power described here will be significantly more cross-reactive than one that

exhibits near-perfect discrimination. Consequently, the relatively low discrimination power

of T cells may have evolved to preserve the cross-reactivity required to give full immune cov-

erage. It would be interesting to conduct theoretical calculations to decide if the antigen dis-

crimination described here is compatible with the physiological requirements. It is possible

that species with less physical capacity to hold and maintain naïve T cells (i.e. smaller body

size) may have decreased discrimination to boost cross-reactivity and therefore ensure full
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immune coverage. However, a control of cross-reactivity by the co-receptor, as proposed pre-

viously [120], would offer a simpler solution. In this model, the co-receptor regulates cross-

reactivity by changing the sensitivity of the T cell to pMHCwithout affecting the discrimina-

tion power.
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Figure 5.2: Impact of sensitivity and discrimination on cross-reactivity.

Cross-reactivity is often measured by counting the number of antigens that T cells with a given TCR

respond to. Simulated sigmoidal dose responses for (A) low discrimination + high sensitivity, (B) low

discrimination + low sensitivity, and (C)high discrimination + high sensitivity. (D) Lowering the sen-

sitivity or increasing the discrimination decreases cross-reactivity. Shown is the activation at a dose of

104 as shown as dotted lines in (A–C).
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5.2 The affinity floor and its implications

We initially developed a new SPR-based method to allow the generation of a large panel of

peptide variants to study antigen discrimination. However, when wemeasured KDs of many

different peptide variants, we were surprised that we did not identify peptides with KDs sig-

nificantly higher than 2 mM. Using different controls did not change this result, indicating

that this is not due to binding to the control protein CD58. Even drastic mutations did not

further lower the affinity. For example, a biased peptide library exhibited an affinity close to

2mMfor twoTCRs tested. Previously, the contributionof theMHC to the total binding energy

of 1G4TCRwas estimated to be around∼40% [289]. This is somehow lower than our calcula-

tion of ∼75% based on the difference in KDs betweenNYE 9V and the affinity floor, indicating

that even at 2 mM KD, TCR/peptide interactions may still contribute to the total binding en-

ergy. This possibly is a consequence of positive selection and consistent with the idea, that

this minimal affinity may represent the intrinsic affinity of the TCR to MHC of positively se-

lected T cells. It would be interesting to compare the functional phenotype of freshly isolated

T cells, with those in culture and stimulated with ultra-low affinity peptides. In my experi-

ments, T cells stimulatedwith ultra-low affinity peptides expressedCD69, but did not secrete

cytokines. However, it should be noted that the peptides I testedwere variants of the cognate

peptide, and not the more drastic substitutions including cross-reactive peptides, the mini-

mal alanine peptide, or the biased peptide library. Testing these variants directlywould shine

light on whether similar functional responses can also be caused by non-related peptides.

In the future, it would be interesting tomeasure the affinity floor of other TCRs andHLA allo-

types. Correlating themaximal KD with amarker of the strength of the signal received during

positive selection would provide an interesting insight into the range of affinity thresholds

used during positive selection. For example, CD5 is a negative regulator of TCR signaling and

its expression levels depend on the strength of the positive selection interactions and interac-
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tionswith self pMHC in the periphery [307–311]. Furthermore, testing TCRs derived from reg-

ulatory T cells would be interesting. Thymic regulatory T cells are thought to be enriched for

T cells that respond more strongly to positively selecting ligands, compared to conventional

T cells [299]. Consequently, their TCRs may exhibit a higher affinity floor when measured in

SPR. Knowing their affinity to self-pMHC might help us to engineered artificial regulatory T

cells to treat autoimmune disease.

5.3 Implications for TCR triggering

In my experiments, affinity and potency of the T cell response were well correlated. Since the

on-rate of the TCRs to peptide variants with one substitution is not expected to change very

much [78], this correlation should hold true for off-rate versus potency. Importantly, I did not

find strong outliers thatwould support alternativemodels, such as conformational change or

mechano-sensing by the TCR. Such outliers would be expected if antigen discrimination is

not only dependent on the off-rate. However, binding kinetics could be non-linearly changed

(i.e. not the same for all peptide variants) in the 2D environment of cellular contact through

the effect of force on the TCR/pMHCbonds (also Figure 5.4). For example, Sibener et al. found

that responses correlated poorly with affinities measured by SPR. This correlation improved

dramatically when the off-rates weremeasured under force [92]. However, the authors failed

to exclude peptide stability on the MHC or loading efficiency as a possible cause of a bad

correlation. Furthermore, their force assay depends on repetitive testing of the same cells.

Specifically, agonists may induce TCR triggering that could influence subsequent probing of

the lifetime, for example by clustering of TCR, a classical hallmark of T cell activation [73, 74].

It would be interesting to repeat the experiments described in this thesis with the TCRs and

ligands used in their study to understand how such different results emerged.
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5.4 Kinetic proofreading

My data support the idea of kinetic proofreading (KP). While it has been difficult to explain

near-perfect discrimination by kinetic proofreading or its variants, it is possible for the level

of discrimination I described here [4]. Notably, KP can explain why some data points diverge

from the linear fit I used in my thesis (e.g. Figure 4.6E). At high affinity/long lifetimes, no

further increase inpotency is possible and therefore the curveflattens (Figure 5.3A). The value

it converges to is themaximal sensitivity this T cell can reach. For the first time, wewere able

to identify parameters for kinetic proofreading by fitting a KPmodel to the data. From fitting

my data, I found the number of steps to be 2.6 and the proofreading rate (𝑘𝑝) to be 1.0 s-1. In

amore sophisticated analysis with overlapping, but not identical data, we found very similar

values, with 2.67 steps and a proofreading rate of 1.3 s-1 [4].
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Figure 5.3: Comparison between the kinetic proofreading and empirical power lawmodels.

(A)Thenumberof ligands required toactivate aT cell (i.e. potency) aspredictedbyakinetic proofread-

ingmodelwith good discrimination (𝑁 = 2.7). The curve can be shifted to the right by increasing the
proofreading rate (𝑘𝑝) and vice versa. (B)When analyzing the discrimination power by fitting a power

law to the data (i.e. a linear fit in loglog space), the results can vary significantly depending on the

regime within the KP curve. Data corresponds to boxes shown in (A) and was normalized for both

axes to aid visualization. The discrimination power (α) and number of proofreading steps are virtually

identical for high 𝑘𝑜𝑓𝑓 ∶ 𝑘𝑝 ratios (blue), but can bemuch lower if data is obtained from the saturated

part of the curve (red). This might explain the effect of improving discriminationwith CD2 and LFA-1,

and why CAR T cells exhibit poor discrimination.
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Notably, our number of steps is significantly lower than the number of steps required to ex-

plain near-perfect discrimination. For example, to reach a specificity* of 99 % for a 2-fold

change in lifetimebetween agonist andnon-agonist, onewould require a unfeasible 53 proof-

reading steps and the resulting toll on the sensitivity and/or speedwould be dramatic [7]. The

lower number of steps in our analysis is consistentwith the lower discrimination observed by

us. Interestingly, a similar number (𝑁 = 2.7) was found using an opto-genetic CAR system

[312]. This is particularly remarkable, given that there is no co-receptor in the CAR system, a

component that has previously been implied to participate in proofreading [116]. Other po-

tential steps include Lck binding, phosphorylation of the ten different CD3 ITAMs, ZAP-70

binding and phosphorylation, and LAT phosphorylation [116, 257]. For the phosphorylation

of ITAMs there is evidence that some of these steps occur in parallel, rather than in sequence

and thereforemay not contributemore than as a single step [313]. This is also consistentwith

the similar number of steps found in the CAR system, where only six of ten ITAMs are present

[312].

In addition to the number of steps, I also estimated the proofreading rate (𝑘𝑝 = 1.0 𝑠−1), and

the closely related proofreading time (𝜏𝐾𝑃 = 𝑁/𝑘𝑝 = 2.6 𝑠). This short time is consistent

with the high speed of ligand recognition that is required for efficient APC scanning. For ex-

ample, LAT phosphorylation was reported to occur only 4 s after ligand engagement [25]. A

recent study using an opto-genetically activated TCR found a somehow larger proofreading

time of around 8 s [314]. However, as Yousefi et al. suggest, the lack of co-receptor could be

the cause of the longer proofreading time in their work. The estimates provided here for 𝑘𝑝

and𝑁will be particularly helpful for the antigen discriminationmodeling field. In the future,

newmodeling studies will not depend on satisfying qualitative requirements of antigen dis-

crimination, but they can rather test their hypotheses and models based on the quantitative

data presented here.

*Defined as 𝑡𝑟𝑢𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒/(𝑡𝑟𝑢𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝑓𝑎𝑙𝑠𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒).
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5.4.1 How do CD2 and LFA-1 fit into kinetic proofreading?

In my study, antigen discrimination on plates was severely impaired (𝛼 ≈ 1.0), but partially

rescued (𝛼 ≈ 1.5) by the addition of the adhesion ligands CD58 or ICAM1. It seems un-

likely that placing T cells on plates or the engagement of adhesion receptors could change the

number of proofreading steps. If we define the discrimination power (α) as previously in this

thesis, then the same KP model can support very different levels of α. This is due to the fact

that the KP curve flattens at small off-rates (Figure 5.3A). When the discrimination power is

measured, unsurprisingly, it is much lower at the left part than the right part of the KP curve

(Figure 5.3B). Where the TCR operates on this curve depends on 2 factors: the off-rate (𝑘𝑜𝑓𝑓)

and the proofreading rate (𝑘𝑝). One possible explanation is that engagement of CD2 or LFA-

1 decreases the proofreading rate, thereby moving into a more favorable regime (i.e. to the

right) on the KP curve. Since T cells have evolved in a setting in which cell-cell contact is re-

quired, it seems possible that if adhesion is removed, T cells may operate in a sub-optimal

regime of their kinetic proofreading signaling machinery.
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off-rate.

Currently the effect of force on antigen discrim-

ination is still not fully understood. Assum-

ing a correlation between the sensitivity to force

and the 3D off-rate, force can either improve or

decrease antigen discrimination. For example,

forcemay strengthen bonds with small off-rates

(catch bond), whileweaken thosewith large off-

rates (slip bonds). In such a case, antigen dis-

crimination would be improved, since the fold-

difference in the off-rates between the antigens

when bound to the TCR increases. However, if

the opposite relationship is true, antigen dis-

crimination would decrease under force.
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An alternative hypothesis is that these adhesion interactions insulate the TCR from forces.

If forces, unlike the currently held view in the field [269], decrease the difference in off-rates

between ligands (Figure 5.4), insulating from force could improve discriminationwithout di-

rectly changing KP. This would require a non-linear susceptibility of pMHC ligands, wherein

the agonists’ off-rate becomes larger (i.e their lifetime decreases) under force (slip bond), and

the non-agonists’ off-rate stays constant or even decreases (catch bond). Finally, adhesion

may also influence discrimination purely by changing the effective kinetics. Measurements

of 2D kinetics between the TCR and pMHC found both the effective off- and on-rate to be

much faster thanwhenmeasured by SPR in 3D [87]. If it is adhesion that accelerated both*, it

could explain improved discrimination based on the same argument as above: moving into a

more favorable regime on the KP curve (i.e. to the right on Figure 5.3A). Unlike an effect on 𝑘𝑝,

however, this mechanism of action would not require changing the rates of the proofreading

reactions taking place intracellularly. Rather, this effect can be explained purely by chang-

ing the binding of the TCR and does not require any signaling of LFA-1 or CD2. It is easy to

imagine howCD2or LFA-1 increase the effective on-rate by bringing the adjacentmembranes

close to each other, thereby facilitating TCR/pMHC binding. CD2 can create close contacts

perfectly suited to allow binding between the TCR and pMHC [72, 133]. Since LFA-1/ICAM1 is

somehow larger [215], it is not expected to create these close contacts directly, but still bring

the membrane much closer together than in a thermodynamic equilibrium driven by the re-

pulsive forces of the adjacent glycocalyces (see also Figure 1.2). It is less clear how theywould

increase the off-rate. Directly measuring the molecular force on the TCR/pMHC bond in the

absence or presence of CD2/LFA-1, could reveal themechanismunderlying their effect on dis-

crimination. Very recently, the tools to do so became available, i.e. a force-spring that can be

used tomeasure the force on the TCR/pMHC bond using FRET [315].

*The effect on the on-rate should be larger than on the off-rate to be consistent with the increased sensitivity

when CD2 or LFA-1 is engaged.
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5.4.2 Putting the model back into the cell

The exact biological implementation of proofreading remains unsolved and will require fur-

ther research touncover. For example, itwouldbe interesting to repeat these antigendiscrim-

ination experiments with MHC that is mutated to abrogate binding to CD8. If antigen dis-

crimination is impaired, this would support a role of co-receptors in the proofreading chain.

To assess the influence of intracellular signaling molecules is technically more challenging.

One option is to inhibit the kinases and phosphatases involved chemically. However, often

this is not particularly specific to one target. Genetic deletions or RNA knock-downs offer a

specific alternative, but may allow the T cells to adapt between the targeting and the exper-

iment. An alternative is the use of signaling proteins that are engineered to be specifically

inhibited by a chemical compound, such as shown for the inhibitory kinase Csk [316, 317].

Interestingly, neither the estimate produced from analyzing CAR T cells [312] nor our esti-

mate [4] of 𝑁 is an integer. This is unexpected given the biological limitation of having dis-

crete proofreading steps. One possible explanation is population heterogeneity on a cellular

or even molecular level within each cell, causing an apparent fractional number of steps. An

alternative hypothesis is the existence of a short circuit in the proofreading chain. For exam-

ple, a proofreading chainwith 3 steps and some short circuiting can lead to our observed frac-

tional number of steps [5]. ZAP-70 binding was shown to have a longer lifetime than normal

pMHC ligands and could therefore represent the not easily reversible step causing a fractional

𝑁 [266–268]. Interestingly, homeostatic contacts between T cells and professional APCs can

lead to some phosphorylation of ITAMs and ZAP-70 bindingwithout T cells getting activated

[318, 319]. If these constitute KP steps, then partial pre-activation (tonic signaling) may rep-

resent a short-cut resulting in a fractional𝑁.
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5.5 Antigen discrimination in non-TCR receptors

In this thesis I focused on antigen discrimination of the TCR. It would be interesting to test

this in other immune and non-immune receptors. The most relevant comparison is a fam-

ily of receptors referred to as non-catalytic tyrosine-phosphorylated receptors (NTRs), which

includes the TCR, BCR, and other receptors such as Fc receptors [246]. They share a number

of important features, for example, having small extracellular domains and tails with tyro-

sine motifs, such as ITAMs, and binding anchored (i.e. non-soluble) ligands. Furthermore,

their activation is controlled by a balance of kinases such as Lck and phosphatases such as

CD45 [246]. Consequently, kinetic proofreading might be a common feature of their signal-

ing. However, it is not clear why cells would utilize an energy-consuming process if good

discrimination was not relevant to the receptor’s function. For example, Fc receptors need

to discriminate between different isotypes of antibodies. However, they probably do not re-

quire kinetic proofreading. Instead these receptors more likely co-evolved with their ligands

to maximize the difference in affinity between agonistic and non-agonistic ligands. For in-

stance, FcγRI binds IgG1, IgG3, and IgG4 with a high affinity (𝐾𝐷 ≈ 10−8𝑀−1), but IgG2

with much lower affinity (KD not measurable) [320]. The BCR may be an exception, in that

B cells as part of the adaptive immune system are also required to exhibit antigen discrimi-

nation. Notably, B cells have a complex receptor-proximal signaling chain [321], that shares

many similarities with the TCR and therefore could also rely on kinetic proofreading. In a

meta-analysis from our laboratory on the limited published data available, we found a dis-

criminationpower of about 1.3 for theBCR [4]. This is lower than theTCR, but higher thanany

other receptor investigated. B cells bind previously unknown antigen and in some instances

can be activated without T cell help. However, the generation of high affinity antibodies and

immunological memory is dependent on interactionswith T cells [6]. It therefore seems pos-

sible that B cells ’outsourced’ the complex task of antigen discrimination to T cells altogether.
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5.5.1 Antigen discrimination in CAR T cells

Lastly, CARs are an interesting class of receptors to study. Classical CARs are comprised of

a single-chain variable fragment derived from an antibody, an extracellular hinge, a trans-

membrane domain, and an intracellular tail that is usually based on CD3ζ and sometimes

CD28 and/or 41BB signaling elements. CARs are larger than TCRs, typically bind with much

higher affinities, and their sensitivity seems to be lower by around 1000-fold [267]. In the

meta-analysis from our lab, they showed a discrimination power of 0.9 and were therefore

significantlyworse than TCRs in antigen discrimination [4]. However, Tischer et al. found the

number of proofreading steps (i.e. 2.7) using a system based on CARs [312] to be similar to

the number I measured for the TCR. It is therefore possible that CARs are generally capable of

good discrimination, but when using high affinity/low off-rates scFvs they operate in a satu-

rating parameter regime of kinetic proofreading (i.e. left side of the curve in Figure 5.3A; red

in B). Consequently, affinity-enhanced TCRs may also exhibit lower discrimination. Further

research directly comparing TCRs, affinity-enhanced TCRs, CARs, and BCRs will be required

to untangle the specific components and cellular requirements of discrimination.
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5.6 Conclusion

Here I studied the effect of the accessory receptors CD2 and LFA-1 on T cell activation. We

also developed a new SPR protocol to measure very low affinity TCR/pMHC interactions that

allowedme to study the response of T cells to very low affinity antigens and their discrimina-

tory power. Unlike previous work, I found antigen discrimination to be good, but not near-

perfect. In the future, it would be interesting to replicate these results in CD4+ T cells and

potentially species other than human. Considering this is such an important process, I would

expect antigen discrimination to be conserved. However, it might be possible that there are

small differences. For example, regulatory T cells may be less discriminatory, since at least

some of them exhibit stronger binding toMHC in the thymus. Future researchwill shed light

on the complicated signaling machinery that drives antigen discrimination by T cells. We

should strive to learn asmuch aswe can fromT cell receptors and incorporate this knowledge

into the next generation of therapeutics. Very recently, for example, a CAR based on a TCR

scaffold was shown to outperform a traditional CAR [322].





Chapter 6

Materials & methods
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6.1 Reagents

Table 6.1: Antibodies for flow cytometry.

RRIDs can be found on Resource Identification Portal. For flow cytometry, all antibodies were used at

a dilution of 1:200 if not indicated otherwise.

Target Clone Conjugation Supplier RRID

CD69 FN50 AF488

BV421

AF647

Biolegend RRID:AB_528869

RRID:AB_2561909

RRID:AB_528871

41BB 4B4-1 PerCP-Cy5

AF647

Biolegend RRID:AB_2205686

RRID:AB_2566258

CD45 HI30 BV421

BV510

BV711

AF647

Biolegend RRID:AB_2561357

RRID:AB_2561940

RRID:AB_2563466

RRID:AB_389336

HLA-A2 BB7.2 BV421

PE

Biolegend RRID AB_2721523

RRID AB_1877227

CD2 TS1/8 BV421 Biolegend RRID:AB_2561832

CD2 RPA-2.10 BUV395 BD Biosciences RRID:AB_2744356

CD2 RPA-2.10 BV605

APC

Biolegend RRID:AB_2687243

RRID:AB_10895925

ICAM1 HCD54 PE Biolegend RRID:AB_535979

CD80 2D10 BV421 Biolegend RRID:AB_10899567

CD86 BU63 BV421 Biolegend RRID:AB_2728393

Isotype Ctrl MOPC-21 BV421

PE

Biolegend RRID:AB_11150232

RRID:AB_326435

Isotype Ctrl MOPC-173 APC Biolegend RRID:AB_326468

CD3 UCHT1 APC Biolegend RRID:AB_314066

CD3 OKT3 AF488 Biolegend RRID:AB_571877

TCRαβ IP26 PE Biolegend RRID:AB_314646

CD8 HIT8a PE Biolegend RRID:AB_314112

https://scicrunch.org/resources
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Table 6.2: Unconjugated antibodies.

RRIDs can be found on Resource Identification Portal.

Target Clone Supplier RRID Notes

HLA-

A/B/C

W6/32 Biolegend RRID:AB_314871 Lot: B233942

CD58 TS2/9 Biolegend RRID:AB_2075983 For blocking experiments.

Azide- and endotoxin-

free.

ICAM1 HA58 Thermo Fisher Sci-

entific

RRID:AB_467304 For blocking experiments.

ICAM1 15.2 Thermo Fisher Sci-

entific

RRID:AB_929068 For blocking experiments.

Isotype

Ctrl

MOPC-21 Biolegend RRID:AB_2890215 Ctrl for blocking ex-

periments. Azide- and

endotoxin-free.

https://scicrunch.org/resources
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Table 6.3: Cell lines.

RRIDs can be found on Resource Identification Portal.

Name Source RRID Notes

HEK293T Previously obtained N/A Identity was not verified.

Lenti-X 293T Takara Bio RRID:CVCL_4401 For production of lentivirus.

Freestyle 293F Nicole Zitzmann

University of Oxford

RRID:CVCL_D603 For protein production.

CHO-A2 Jesús Siller Farfán N/A CHO K1 cells transduced with

lentivirus encoding HLA-A2

single chain dimer.

CHO-A2 CD58 Jesús Siller Farfán N/A CHO-A2 cells transduced with

lentivirus encoding CD58-

FLAG. Sorted to have a similar

expression of HLA-A2.

U87 Vincenzo Cerundolo

University of Oxford

RRID:CVCL_0022 Identity was not verified.

U87 CD58 KO This thesis N/A CRISPR KO with CD58 G1 of

parental U87. FAC sorted.

U87 ICAM1 KO This thesis N/A CRISPR KO with ICAM1 G2 of

parental U87. FAC sorted.

U87 Double KO This thesis N/A CRISPR KO with ICAM1 G2 of

U87 CD58 KO. FAC sorted.

Jurkat TCRαβ-KO Edward Jenkins N/A

CHO ecdCD58 Simon Davis

University of Oxford

N/A Express soluble CD58 (se-

cretion signal + amino acids

29–213 + BirA biotinylation

site).

CHO ecdCD86 Simon Davis

University of Oxford

N/A Express soluble CD86 (se-

cretion signal + amino acids

18–232 + BirA biotinylation

site).

T2 Jesús Siller Farfán RRID:CVCL_2211 Identity was not verified.

https://scicrunch.org/resources
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Table 6.4: Plasmids.

RRIDs can be found on Resource Identification Portal. N/A: not applicable.

Name Source Notes

pTT3-ecdCD58 This thesis Plasmid forproductionof recombinant, solubleCD58

through transient transfection of mammalian cells.

See sequence 10.

pTT3-ecdCD86 This thesis Plasmid for production of recombinant, soluble

CD86 through transient transfection of mammalian

cells. See sequence 11.

pTT3-ecdICAM1 This thesis Plasmid for production of recombinant, soluble

ICAM1 through transient transfection of mammalian

cells. See sequence 12.

pTT3-BirA-FLAG Addgene Plasmid for in-flask biotinylation by co-transfection.

See also [323]. RRID:Addgene_64395.

pET-sA6α This thesis For production of soluble A6 α chain in E. coli. and in

vitro refolding. See sequence 3.

pET-sA6β-His This thesis For production of soluble A6 β chain in E. coli. and in

vitro refolding. See sequence 4.

pET-HLA-A2-AT This thesis For production of soluble HLA-A*02:01 heavy chain

in E. coli. and in vitro refolding. See sequence 1.

β2M plasmid Previously obtained β-2 microglobulin for production in E. coli. and in

vitro refolding. See sequence 2.

pLEX-A6 This thesis pLEX307-based transfer plasmid for lentivirus pro-

duction encoding the full-length A6 TCR. See se-

quence 9.

pHR-1G4 Previously obtained Transfer plasmid for lentivirus production encoding

the full-length 1G4 TCR. See sequence 7.

pHR-1G4hi Previously obtained Transfer plasmid for lentivirus production encoding

the full-length, affinity-enhanced 1G4 TCR. See se-

quence 8.

https://scicrunch.org/resources
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Table 6.5: General reagents.

N/A: not applicable.

Name Supplier Catalog number

Retronectin Takara Bio T100B

Streptavidin-PE Biolegend 405245

Biotinylated BSA Thermo Fisher Scientific 29130

Streptavidin Thermo Fisher Scientific 434301

IL2 PeproTech 200-02

RosetteSepHumanCD8+ TCell Enrichment

Cocktail

Stemcell Technologies 15063

Fixable Viability Dye eFluor 780 Thermo Fisher Scientific 65-0865-14

Zombie Fixable UV viability kit Biolegend 423107

Zombie Fixable NIR viability kit Biolegend 423105

96 well streptavidin Coated High Capacity

Plates

Thermo Fisher Scientific 15500

96Well SensoPlate Greiner 655892

CM5 sensor chips GE Healthcare Life Sciences N/A

Amine coupling kit GE Healthcare Life Sciences BR100050

CD3/CD28 Human T-activator dynabeads Thermo Fisher Scientific 11132D

X-tremeGENE 9 Sigma-Aldrich 6365809001

X-tremeGENE HP Sigma-Aldrich 6366546001

IL-2 Human Uncoated ELISA Kit Thermo Fisher Scientific 88-7025-77

TNF Human Uncoated ELISA Kit Thermo Fisher Scientific 88-7346-77

LDH Cytotoxicity Assay Kit Thermo Fisher Scientific 88954

Lipofectamine CRISPRMAX Cas9 Transfec-

tion Reagent

Thermo Fisher Scientific CMAX00001

TrueCut Cas9 Protein v2 Thermo Fisher Scientific A36497

tracrRNA Thermo Fisher Scientific A35506

BirA biotin-protein ligase bulk reaction kit Avidity N/A

NuncMaxiSorp 96-well plates Thermo Fisher Scientific 442404

GSEM supp Sigma-Aldrich G9785

Biotin Avidity N/A

Methionine Sulfoximine (MSX) Previously obtained N/A

Accutase Biolegend 423201

Goat anti-mouse 680RD LI-COR Biosciences 926-68070

Streptavidin 800CW LI-COR Biosciences 926-32230
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Table 6.6: Cell culturemedia & buffers.

Name Content

Complete RPMI RPMI

10 % FCS

1 % Penicillin/Streptomycin

Complete DMEM DMEM

10% FCS

1 % Penicillin/Streptomycin

Complete OptiMEM OptiMEM

5% FCS

1 % Penicillin/Streptomycin

HBS-EP pH 7.4

0.01 MHEPES

0.15 MNaCl

3 mMEDTA

0.005 % v/v Tween20

CHO selectionmedium DMEM

10% dialysed FCS

1X GSEM supplement

20–50 𝜇MMSX

1 % Penicillin/Streptomycin

CHO productionmedium DMEM

2–5 % FCS

1X GSEM supplement

20 𝜇MMSX

2mM sodium butyrate

1 % Penicillin/Streptomycin

5X annealing buffer pH 7.4 with KOH

Nuclease-free water

30mMHEPES

100mM Potassium acetate

2 mMMagnesium acetate
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Table 6.7: Instruments and equipment.

Name Company

Biacore T200 SPRmachine GE Healthcare

ÄKTA pure FPLC GE Healthcare

Superdex 75 column GE Healthcare

Superdex 200 column GE Healthcare

X-20 flow cytometer BD Biosciences

CytoFlex flow cytometer Beckman Coulter

Odyssey Sa Imager LI-COR Biosciences

Table 6.8: Software and packages.

Name Version Company

FlowJo v10 BD Biosciences

GraphPad Prism v7–9 GraphPad Software

BIAevaluation v4.1 GE Healthcare

Python v3.7–3.9 N/A

lmfit v0.9.13 N/A

6.2 Sequences

Sequence 1: Soluble HLA-A2 heavy chain with AviTag for expression in E. coli.

Sequence of heavy chain: GenBank: AAA98727.1 (amino acids 25–298).

MGSHSMRYFF TSVSRPGRGE PRFIAVGYVD DTQFVRFDSD AASQRMEPRA PWIEQEGPEY
WDGETRKVKA HSQTHRVDLG TLRGYYNQSE AGSHTVQRMY GCDVGSDWRF LRGYHQYAYD
GKDYIALKED LRSWTAADMA AQTTKHKWEA AHVAEQLRAY LEGTCVEWLR RYLENGKETL
QRTDAPKTHM THHAVSDHEA TLRCWALSFY PAEITLTWQR DGEDQTQDTE LVETRPAGDG
TFQKWAAVVV PSGQEQRYTC HVQHEGLPKP LTLRWEPGSG GGLNDIFEAQ KIEWHE*
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Sequence 2: β2M for expression in E. coli.

>sp|P61769|21--119
MIQRTPKIQV YSRHPAENGK SNFLNCYVSG FHPSDIEVDL LKNGERIEKV EHSDLSFSKDW
SFYLLYYTEF TPTEKDEYAC RVNHVTLSQP KIVKWDRDM*

Sequence 3: Soluble A6 α chain for expression in E. coli.

An additional cysteine was introduced (TRAC T48C) to improve the stability of the protein.

MQKEVEQNSG PLSVPEGAIA SLNCTYSDRG SQSFFWYRQY SGKSPELIMS IYSNGDKEDG
RFTAQLNKAS QYVSLLIRDS QPSDSATYLC AVTTDSWGKL QFGAGTQVVV TPDIQNPDPA
VYQLRDSKSS DKSVCLFTDF DSQTNVSQSK DSDVYITDKC VLDMRSMDFK SNSAVAWSNK
SDFACANAFN NSIIPEDTFF PSPESS*

Sequence 4: Soluble A6 β chain with His-tag for expression in E. coli.

An additional cysteine was introduced (TRBC2 S57C) to improve the stability of the protein.

MNAGVTQTPK FQVLKTGQSM TLQCAQDMNH EYMSWYRQDP GMGLRLIHYS VGAGITDQGE
VPNGYNVSRS TTEDFPLRLL SAAPSQTSVY FCASRPGLAG GRPEQYFGPG TRLTVTEDLK
NVFPPEVAVF EPSEAEISHT QKATLVCLAT GFYPDHVELS WWVNGKEVHS GVCTDPQPLK
EQPALNDSRY ALSSRLRVSA TFWQDPRNHF RCQVQFYGLS ENDEWTQDRA KPVTQIVSAE
AWGRADHHHH HH*

Sequence 5: Soluble 1G4 α chain with His-tag for expression in E. coli.

No egineered cysteines. Not sequence verified.

MQEVTQIPAA LSVPEGENLV LNCSFTDSAI YNLQWFRQDP GKGLTSLLLI QSSQREQTSG
RLNASLDKSS GRSTLYIAAS QPGDSATYLC AVRPTSGGSY IPTFGRGTSL IVHPYIQNPD
PAVYQLRDSK SSDKSVCLFT DFDSQTNVSQ SKDSDVYITD KTVLDMRSMD FKSNSAVAWS
NKSDFACANA FNNSIIPEDT FFPSPENDGG GCKLEHHHHH H

Sequence 6: Soluble 1G4 β chain for expression in E. coli.

No egineered cysteines. Not sequence verified.

MGVTQTPKFQ VLKTGQSMTL QCAQDMNHEY MSWYRQDPGM GLRLIHYSVG AGITDQGEVP
NGYNVSRSTT EDFPLRLLSA APSQTSVYFC ASSYVGNTGE LFFGEGSRLT VLEDLKNVFP
PEVAVFEPSE AEISHTQKAT LVCLATGFYP DHVELSWWVN GKEVHSGVST DPQPLKEQPA
LNDSRYCLSS RLRVSATFWQ NPRNHFRCQV QFYGLSENDE WTQDRAKPVT QIVSAEAWGR
AD*
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Sequence 7: Insert of pHR-1G4 lentiviral transfer plasmid.

Contains 1G4 α-linker-P2A-β. No cysteines were removed or introduced.

METLLGLLIL WLQLQWVSSK QEVTQIPAAL SVPEGENLVL NCSFTDSAIY NLQWFRQDPG
KGLTSLLLIQ SSQREQTSGR LNASLDKSSG RSTLYIAASQ PGDSATYLCA VRPTSGGSYI
PTFGRGTSLI VHPYIQNPDP AVYQLRDSKS SDKSVCLFTD FDSQTNVSQS KDSDVYITDK
TVLDMRSMDF KSNSAVAWSN KSDFACANAF NNSIIPEDTF FPSPESSCDV KLVEKSFETD
TNLNFQNLSV IGFRILLLKV AGFNLLMTLR LWSSGSRAKR SGSGATNFSL LKQAGDVEEN
PGPRMSIGLL CCAALSLLWA GPVNAGVTQT PKFQVLKTGQ SMTLQCAQDM NHEYMSWYRQ
DPGMGLRLIH YSVGAGITDQ GEVPNGYNVS RSTTEDFPLR LLSAAPSQTS VYFCASSYVG
NTGELFFGEG SRLTVLEDLK NVFPPEVAVF EPSEAEISHT QKATLVCLAT GFYPDHVELS
WWVNGKEVHS GVSTDPQPLK EQPALNDSRY CLSSRLRVSA TFWQNPRNHF RCQVQFYGLS
ENDEWTQDRA KPVTQIVSAE AWGRADCGFT SESYQQGVLS ATILYEILLG KATLYAVLVS
ALVLMAMVKR KDSRG*

Sequence 8: Insert of pHR-1G4hi lentiviral transfer plasmid.

Contains affinity enhanced c61c58 1G4 β-linker-P2A-α. No cysteines were removed or introduced.

MACGSATMSI GLLCCAALSL LWAGPVNAGV TQTPKFQVLK TGQSMTLQCA QDMNHEYMSW
YRQDPGMGLR LIHYSVAIQT TDRGEVPNGY NVSRSTIEDF PLRLLSAAPS QTSVYFCASS
YLGNTGELFF GEGSRLTVLE DLKNVFPPEV AVFEPSEAEI SHTQKATLVC LATGFYPDHV
ELSWWVNGKE VHSGVSTDPQ PLKEQPALND SRYCLSSRLR VSATFWQNPR NHFRCQVQFY
GLSENDEWTQ DRAKPVTQIV SAEAWGRADC GFTSESYQQG VLSATILYEI LLGKATLYAV
LVSALVLMAM VKRKDFSRGA AAGPSGPDPA TNFSLLKQAG DVEENPGPME TLLGLLILWL
QLQWVSSKQE VTQIPAALSV PEGENLVLNC SFTDSAIYNL QWFRQDPGKG LTSLLLITPW
QREQTSGRLN ASLDKSSGRS TLYIAASQPG DSATYLCAVR PLLDGTYIPT FGRGTSLIVH
PYIQNPDPAV YQLRDSKSSD KSVCLFTDFD SQTNVSQSKD SDVYITDKTV LDMRSMDFKS
NSAVAWSNKS DFACANAFNN SIIPEDTFFP SPESSCDVKL VEKSFETDTN LNFQNLSVIG
FRILLLKVAG FNLLMTLRLW SS*
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Sequence 9: Insert of pLEX-A6 lentiviral transfer plasmid.

Contains A6 β-P2A-α. Two native cysteines (TRAC C95S and TRBC2 C131C) were removed and 2 ad-

ditional cysteines introduced (TRAC T48C and TRBC2 S57C). This engineered cysteine was shown to

reduce mispairing with endogenous TCR [324]. TRBC2 contains also a N89Dmutation and a second,

but unnecessary methionine at the beginning of the β leader sequence.

MSIGLLCCAA LSLLWAGPVN AGVTQTPKFQ VLKTGQSMTL QCAQDMNHEY MSWYRQDPGM
GLRLIHYSVG AGITDQGEVP NGYNVSRSTT EDFPLRLLSA APSQTSVYFC ASRPGLAGGR
PEQYFGPGTR LTVTEDLKNV FPPEVAVFEP SEAEISHTQK ATLVCLATGF YPDHVELSWW
VNGKEVHSGV CTDPQPLKEQ PALNDSRYCL SSRLRVSATF WQDPRNHFRC QVQFYGLSEN
DEWTQDRAKP VTQIVSAEAW GRADSGFTSE SYQQGVLSAT ILYEILLGKA TLYAVLVSAL
VLMAMVKRKD SRGATNFSLL KQAGDVEENP GPMMKSLRVL LVILWLQLSW VWSQQKEVEQ
NSGPLSVPEG AIASLNCTYS DRGSQSFFWY RQYSGKSPEL IMSIYSNGDK EDGRFTAQLN
KASQYVSLLI RDSQPSDSAT YLCAVTTDSW GKLQFGAGTQ VVVTPDIQNP DPAVYQLRDS
KSSDKSVCLF TDFDSQTNVS QSKDSDVYIT DKCVLDMRSM DFKSNSAVAW SNKSDFACAN
AFNNSIIPED TFFPSPESSS DVKLVEKSFE TDTNLNFQNL SVIGFRILLL KVAGFNLLMT
LRLWSS*

Sequence 10: Soluble CD58 for expression in mammalian cells.

Contains chicken RPTPσ signal peptide-CD58 ECD-AviTag-His.

MGILPSPGMP ALLSLVSLLS VLLMGCVAET GFSQQIYGVV YGNVTFHVPS NVPLKEVLWK
KQKDKVAELE NSEFRAFSSF KNRVYLDTVS GSLTIYNLTS SDEDEYEMES PNITDTMKFF
LYVLESLPSP TLTCALTNGS IEVQCMIPEH YNSHRGLIMY SWDCPMEQCK RNSTSIYFKM
ENDLPQKIQC TLSNPLFNTT SSIILTTGLN DIFEAQKIEW HEHHHHHH*

Sequence 11: Soluble CD86 for expression in mammalian cells.

Contains chicken RPTPσ signal peptide-CD86 isoform 2 ECD-AviTag-His.

MGILPSPGMP ALLSLVSLLS VLLMGCVAET GAPLKIQAYF NETADLPCQF ANSQNQSLSE
LVVFWQDQEN LVLNEVYLGK EKFDSVHSKY MGRTSFDSDS WTLRLHNLQI KDKGLYQCII
HHKKPTGMIR IHQMNSELSV LANFSQPEIV PISNITENVY INLTCSSIHG YPEPKKMSVL
LRTKNSTIEY DGIMQKSQDN VTELYDVSIS LSVSFPDVTS NMTIFCILET DKTRLLSSPF
SIELEDGLND IFEAQKIEWH EHHHHHH*
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Sequence 12: Soluble ICAM1 for expression inmammalian cells.

Contains chicken RPTPσ signal peptide-ICAM1 ECD-AviTag-His.

MGILPSPGMP ALLSLVSLLS VLLMGCVAET GQTSVSPSKV ILPRGGSVLV TCSTSCDQPK
LLGIETPLPK KELLLPGNNR KVYELSNVQE DSQPMCYSNC PDGQSTAKTF LTVYWTPERV
ELAPLPSWQP VGKNLTLRCQ VEGGAPRANL TVVLLRGEKE LKREPAVGEP AEVTTTVLVR
RDHHGANFSC RTELDLRPQG LELFENTSAP YQLQTFVLPA TPPQLVSPRV LEVDTQGTVV
CSLDRLFPVS EAQVHLALGD QRLNPTVTYG NDSFSAKASV SVTAEDEGTQ RLTCAVILGN
QSQETLQTVT IYSFPAPNVI LTKPEVSEGT EVTVKCEAHP RAKVTLNGVP AQPLGPRAQL
LLKATPEDNG RSFSCSATLE VAGQLIHKNQ TRELRVLYGP RLDERDCPGN WTWPENSQQT
PMCQAWGNPL PELKCLKDGT FPLPIGESVT VTRDLEGTYL CRARSTQGEV TREVTVNVLS
PRYEGLNDIF EAQKIEWHEH HHHHH*

Sequence 13: RNA guides for KO of human CD58.

>Guide 1|CRISPR758411_CR
GUCAAUGCACAAGUUAGUGU

>Guide 2|CRISPR758416_CR
UUCCAUAGGACCUCUUUUAA

>Guide 3|CRISPR758434_CR
GUUUAUUUAGACACUGUGUC

Sequence 14: RNA guides for KO of human ICAM1.

>Guide 1|CRISPR845341_CR
GGUCUCUAUGCCCAACAACU

>Guide 2|CRISPR845351_CR
GCUAUUCAAACUGCCCUGAU

>Guide 3|CRISPR845343_CR
UACACCUUCCGGUUGUUCCC
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6.3 Experimental methods

6.3.1 Peptides and loading

Weused alteredpeptide ligands (APLs) thatwere either describedpreviously [27, 78, 82, 286–

288, 325] or designed by me based on the published crystal structures of these TCRs in com-

plex with MHC (1G4: PDB 2BNQ, A6: PDB 1AO7). We also used a peptide library, which was

designed to bindHLA-A*02:01, but avoid residues that could likely interact with the TCR (Ta-

ble 6.9). Minimal alanine peptide (minA) is a peptide with 2L9V anchor residues and alanine

at all other positions.

Peptides were synthesized at a purity of >95 % (Peptide Protein Research, UK). The peptide

librarywas previously obtained at a unknownpurity. TaxWT is a 9 amino acid, class I peptide

derived from HTLV-1 Tax11–19 [62, 326]. NYE 9V refers to a heteroclitic (improved stability on

MHC), 9 aminoacid, class I peptidederived fromthewild typeNYE-ESO157–165 9Cpeptide [47].

See Table S1 and Table S2 for a list of peptides.

Loading efficiency was evaluated by pulsing T2 cells for 1–2 h at 37°C with a titration of pep-

tides. Loadingwas assessed as upregulation of HLA-A2 by flow cytometry. Datawas normal-

ized and fitted with a sigmoidal model, where the top and bottom were constrained to 1 and

0, respectively and EC50 values were reported.
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Table 6.9: Biased peptide library.

For eachposition it is indicatedwith this amino acid is a primary anchor

residue (⚓), predominantly bindingMHC (secondary anchor residues),

or predominantly binding TCR. This peptide was designed by Milos

Aleksic basedon the crystal structureof 1G4TCRwithHLA-A*02:01 [47].

For position 3 + 6, all amino acids that did not prevent MHC binding

were allowed [327]. For TCR facing positions, small hydrophilic or hy-

drophobic residues were allowed, since they are not expected to con-

tribute strongly toTCRbinding. Cysteineswereexcludedatall positions

to prevent the formation of peptide multimers.

1 2 3 4 5 6 7 8 9

TCR ⚓ MHC TCR TCR MHC TCR TCR ⚓

Ser

Thr

Ala

Val

Gly

Leu

Ile

Met

Tyr

Phe

Trp

Thr

Leu

Ile

Met

Ala

Pro

Gly

Gln

Asn

Ser

Thr

Ala

Val

Gly

Ser

Thr

Ala

Val

Gly

Tyr

Phe

Trp

Thr

Leu

Ile

Met

Ala

Pro

Gly

Gln

Asn

Glu

Asp

Ser

Thr

Ala

Val

Gly

Ser

Thr

Ala

Val

Gly

Val

Leu

6.3.2 Protein production

Class I pMHCswere refoldedaspreviouslydescribed [328]. Briefly, humanHLA-A*0201heavy

chain (sequence 1) with a C-terminal AviTag/BirA recognition sequence and human β-2 mi-

croglobulin were expressed in Escherichia coli and isolated from inclusion bodies. Trimer was

refolded by consecutively adding peptide, β2M and heavy chain into refolding buffer and in-

cubating for 2-3 days at 4°C. Protein was filtered, concentrated using centrifugation, biotiny-

latedwith the BirA biotin-protein ligase bulk reaction kit and purified by size exclusion chro-
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matography (Superdex 75 column) in HBS-EP. Purified protein was aliquoted and stored at

-80°C until use.

Biotinylatedclass IIpMHC(HLA-DPB1*04:01) containingaMAGE-A3243–258 peptide (KKLLTQ-

HFVQENYLEY) was obtained from the NIH Tetramer Facility.

Soluble α and β subunits of 1G4 and A6 TCRs were produced in E. coli, isolated from inclu-

sion bodies, refolded in vitro and purified using size exclusion chromatography in HBS-EP, as

described previously [78].

Soluble extracellular domains (ECDs) of human CD58 (UniProt residues 29–204 or 29–213)

andhumanCD86 (isoform2; UniProt residues 18–232)wereproducedeither inFreestyle 293F

suspension cells or adherent, stable GS CHO cell lines. For the latter, cells were expanded in

selectionmedium for at least 1 week. Production was performed in productionmedium con-

tinuously for a fewweekswith regularmediumexchanges. Production in293Fwasperformed

according to manufacturer’s instructions. Human ICAM1 ECD (UniProt residues 28–480)

was either produced by transient transfection, lentiviral transduction of adherent 293T, or by

transient expression in 293F, as described above. All supernatants were 0.45 𝜇mfiltered and

100 𝜇M PMSF was added. Proteins were purified using standard Ni-NTA agarose columns,

followed by in vitro biotinylation as described above. Alternatively, ligandswere biotinylated

by co-transfection (1:10) of a secreted BirA-encoding plasmid and adding 100𝜇MD-biotin to

the medium, as described before [329]. Proteins were further purified and excess biotin re-

moved from proteins biotinylated in vitro by size exclusion chromatography (Superdex 75 or

200 column) in HBS-EP. Purified proteins were aliquoted and stored at -80°C until use.

Biotinylation levels of pMHC and accessory ligandswere routinely tested by gel shift on SDS-

PAGE upon addition of saturating amounts of streptavidin.
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6.3.3 SPR

TCR–pMHC interactionswere analyzed on a Biacore T200 instrument at 37°C and a flow rate

of 10 𝜇l/min with HBS-EP as running buffer. Streptavidin was coupled to CM5 sensor chips

using an amino coupling kit to near saturation, typically 10000–12000 response units (RU).

Biotinylated pMHCs (47 kDa, no glycosylation)were injected into the experimental flow cells

(FCs) fordifferent lengthsof time toproducedesired immobilization levels (typically500–1500

RU), which werematched as closely as feasible in each chip. Excess streptavidin was blocked

with two 40 s injections of 250 𝜇Mbiotin. Before TCR injections, the chip surface was condi-

tioned with 8 injections of the running buffer. Dilution series of TCRs were injected simulta-

neously in all FCs for 30–70 s. Buffer was also injected (conditioning) for the same length as

TCR after every 2 or 3 TCR injections to allow double referencing (see below). After the final

TCR injection and an additional conditioning cycle,W6/32 antibody (10 𝜇g/ml) was injected

for 10min.

Each experiment included at least 1 reference flow cell (usually FC1 out of 4 on a CM5 chip).

Biotinylated CD58 ECD (23 kDa + ∼25 kDa glycosylation) was immobilized in FC1 at a level

matching those of pMHCs in the other FCs. In some experiments, theCD58ECDwas replaced

with thoseofCD86 (28kDa+glycosylation), ICAM1 (53kDa+glycosylation), or class II pMHC

loaded withMAGE peptide (∼60 kDawith glycosylation).

Steady-state bindingwasmeasured >10 s post-injection. In addition to subtracting the signal

from the reference FC with immobilized CD58 (single referencing), all TCR binding data was

double referenced versus the average of the closest buffer injections before and after TCR in-

jection [285]. This allows to exclude small differences in signal betweenflowcells (e.g. drifts).

TCR binding versus TCR concentration was fitted with the followingmodel:

𝐵 = 𝐵𝑚𝑎𝑥 × [𝑇 𝐶𝑅]
𝐾𝐷 + [𝑇 𝐶𝑅]
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Where 𝐵 is the response/binding, 𝐵𝑚𝑎𝑥 the maximal binding (this parameter is either kept

free or is fixed with the W6/32 derived 𝐵𝑚𝑎𝑥), and [𝑇 𝐶𝑅] the injected TCR concentration.

MaximalW6/32binding (Rmax)wasused togenerate the empirical standard curveand to infer

the Bmax of TCRs from the standard curve. Rmax was derived by fitting the W6/32 binding

data after double referencing with the following, empirically chosen, model: 𝑅 = 𝑅𝑚𝑎𝑥 ∗

𝑡/(𝐾𝑡 + 𝑡), where 𝑡 is time (s), 𝑅 the sensogram response after single referencing, and 𝐾𝑡

a nuisance parameter. The empirical standard curve only contained data where the ratio of

the highest concentration of TCR to the fitted KD value (obtained using the standardmethod

with Bmax fitted) was 2.5 or more. This threshold ensured that the binding response curves

saturated so that only accurate measurements of Bmax were included. KD values reported are

from unconstrained fits (Bmax fitted) for KDs <20 𝜇Mand otherwise from constrained fits.

6.3.4 pMHC tetramers

Tetramerswereproduced in-houseusing refoldedmonomeric, biotinylatedpMHCandstreptavidin-

PE at a 1:4 molar ratio. Streptavidin-PEwas added in 10 steps and incubated for 10minwhile

shaking at room temperature. Insoluble proteins were removed by brief centrifugation at

13,000 g and 0.05-0.1 % sodium azide added for preservation. Tetramers were kept for up

to 3 months at 4°C. For the 1G4 TCR, tetramers produced with NYE 9V were used. For the A6

TCR, tetramers loaded with either TaxWT or Tax 5F were used.

6.3.5 Lentivirus production

HEK 293T or Lenti-X 293T were seeded in complete DMEM in 6-well plate to reach 60–80 %

confluency after one day. Cells were either transfectedwith 0.95𝜇g pRSV-Rev, 0.37𝜇g pVSV-

G (pMD2.G), 0.95𝜇g pGAG (pMDLg/pRRE), and0.8𝜇g of a pHR-1G4, pHR-1G4hi, or pLEX-A6

with 9 𝜇l X-tremeGENE 9 or HP. Lentiviral supernatant was harvested after 20–30 h and fil-
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tered througha0.45𝜇mcellulose acetatefilter. In anupdatedversion, LentiX cellswere trans-

fectedwith0.25𝜇gpRSV-Rev, 0.53𝜇gpGAG,0.35𝜇gpVSV-G, and0.8𝜇g transfer plasmidus-

ing 5.8𝜇l X-tremeGENEHP.Mediumwas replaced after 12–18h and supernatant harvested as

aboveafter30–40h. Supernatant fromonewell of a6-wellplatewasused to transduce 1MioT

cells. Sequence for the A6 TCR lacked one natural cysteine per chain and included engineered

cysteines (𝛼T48C and𝛽S57C) to reduce the formation ofmixed TCR dimerswith endogenous

TCR [324]. The 1G4TCRwas expressed from theWT sequenceswithout engineered cysteines.

6.3.6 T cell blasts

All cell culture of human T cells was done using complete RPMI at 37°C, 5 % CO2. T cells

were isolated from whole blood from healthy donors or leukocyte cones purchased from the

NHS Blood and Transplantation service at the John Radcliffe Hospital. For whole blood do-

nations, amaximumof 50mlwas collected by a trained phlebotomist after informed consent

had been given. This project has been approved by theMedical Sciences Inter-Divisional Re-

search Ethics Committee of the University of Oxford (R51997/RE001) and all samples were

anonymised in compliance with the Data Protection Act.

For plate stimulations and experiments with U87 target cells, CD8+ T cells were isolated us-

ing RosetteSep Human CD8+ enrichment cocktail at 6 𝜇l/ml for whole blood or 150 𝜇l/ml for

leukocyte cones. After 20 min incubation at room temperature, blood cone samples were di-

luted 3.125-fold with PBS, while whole blood samples were used directly. Samples were lay-

ered on Ficoll Paque Plus (GE) at a 0.8:1.0 ficoll:sample ratio and spun at 1200 g for 20–30min

at roomtemperature . Buffy coatswere collected,washed twice, counted and cellswere resus-

pended in complete RMPI with 50 U/ml IL2 (PeproTech) and CD3/CD28 Human T-activator

dynabeads (Thermo Fisher) at a 1:1 bead:cell ratio. Aliquots of 1 Mio cells in 1 ml medium

were grown overnight in 12- or 24-well plates (either TC-treated or coated with 5 𝜇g/cm2
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retronectin) and then transduced with VSV-pseudotyped lentivirus encoding for either the

1G4 or the A6 TCR. After 2 days (4 days after transduction), 1 ml of medium was exchanged,

and IL2 was added to a final concentration of 50 U/ml. Beads were magnetically removed at

day 5 post-transduction and T cells from thereonwere resuspended at 1Mio/mlwith 50U/ml

IL2 every other day. For functional experiments, T cells between 10–16days after transduction

were used.

6.3.7 Plate stimulation

96-well glass-bottom Sensoplates were washed with 1 M HCl/70 % EtOH, thoroughly rinsed

twice with PBS and coated overnight at 4°C with 100 𝜇l/well of 1 mg/ml biotinylated BSA in

PBS. Plates were washedwith PBS twice and incubated for at least 1 h with 20 𝜇g/ml strepta-

vidin in 1 % BSA/PBS at room temperature. Plates were washed again with PBS and biotiny-

lated pMHC (in-house) was added for at least 1 h at room temperature or overnight at 4°C.

Plates were emptied and accessory ligand (50–125 ng/well CD58 or 30–50 ng/well ICAM1,

in-house) or PBS was added for the same duration as pMHC. Upon completion, plates were

washed once and stored for up to 1 day in PBS at 4°C.

Alternatively, commercial streptavidin-coated plates were used for all experiments involving

the 1G4hi. Due to the different surface, generally more pMHC and accessory ligands were re-

quired with these plates. Ligands were added sequentially as described above.

For stimulation on either plates, T cells were counted, washed once to remove excess IL2, and

75,000 cells in 180–200 𝜇l complete RMPI were dispensed per well. Cells were briefly spun

down at 50 g to settle to the bottom and subsequently incubated for 4 h at 37°C. At the end of

the experiment, 10mMEDTAwas added and cells were detached by vigorous pipetting. Cells

were stained for flow cytometry and analyzed immediately, or fixed and stored for up to 1 day.

Supernatants were saved for cytokine ELISAs.
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6.3.8 CRISPR knock-out

tracrRNA:crRNAcomplexeswereproducedaccording to themanufacturer’s instructions. Guide

RNAs and tracrRNA were resuspended at 100 𝜇M in TE. Both were diluted to 20 𝜇M in an-

nealing buffer and annealed in a thermocycler: 5min at 95°C; cooled-down to 78°C at -2°C/s;

10 min at 78°C; cooled-down to 25°C at 0.1°C/s; 5 min at 25°C. Annealed guides were further

1:5 diluted in annealing buffer (final concentration: 5 𝜇M= 5 pmol/µl) and used immediately

or stored at -20°C.

CD58and ICAM1CRISPRknock-outsweregeneratedaccording to themanufacturer’s instruc-

tions. For each target, 3 guides were selected. ICAM1 KOs were generated from sorted G1

CD58-KO U87 or WT U87 to generate double-KOs or single-KO, respectively. 50,000 U87

cells were seeded in a 24-well plate and incubated overnight. Mix 1 was prepared as: 25 𝜇l

OptiMEM; 1.25𝜇l Cas9 protein (1.25𝜇g = 7.5 pmol); 1.5𝜇l annealed gRNA (240ng = 7.5 pmol);

2.5 𝜇l Lipofectamine Cas9 Plus per reaction. Mix 2 was prepared as: 25 𝜇l OptiMEM; 1.5 𝜇l

Lipofectamine CRISPRMAX per reaction. Mix 2 was incubated for 1 min and thenmixed with

mix 1. After 10–15 min, 50 𝜇l was added to each well. Cells were screened by flow cytometry

and sortedby FACS. All guides forCD58and ICAM1produced some fraction of KOcells. All ex-

periments shown in this thesis were performedwith guide 1 for CD58 and guide 2 for ICAM1,

after FAC sorting.

6.3.9 U87 co-culture of T cell blasts

For co-culture experiments with U87, 30,000 target cells were seeded in a TC-coated 96-well

F-bottomplate and incubatedovernight. Peptideswerediluted in completeDMEMto their fi-

nal concentration and incubatedwithU87 cells for 1–2 h at 37°C. Peptide-containingmedium

was removed and 60,000 1G4 or A6 TCR-transduced primary human CD8+ T cell blasts were
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added in complete RPMI. For antibody blocking experiments, T cells were added in medium

containing control or blocking antibodies, after preincubating the T cells with the antibodies

for 10–20 min. Plates were spun for 2 min at 50 g to settle cells, and incubated for 4–6 h at

37°C. At the end of the experiment, 10 mM EDTA/PBS was added and cells were detached by

vigorous pipetting. Cells were stained for flow cytometry and analyzed immediately, or fixed

and stored for up to 1 day before running. Supernatants were saved for cytokine ELISAs. U87

and T cells were distinguished by staining for CD45.

6.3.10 CHO co-culture of T cell blasts

20,000 CHO-A2 (expressing HLA-A2 single chain dimer) or CHO-A2 CD58 (additionally ex-

pressing human CD58) target cells were seeded per well in a 96-well TC-coated F-bottom

plate and incubated overnight. Peptides were diluted in complete OptiMEM to their final

concentration and incubated with U87 cells for 1–2 h at 37°C. Peptide-containing medium

was removed and 50,000 1G4 TCR-transduced primary human CD8+ T cell blasts in 200 𝜇l

complete OptiMEM were added. Plates were spun for 2 min at 50 g to settle cells, and incu-

bated for 20–24 h at 37°C. At the end of the experiment, themediumwas removed and saved.

Accutase was added to the cells, the cells incubated for 2–5 min at 37°C, and then detached

by pipetting. Medium and detached cells were pooled again, spun, and supernatant and cell

fraction were separated. Cells were stained for flow cytometry and analyzed immediately, or

fixed and stored for up to 1 day before running. Supernatants were saved for cytokine ELISAs.

CHO and T cells were distinguished by staining for CD45.

6.3.11 Flow cytometry

Cells were washed once in PBS by spinning for 5 min at 300–500 g. Cells were stained for

antibodies (1:200) and/or tetramers (1:300–1:1000) in the presence of 1:1000 fixable viability
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dye for >30min in PBS at 4°C. 1%BSA/PBSwas added on top, spun and cellswerewashed one

more time in BSA/PBS, before a final resuspension in PBS. Samples were analyzed within 3 h

using a X-20 or a CytoFlex flow cytometer and data analysis was performed using FlowJo.

6.3.12 ELISAs

IL-2HumanuncoatedELISAkit, TNFHumanuncoatedELISAkit, or LDHcytotoxicity assaykit

and Nunc MaxiSorp 96-well plates were used according to the manufacturer’s instructions.

For cytokine ELISAs, supernatant was appropriately diluted (commonly 4–30-fold).

Data was analyzed after fitting a 4 parameter sigmoidal curve on untransformed data and

interpolating the concentration (c) using either Prism or Python + lmfit:

𝑂𝐷(𝑐) = 𝐸𝑚𝑖𝑛 + 𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛

1 + (𝐸𝐶50
𝑐 )𝐻

6.3.13 Quantification of protein immobilization

Aglassplate coatedwithbiotinylatedBSA, streptavidin, anda titrationof 1–250ng/wellNYE9V

was prepared as described above. Additional control included 0 pMHCwells, and no strepta-

vidinwells. pMHCwells and 0 pMHC control were stained by incubatingwithW6/32 (1:500)

overnight at 4°C, washed 3 times in PBS, followed by 1 h anti-mouse 680RD secondary anti-

body (1:500) at room temperature. Biotinylated BSA only wells were stained in parallel with

streptavidin 800CW (20 𝜇g/ml). After a final 3 PBS washes, fluorescent signals in the 700

and 800 nm channels were measured on a Odyssey Sa scanner and the resulting images and

integrated intensities per well were exported.
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6.3.14 TCR expression

TCRαβ-KO Jurkat cells were transduced with 1G4 or A6 lentivirus and TCR expression was

measured by staining for CD3 andTCRαβ, or specific tetramers. TCR expression of each trans-

duced batch of primary T cells was tested with specific tetramers during culture to assess

transduction efficiency, and after each experiment as a measure of TCR downregulation.

6.4 Data analysis & fitting

Details of statistical methods for comparisons can be found in the figure legends. All tests

were 2-tailed, if not stated otherwise. All fitting was done using least squares optimization

(Levenberg–Marquardt), if not stated otherwise. All statistics on discrimination power and

sensitivity were performed on log-transformed data, unless stated otherwise. All data analy-

sis was performed using GraphPad Prism, if not stated otherwise.

6.4.1 Fitting dose response curves

Quantitative analysis of antigen discrimination was performed by first fitting dose response

datawith a 4-parameter sigmoidalmodel on a linear scale using Python and lmfitwith either

leastsq or Nelder-Mead:

𝑅(𝑥) = 𝑏𝑜𝑡𝑡𝑜𝑚 + 𝑡𝑜𝑝 − 𝑏𝑜𝑡𝑡𝑜𝑚
1 + (𝐸𝐶50

𝑥 )ℎ𝑖𝑙𝑙
(6.1)

where𝑥 refers to thepeptideconcentrationused topulse the target cells (in𝜇M)or theamount

ofpMHCused to coat thewell of aplate (inng/well). Rather thanusing theEC50 asametric for

potency, I decided to calculate an activation threshold based on the control condition in each
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experiment. For antigen discrimination experiments, the index peptide was the control con-

dition (i.e. NYE 9V or TaxWT). This avoids unreliable results, when the top of the response is

not reached, i.e. for low affinity peptides. Thresholds to measure potency were chosen based

on noise levels and feasibility (see Table 6.10 and Table 6.11 for details). Potency or EC50 val-

ues exceeding doses used for pulsing or coating by more than 10 % (on log) were excluded

from the analysis. For plate experiments, data fromwells with over-saturation of the binding

capacity of the plates were excluded. For IL2, some responses showed a bell shape and there-

fore decreasing datawas excluded fromdose response fitting. The Emax reported in this thesis

is not identical with the top parameter of the fits, but represents the maximum value of the

curve within the x-limits. For dose responses where saturation is reached, top and Emax will

be very similar, while they can diverge significantly for non-saturating activation curves. For

some data, bell shaped data points were automatically or manually removed.
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Table 6.10: Details of dose response fitting in chapter 2.

Shared refers to parameters that were shared for all curves within onemarker and experiment. Norm.

cond.: The normalization condition used to define 0–1. Threshold: Threshold used as a measure of

potency (e.g. P15).

1G4 plate – Figure 2.3 + Figure 2.4 + Figure 2.5

CD69 (%) IL2/TNF Tetramers (gMFI)

Top [0; 100] [0; 100,000] shared

Bottom shared fixed to 0 unconstrained

EC50 unconstrained unconstrained unconstrained

Hill [0.3; 3.0] [0.2; 3.0]; shared [-1.5; -0.3]

Norm. cond. N/A N/A NYE 9V

Threshold N/A N/A 60%

1G4 U87 – Figure 2.8 + Figure 2.9

CD69 (%) TNF (KOs) TNF (ABs)

Top unconstrained [0; 100,000] [0; 100,000]

Bottom unconstrained fixed to 0 fixed to 0

EC50 unconstrained unconstrained unconstrained

Hill unconstrained [0.2; 3.0]; shared [0.2; 3.0]; shared

Norm. cond. N/A Parental 1x Isotype Ctrl

Threshold N/A 15 % 15 %

1G4 CHO – Figure 2.12

41BB (%) LDH (OD)

Top unconstrained [0; 100,000]

Bottom shared shared

EC50 unconstrained unconstrained

Hill [0.3; 3.0] [0.3; 3.0]

Norm. cond. N/A N/A

Threshold N/A N/A

1G4hi plate – Figure 2.15 + Figure 2.17

CD69 (%) IL2

Top unconstrained unconstrained

Bottom shared shared

EC50 unconstrained unconstrained

Hill [0.3; 3.0] [0.3; 3.0]; shared

Norm. cond. N/A 0 CD58

Threshold N/A 10 %
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Table 6.11: Details of dose response fitting in chapter 4.

Shared refers to parameters that were shared for all curves within onemarker and experiment. Norm.

cond.: The normalization condition used to define 0–1. Threshold: Threshold used as a measure of

potency (e.g. P15).

1G4& A6 U87 – Figure 4.3 + Figure 4.5

CD69 (%) IL2 Tetramers (gMFI)

Top unconstrained unconstrained shared

Bottom shared fixed to 0 unconstrained

EC50 unconstrained unconstrained unconstrained

Hill [0.3; 3.0]; shared [0.3; 3.0]; shared [-2.0; -0.3]; shared

Norm. cond. NYE 9V or TaxWT NYE 9V or TaxWT NYE 9V or TaxWT

Threshold 15 % 5% 85%

1G4 plate – Figure 4.6

CD69 (%)

Top unconstrained

Bottom shared

EC50 unconstrained

Hill [0.3; 3.0]; shared

Norm. cond. NYE 9V

Threshold 15 %

6.4.2 Fitting empirical antigen discrimination model

For empirical antigen discrimination fitting, I fitted a linear function in loglog space to our

data, corresponding to the following power function:

𝑃15(𝐾𝐷) = 𝐾𝛼
𝐷 + 10𝐶

whereα is ameasureofdiscriminationpowerand𝐶acorrelateof sensitivity. Fits andreported

values are per experiment.
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6.4.3 Fitting kinetic proofreading model*

Given a kinetic proofreading model with 𝑁 steps, the concentration of the 𝑁 𝑡ℎ complex de-

pendson the total amount of complex (𝐶𝑇), the kinetic proofreading rate (𝑘𝑝) and theoff-rate

of the ligand (𝑘𝑜𝑓𝑓):

𝐶𝑁 = (
𝑘𝑝

𝑘𝑝 + 𝑘𝑜𝑓𝑓
)𝑁 × 𝐶𝑇

The total amount of complex is a function of the total amount of receptor (𝑅0), the total

amount of ligand (𝐿0) and the binding affinity between receptor and ligand (𝐾𝐷):

𝐶𝑇 =
𝑅0 + 𝐿0 + 𝐾𝐷 − √(𝑅0 + 𝐿0 + 𝐾𝐷)2 − 4𝑅0𝐿0

2

We furthermore define an activation threshold λ as a the fraction of total receptor that needs

to be in a complex for the cell to become activated. Sincewhenfittingwedonot directly fit his

activation threshold, but rather some correlated of it, wewill use the term 𝜆̂ in the following.

𝜆 = 𝐶𝑁
𝑅0

Additionally, the concentration of ligand, relative to the total amount of receptors, shall be

the potency 𝜌:

𝜌 = 𝐿0
𝑅0

*See also supplementary of [253] for details and the derivation of the kinetic proofreading equations used here.
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I solve for 𝜌, by substituting :

𝐶𝑁
𝑅0

= (
𝑘𝑝

𝑘𝑝 + 𝑘𝑜𝑓𝑓
)𝑁 ×

1 + 𝐿0
𝑅0

+ 𝐾𝐷
𝑅0

− √(1 + 𝐿0
𝑅0

+ 𝐾𝐷
𝑅0

)2 − 4 𝐿0
𝑅0

2

2𝜆̂
( 𝑘𝑝

𝑘𝑝+𝑘𝑜𝑓𝑓
)𝑁

= 1 + 𝜌 + 𝐾𝐷
𝑅0

− √(1 + 𝜌 + 𝐾𝐷
𝑅0

)2 − 4𝑥

𝜌 = 𝛼(1 − 𝐾𝐷
𝑅0

( 1
𝛼 − 1

)); where𝛼 = 𝜆̂
( 𝑘𝑝

𝑘𝑝+𝑘𝑜𝑓𝑓
)𝑁

For the limit where every ligand engages (
𝐾𝐷
𝑅0

<< 1), above can be simplified to:

𝜌 = 𝛼 = 𝜆̂
( 𝑘𝑝

𝑘𝑝+𝑘𝑜𝑓𝑓
)𝑁

= 𝜆̂(1 +
𝑘𝑜𝑓𝑓

𝑘𝑝
)𝑁

log 𝜌 = log 𝜆̂ + 𝑁 log(1 +
𝑘𝑜𝑓𝑓

𝑘𝑝
) (6.2)

I fit the data using least squared in GraphPad Prism. To support convergence, I fit the param-

eters 𝜆̂ and 𝑘𝑝 in log-space. I calculated the off-rates for different 1G4 peptide variants using

their KD and constant, estimated on-rate of 0.0447 µM-1s-1 (𝑘𝑜𝑓𝑓 = 𝐾𝐷 × 𝑘𝑜𝑛). This on-

rate was calculated as the average on-rate of the 1G4 TCR to different NYE peptides at 37°C as

reported in [78]. On-rates from peptide with KDs larger than 50 𝜇Mwere excluded.

In comparison to the kinetic proofreading found in our paper about antigen discrimination

[4], there is several differences: (1) Small differences in KDs based on using geo. mean rather

than arithmetic mean and including extra data points in this thesis. (2) Unlike here, no sim-

plification regarding the receptors occupancy (
𝐾𝐷
𝑅0

) is made. (3) Plate and APC data are fitted

separately and the APC data includes additional experiments performedwith naïve or mem-

ory T cells co-cultured with dendritic cells. (4) In the paper, we use a more sophisticated fit-
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ting algorithm(approximateBayesian computation-sequentialMonteCarlo; ABC-SMC) tofit

the data. One benefit is, that unlike here, this allows us to estimate the variance of𝑁.

6.4.4 Simulating kinetic proofreading

I generatedpotency versus off-rate simulations of different kinetic proofreadingmodels using

Equation 6.2 with 𝜆 = 𝜆̂. For all stimulations:

𝑘𝑜𝑛 = 10, 000 𝑀−1

𝜆 = 10−4 𝑀

𝑘𝑝 = 1.0 𝑠−1

To simulate dose responses, I generated sigmoidal data using the same model as for fitting

data (Equation 6.1). These sigmoidal functions simulate the heterogeneity within a popula-

tion of T cells that get activated. I calculated the expected EC50 based on:

𝐸𝐶50 = 𝜌 ( 𝑡𝑜𝑝 − 𝑏𝑜𝑡𝑡𝑜𝑚
𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 − 𝑏𝑜𝑡𝑡𝑜𝑚

− 1)
1/ℎ𝑖𝑙𝑙

I set bottomto0, used 10%as apotency threshold, andarbitrarily chosedecreasing topvalues

forhigher off-rates. Suchadecrease is expected, but thedetails dependon the threshold* cells

use to get activated.

*This threshold refers to λ in the KPmodel and should not be confusedwith the potency threshold I chosewhen

fitting dose response curves.
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Table S1: Fitted KD with the indicatedmethod for the 1G4 TCR in SPR at 37°C.

N/A:Not applicable. The geo. SD refers to the geometric SD factor (fold change; 1.0 equals no variance).

minA: Minimal alanine peptide. Code for peptide library: 1) S, T, A, V, G 2) L, I, M 3) Y, F, W, T, L, I, M,

A, P, G, Q, N 4) as 3 + D, E 5) V, L. See also Table 6.9.

Name Sequence
KD (Bmax fitted) KD (Bmax const.)

Geo. mean (µM) Geo. SD n Geo. mean (µM) Geo. SD n

NYE 9V SLLMWITQV 7.6 1.37 10 4.8 1.27 7

NYE 3A SLAMWITQV 6.9 1.24 5 6.0 1.34 5

NYE 6V SLLMWVTQV 17 1.29 6 21 1.56 6

NYE 3Y SLYMWITQV 37 1.32 7 55 1.30 5

NYE 4D SLLDWITQV 80 1.90 4 139 1.14 4

NYE 6T SLLMWTTQV 79 1.56 4 161 1.19 4

NYE 4A SLLAWITQV 130 2.31 4 296 1.20 4

NYE 5Y SLLMYITQV 163 2.11 3 425 1.25 3

NYE 5F SLLMFITQV 249 7.83 8 1431 1.24 8

NYE 8K SLLMWITKV 236 4.27 3 1611 1.26 3

NYE 4A8K SLLAWITKV 583 5.17 7 1683 1.24 7

Tax 5F LLFGFPVYV 66 N/A 1 1369 N/A 1

Tax 4A8A LLFAYPVAV 177 N/A 1 2342 N/A 1

TaxWT LLFGYPVYV 6987 1.31 3 2462 1.48 3

Tax 5H8A LLFGHPVAV 8584 N/A 1 2935 N/A 1

Tax 8W LLFGYPVWV 21 N/A 1 3498 N/A 1

Pep. lib. 123114115 492 1.76 3 1483 1.33 3

minA ALAAAAAAV 188 18.52 3 2036 1.53 3
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Table S2: Fitted KD with the indicatedmethod for the A6 TCR in SPR at 37°C.

N/A:Not applicable. The geo. SD refers to the geometric SD factor (fold change; 1.0 equals no variance).

minA: Minimal alanine peptide. Code for peptide library: 1) S, T, A, V, G 2) L, I, M 3) Y, F, W, T, L, I, M,

A, P, G, Q, N 4) as 3 + D, E 5) V, L. See also Table 6.9.

Name Sequence
KD (Bmax fitted) KD (Bmax const.)

Geo. mean (µM) Geo. SD n Geo. mean (µM) Geo. SD n

TaxWT LLFGYPVYV 2.0 1.28 6 1.6 1.20 5

Tax 5F LLFGFPVYV 3.0 1.97 2 2.2 2.40 2

Tax 7T LLFGYPTYV 3.4 N/A 1 2.8 N/A 1

Tax 5W LLFGWPVYV 6.1 N/A 1 5.0 N/A 1

Tax 1M MLFGYPVYV 6.1 N/A 1 6.1 N/A 1

Tax 1A ALFGYPVYV 4.2 1.15 4 6.5 1.14 4

Tax 1V VLFGYPVYV 6.8 1.25 3 7.8 1.24 3

Tax 7R LLFGYPRYV 11 1.18 3 21 1.28 3

Tax 6V LLFGYVVYV 14 N/A 1 21 N/A 1

Tax 7N LLFGYPNYV 21 N/A 1 22 N/A 1

Tax 7M LLFGYPMYV 21 N/A 1 34 N/A 1

Tax 7Q LLFGYPQYV 22 N/A 1 37 N/A 1

Tax 6L LLFGYLVYV 31 N/A 1 52 N/A 1

Tax 5A LLFGAPVYV 27 1.54 3 55 1.13 3

Tax 5H LLFGHPVYV 35 1.47 3 56 1.16 3

Tax 7H LLFGYPHYV 42 1.70 4 62 1.73 4

Tax 8F LLFGYPVFV 39 1.38 4 65 1.41 4

HuD2L9V LLYGFVNYV 32 1.11 2 75 1.18 2

Tax 8W LLFGYPVWV 62 1.51 3 85 1.60 3

Tax 4A LLFAYPVYV 72 1.07 3 117 1.17 3

Tel1p MLWGYLQYV 95 1.11 2 253 1.04 2

Tax 8A LLFGYPVAV 342 3.95 3 562 1.13 3

Tax 7H8A LLFGYPHAV 216 1.96 2 1728 1.07 2

Tax 4A8A LLFAYPVAV 122 3.45 3 1817 1.33 3

Tax 5H8A LLFGHPVAV 1603 6.99 4 2459 1.26 4

NYE 9V SLLMWITQV 2176 3.55 2 1458 1.22 2

NYE 4A8K SLLAWITKV 586 4.46 6 1609 1.29 6

NYE 5F SLLMFITQV 1019 18.36 5 2555 1.12 5

NYE 3Y SLYMWITQV 119 N/A 1 2822 N/A 1

Pep. lib. 123114115 817 6.53 3 1316 1.37 3

minA ALAAAAAAV 618 19.23 4 2602 1.54 4
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