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ABSTRACT 

The immune system is an interactive network composed of cells, tissues and soluble 

factors which has evolved to protect the host from invading pathogens. T cells are 

specialized cells of the adaptive arm of the immune system and recognize antigens via 

their T cell receptor (TCR). The TCR is encoded by the random and irreversible 

recombination of V(D)J gene segments, a process resulting in a highly diverse repertoire of 

TCRs. The large diversity of the repertoire offers recognition of, and therefore 

immunological protection against, a wide range of antigens for the host. The clonal 

composition of the immune repertoire allows insights into the current state as well as the 

antigen exposure history of an individual and can be determined by next-generation 

sequencing (NGS). 

Increasing age and diseases like cancer can compromise this fine-tuned network thus 

leading to chronic inflammation, autoimmunity or insufficient responses towards harmful 

antigens. 

The work presented here discusses age-, cancer and autoimmunity-associated alterations 

of the TCR repertoire and summarizes fundamental aspects of T cell immunity as well as 

applications and challenges of adaptive immune receptor repertoire sequencing 

(AIRR seq). 

In the first publication, which arose from this thesis, we profiled more than 300 peripheral 

blood TCR repertoires from healthy individuals as well as patients with cancer of all age 

groups. These analyses revealed a continuous age-dependent decline of T cell diversity 

which was accompanied by a decrease in T cell richness beginning at the fourth decade of 

life. Moreover, we observed that patients with cancer who received chemotherapy re-

established their pre-treatment T cell diversity. Interestingly, the regeneration of the 

repertoire complexity after chemotherapy was best explained by rebound thymic activity 

rather than through recovery of T cell counts by peripheral clonal expansion only.  
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Taken together our data indicate that TCR metrics deteriorate gradually with increasing 

age, but age-specific repertoire metrics are restored after chemotherapy even in elderly 

patients with cancer. 

In the second publication, we profiled the TCR repertoires of patients with autoimmune 

cytopenias (AIC) to understand if these patients present disease-specific immunological 

signatures that could reveal pathophysiological clues and eventually be exploited as blood-

based biomarker. We analyzed 25 newly diagnosed patients with primary or secondary 

(lymphoma-associated) AIC as well as three reference cohorts composed of age- and sex-

matched healthy controls, patients with active autoimmune hepatitis (AIH; another primary 

autoimmune disease) as well as patients with chronic lymphocytic leukemia (CLL, without 

autoimmune complication). Global TCR repertoire metrics like diversity and clonality as well 

as VJ gene usage distribution showed uniform characteristics for patients with lymphoma, 

but no AIC-specific signature. However, clustering of T cells with overlapping antigen 

specificity using the GLIPH algorithm (grouping lymphocyte interaction by paratope 

hotspots) revealed a considerable lack of T cell clusters in patients with primary 

autoimmune disease (AIC as well as AIH) as compared to healthy donors. The functionality 

of these clusters will have to be elucidated in future studies. Nevertheless, the signature 

of T cell cluster loss may represent a readily accessible biomarker for autoimmune 

conditions. 

Taken together, AIRR seq has deepened our understanding of the adaptive immune 

response and has helped thus far to answer pressing questions in fields of 

immunodiagnostics, vaccines, cancer immunotherapy, and antibody engineering. As 

technical and computational challenges are being solved, this technology will come to 

realize its true potential. 
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ZUSAMMENFASSUNG 

Das Immunsystem ist ein interaktives Netzwerk aus Zellen, Geweben und löslichen 

Faktoren, das sich entwickelt hat, um den Wirt vor Krankheitserregern zu schützen. 

T-Zellen sind spezialisierte Zellen des adaptiven Arms des Immunsystems und erkennen 

Antigene über ihren T-Zell-Rezeptor (TCR). Der TCR wird durch die zufällige und irreversible 

Rekombination von V(D)J-Gensegmenten kodiert; ein Prozess, der zu einem sehr 

vielfältigen Repertoire an TCRs führt. Die große Vielfalt des Repertoires bietet dem Wirt die 

Erkennung und damit den immunologischen Schutz gegen eine Vielzahl von Antigenen. Die 

klonale Zusammensetzung des Immunrepertoires erlaubt Einblicke in den aktuellen 

Zustand sowie die Antigenexpositionsgeschichte eines Individuums und kann durch Next-

Generation-Sequenzierung (NGS) bestimmt werden. 

Zunehmendes Alter und Krankheiten wie Krebs können dieses fein abgestimmte Netzwerk 

beeinträchtigen und so zu chronischer Entzündung, Autoimmunität oder unzureichenden 

Reaktionen auf schädliche Antigene führen. 

Die hier vorgestellte Arbeit diskutiert alters-, krebs- und autoimmunitätsassoziierte 

Veränderungen des TCR-Repertoires und fasst grundlegende Aspekte der T-Zell-Immunität 

sowie Anwendungen und Herausforderungen der Sequenzierung des adaptiven 

Immunrezeptor-Repertoires (AIRR seq) zusammen. 

In der ersten Publikation, die aus dieser Arbeit hervorging, sequenzierten wir mehr als 300 

TCR-Repertoires aus peripherem Blut von gesunden Personen sowie von Patienten mit 

Krebs aller Altersgruppen. Diese Analysen zeigten einen kontinuierlichen altersabhängigen 

Rückgang der T-Zell-Diversität, der ab dem vierten Lebensjahrzehnt mit einer Abnahme der 

T-Zell-Abundanz einherging. Darüber hinaus beobachteten wir, dass Krebspatienten, die 

eine Chemotherapie erhielten, ihre Vortherapie-T-Zell-Diversität wiederherstellten. 

Interessanterweise ließ sich die Regeneration der Repertoirekomplexität nach der 

Chemotherapie am besten durch die Produktion neuer T Zellen aus dem Thymus erklären 
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und weniger durch die Wiederherstellung der T-Zellzahl nur durch periphere klonale 

Expansion.  

Zusammengenommen deuten unsere Daten darauf hin, dass sich die TCR-Metriken mit 

zunehmendem Alter allmählich verschlechtern, aber die altersspezifischen Repertoire-

Metriken selbst bei älteren Patienten mit Krebs nach der Chemotherapie wiederhergestellt 

werden können. 

In der zweiten Publikation analysierten wir die TCR-Repertoires von Patienten mit 

autoimmunen Zytopenien (AIC), um zu verstehen, ob diese Patienten krankheitsspezifische 

immunologische Signaturen aufweisen, die pathophysiologische Hinweise aufzeigen und 

schließlich als blutbasierter Biomarker genutzt werden könnten. Wir analysierten 25 neu 

diagnostizierte Patienten mit primärer oder sekundärer (Lymphom-assoziierter) AIC sowie 

drei Referenzkohorten, die sich aus gesunden Kontrollen (angepasst für Alter und 

Geschlecht), Patienten mit aktiver Autoimmunhepatitis (AIH; eine weitere primäre 

Autoimmunerkrankung) sowie Patienten mit chronischer lymphatischer Leukämie (CLL, 

ohne Autoimmunkomplikation) zusammensetzten. Globale TCR-Repertoire-Metriken wie 

Diversität und Klonalität sowie die Verteilung der VJ-Genverwendung zeigten einheitliche 

Merkmale für Patienten mit Lymphom, aber keine AIC-spezifische Signatur. Die 

Gruppierung von T-Zellen mit überlappender Antigenspezifität unter Verwendung des 

GLIPH-Algorithmus (Gruppierung der Lymphozyten-Interaktion durch Paratope-Hotspots) 

zeigte jedoch einen erheblichen Mangel an T-Zell-Clustern bei Patienten mit primärer 

Autoimmunerkrankung (AIC sowie AIH) im Vergleich zu gesunden Spendern. Die 

Funktionalität dieser Cluster muss in zukünftigen Studien geklärt werden. Dennoch könnte 

die Signatur des T-Zell-Cluster-Verlusts einen leicht zugänglichen Biomarker für 

Autoimmunerkrankungen darstellen. 

Zusammengenommen hat AIRR seq unser Verständnis der adaptiven Immunantwort 

vertieft und bisher dazu beigetragen, drängende Fragen in den Bereichen 

Immundiagnostik, Impfstoffe, Krebsimmuntherapie und Antikörperentwicklung zu 

beantworten. Technischer Fortschritt sowie optimierte Berechnungsprozesse werden dazu 

beitragen, dass diese Technologie ihr volles Potenzial entfaltet. 
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1 INTRODUCTION      

The immune system is a very complex but well-orchestrated interdependent network of 

different tissues, cells and soluble factors set out to protect the body from internal or 

external threats. Increasing age and diseases, like cancer, can perturb fine-tuned immune 

responses thereby compromising immunological key functions. On the one hand, this can 

result in an overly aggressive immune response towards harmless (self-) antigens leading 

to uncontrolled chronic inflammation and autoimmunity or, on the other hand, in lack of 

response towards harmful antigens. Roughly, two arms of the immune response are 

distinguished, the innate and adaptive immunity. 

In contrast to the innate immune response which confers immediate protection against a 

wide variety of pathogens, the adaptive immune responses are the ones that lead to lasting 

immunity and confer protection from disease if reinfection with the same pathogen occurs. 

The two major cell types of the adaptive immune system are B and T cells, both 

characterized by the expression of highly specialized cell surface receptors mediating 

antigen recognition. While B cells eventually mature to antibody-producing plasma cells, 

T cells play major roles as initiators, regulators and effectors of adaptive immunity and also 

modulate innate immune responses. The unique characterizing feature of a single T cell is 

its T cell receptor (TCR) generated during development through complex and diverse 

genomic rearrangements. While the majority of TCRs are assembled as heterodimers 

consisting of an alpha (α) and beta (β) polypeptide chain (encoded by the TRA and TRB 

genes, respectively), a small subpopulation of functionally divergent T cells encompasses 

TCRs assembled by the alternative gamma (γ) and delta (δ) chains (encoded by TRG and 

TRD genes, respectively). TCRs require the presentation of their cognate antigen by major 

histocompatibility complex (MHC) I or MHC II molecules on the surface of either target cells 
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or so-called antigen-presenting cells (APCs) for efficient initiation of an immune response. 

The functional state of T cells is characterized by specialized membrane-bound co-receptor 

molecules, most importantly cluster of differentiation (CD) 4 and CD8, in combination with 

their secretion of signaling molecules mediating pro- and anti-inflammatory information, 

the cytokines. Based on these molecular profiles, T cells can be roughly classified as CD8+ 

cytotoxic T cells, CD4+ helper T cells, and regulatory T cells. The entirety of all T cell receptor 

specificities of an individual is termed TCR repertoire. 

Since the work presented here focuses on the T cell arm of the adaptive immune response 

and aims to elucidate its functional role in increasing age, cancer and autoimmunity, the 

following chapters will shortly introduce fundamental aspects of T cell development and 

function.

 

1.1. T CELL DEVELOPMENT 

Most constituents of the cellular immune system derive from bone marrow resident 

hematopoietic stem cells (HSCs) and develop within specialized lymphopoietic 

environments to fully committed lymphocytes through the successive ordered acquisition 

of lineage defining properties, especially rearrangements of antigen-receptor genes and 

expression of developmental stage specific signaling and surface molecules. T cells arise 

from common lymphoid progenitor cells (CLPs), descendants of the HSCs, that, mediated 

by chemotactic agents, migrate to the thymus (thymus homing) where they are instructed 

by Notch1-dependent signaling to become a T cell [1]. These thymic progenitor cells 

committed to the T lineage are termed thymocytes. Lymphoid progenitor cells enter the 

thymus through blood vessels in the corticomedullary junction (CMJ) which separates two 

anatomically and functionally discrete regions within the thymus: the central medulla and 

the peripheral cortex enclosed by the subcapsular zone. Thymocytes constantly migrate 

through these distinct microenvironments thereby interacting with stromal cells, thymic 
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epithelial cells (TECs) and other thymic resident hematopoietic cells, like dendritic cells 

(DCs) [2] (Figure 1). This tightly regulated process i.e. through spatially restricted cues, is 

essential for the generation of a functional yet self-tolerant T cell repertoire. 

 

Figure 1. T cell development in the human thymus. DN, double-negative; DP, double 

positive; cTEC, cortical thymus epithelial cell; mTEC, medullary thymus epithelial cell; NKT, 

natural killer T cell; SP, single positive. Reprinted with permission from Springer Nature Ltd.: 

Nature Immunology [3], copyright 2006. 

 

In the early phases of differentiation, thymocytes do not express the T cell characteristic 

co-receptors CD4 or CD8, a developmental stage described as double-negative (DN) [4]. 

Three major substages of DN cells are distinguished, termed DN1, DN2 and DN3 [5]. DN1 

cells (CD44+CD25-CD117hi) enter the thymus through the vasculature at the CMJ and 

migrate to the midcortex where they differentiate to DN2 cells (CD44+CD25+CD117hi). 

Through the interaction with TECs, signaling molecules like Notch1, interleukin 7 receptor 

(IL-7R) and C-X-C chemokine receptor type 4 (CXCR4) are activated and promote survival, 

differentiation and T-lineage commitment of DN1 and DN2 cells [6, 7]. RAG gene 

expression is significantly upregulated in DN2 cells located in the midcortex [8] and the 
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first rearrangements of the TCRγ and δ encoding genes occur here (but not TCRβ yet) [9, 

10]. Early DN3 cells (CD44-CD25+CD117lo) develop by migrating further outward in the 

cortex toward the capsule. Here, the TRB locus is rearranged, representing the irreversible 

commitment to the T-cell lineage (β-selection) [11]. Moreover, DN3 cells are known for their 

pronounced proliferation potential most likely induced and supported by continuous 

Notch1 and IL-7 signaling [12, 13]. The development to late DN3 cells and subsequently 

pre-double positive (DP) cells (CD4loCD8loCD44loCD25-) takes place in the subcapsular 

area of the thymus. The events occurring in this critical transition phase are the completion 

of TRB rearrangement and expression of a pre-TCR. Only cells with an in-frame TRB 

rearrangement receive survival signals and increase proliferation drastically [14-18]. 

Moreover, CD4 and CD8 are upregulated here [19] and TRA gene rearrangements are 

initiated [20]. Upon completion of this developmental stage the DP cells (CD4hiCD8hi) 

reverse their journey inwards the medulla [21]. One major change that occurs during this 

stage is the transient loss of proliferative capacity [16, 22] . Moreover, DP cells are the first 

T cell progenitors to no longer depend on Notch signaling which is solely mediated through 

ligands on the cell surfaces of stromal cells [23]. At this stage, positive selection and 

CD4/CD8 lineage divergence of thymocytes occurs through interaction with 

MHC-expressing non-hematopoietic stromal cells of the thymic cortex [24]. Different 

models of lineage choice are proposed: (1) random repression of CD4 or CD8 and only cells 

that still recognize self-MHC survive, (2) instructive repression of CD4 on cells with 

MHC I-restricted TCR or of CD8 on cells with MHC II-restricted TCR [25]  or (3) as suggested 

by more recent data, DP cells terminate CD8 expression and upregulate IL-7R by default. 

If the TCR signal is not disrupted by CD8 loss, the CD4 lineage is produced. However, if CD8 

loss interrupts the positive selection signal, IL-7R signaling mediated by stroma-derived 

IL-7 leads to the silencing of CD4 followed by re-induction of CD8 expression [26]. Thus, 

positive selection and lineage divergence is controlled by thymic stromal cells in a direct 
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(TCR/MHC) and indirect (IL-7/IL-7R) manner. The development into single-positive (SP) 

cells coincides with the migration of these cells to the outer medulla of the thymus. Here, 

the abundant dendritic cells (DCs) govern the selection of self-tolerant TCRs (negative 

selection) by presenting a wide array of self-peptides (thymic and non-thymic tissue 

specific) on MHC molecules. [24, 27-29]. Most self-antigens, however, are synthesized by 

medullary thymic epithelial cells (mTECs) under the control of transcription factor 

autoimmune regulator (Aire) and “supplied” to DCs via cross-presentation [30-33]. The 

interaction between DCs and SP T cells at this stage is recurrent in order to increase 

effectiveness of self-tolerance, a process termed central tolerance [34, 35]. Cells 

successfully undergoing negative selection receive survival signals through stromal IL-7 

which itself leads to re-expression of B-cell lymphoma 2 (Bcl-2) [36-38]. Bcl-2 together with 

immune-associated nucleotide-binding protein (IAN) 4 and 5 promote the survival of SP T 

cells [39]. Moreover, at this stage a subset of cells is selected to become regulatory T cells 

(Treg) which in addition to IL-7 require thymic stromal lymphopoietin (TSLP) for their survival 

and differentiation [40-43]. Post-selection SP T cells are functionally not mature and 

require further interactions with medullary stroma until final maturation. This interaction 

involves CD69 mediated signaling which extends the time in this thymic zone and allows 

for further maturation as well as differentiation of potentially self-reactive SP T cells to Tregs 

[41]. Proper differentiation of mTECs, on the other hand, also depends on signals from 

maturing thymocytes (e.g. through the lymphotoxin-β receptor (LTβR) pathway) [44]. This 

highlights the essential crosstalk between thymocytes and TECs for the proper organization 

and function of the thymus. Finally, functionally mature T cells downregulate CD69 and exit 

the thymus through the vasculature at the CMJ. 
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1.1.1 V(D)J RECOMBINATION AND T CELL RECEPTOR ASSEMBLY 

The T cell receptor (TCR) is composed of two different polypeptide chains, both of which 

contribute to the antigen binding domain (Figure 2A right). This heterodimer is encoded by 

rearranged variable (V), diversity (D) joining (J) and constant (C) gene segments of either 

the TRA and TRB loci (αβ T cells) or TRG and TRD loci (γδ T cells), respectively. The so-called 

V(D)J rearrangement occurs in an ordered fashion whereby D to J recombination takes 

place before the V gene segment is joined to the recombined DJ segments [45] 

(Figure 2A left). 

Each T lymphocyte expresses only one receptor specificity. Since the gene rearrangement 

is irreversible, all progeny of a particular lymphocyte inherits that receptor specificity 

thereby forming a clone of cells with identical antigen receptors (Figure 2B).  

The TCR repertoire of a human is estimated to have 108 to 1010 different specificities at 

any given time [46, 47]. This almost infinite diversity is reached during the assembly of the 

antigen receptor, through (1) combinatorial diversity (random combination of different 

gene segments) (2) junctional diversity (random addition of non-templated (N) nucleotides 

and palindromic (P) sequences or deletion of nucleotides at the junctions of gene 

segments) and (3) as mentioned before by the combination of two different variable chains 

(αβ or γδ) which are encoded from two different sets of gene segments.  
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Figure 2. Generation of the TCR repertoire. A. (left) Sequential recombination of T cell 

receptor (TCR) V(D)J genes for β(δ) chain and ɑ(γ) chain. (right) Structure of TCR. The TCR 

is a heterodimer of ɑβ chains (or γδ chains). It consists of a constant domain and a variable 

domain, which is encoded by the rearranged V(D)J genes and consists of three 

hypervariable complementarity determining-regions (CDRs). B. TCR assembly during T cell 

development in the thymus. Reprinted with permission from Elsevier B.V.: Cancer Letters 

(adapted from [48]), copyright 2018. 

 

Downstream to each V, adjacent to each D and upstream of each J gene segment a 

recombination signal sequence (RSS) is found (Figure 3A). It consists of a conserved 

heptamer and nonamer sequence which are separated by a 12 or 23 nucleotide spacer 

(12RSS or 23RSS) [49]. The “12/23 rule” stipulates that efficient recombination can only 

occur between RSS with different spacer length. However, the “beyond 12/23 rule” defines 

additional restrictions, like direct Vβ-to-Jβ recombination, that are put in place. V(D)J 
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recombination requires RSSs and based on their orientation the reaction proceeds by 

inversion or deletion [50] (Figure 3B). 

 

 

 

Figure 3. Schematic overview of V(D)J recombination mechanism. A. Recombination signal 

sequence (RSS) with conserved heptamer and nonamer. Red letters represent the most 

conserved positions. Sequences from [51]. B. V(D)J recombination reaction orientation and 

products. C. V(D)J recombination process with synaptic and post-cleavage complex 

resulting in the coding and signal joint. cNHEJ, classical non-homologous end-joining. 

Adapted from [45]. 

 

The V(D)J recombination process can be divided into two steps: the cleavage and the 

joining phase [49]. During the cleavage phase RAG proteins together with high mobility 

group box protein (HMGB) 1 mediate the combination of a 12RSS and a 23RSS thereby 

forming a synaptic complex [52, 53] (Figure 3C top). In this complex the RSSs are nicked, 

and the cleavage of both RSSs is catalyzed by RAG proteins to form a pair of blunt signal 
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ends and a pair of hairpin coding ends [54]. In a post-cleavage complex (Figure 3C middle), 

RAG proteins retain the four DNA ends and direct them to the classical non-homologous 

end joining (cNHEJ) pathway preventing access to the low fidelity, translocation-prone 

alternative NHEJ (aNHEJ) [55]. The transition to the joining phase happens within this 

complex, during which the DNA ends are re-organized, processed, and repaired. The hairpin 

structures are resolved by structure-specific endonucleases followed by joining of the 

signal and coding ends (Figure 3C bottom) through cNHEJ involving proteins like Ku70, 

Ku80, XRCC4, DNA Ligase IV and the Cernunnos/XLF protein [56, 57]. Typically, two types 

of joined products are generated: the coding joint formed by combining two coding 

segments together, which involve junctional nucleotide additions or deletions. This process 

is mainly mediated through TdT, polµ and polλ (members of the Pol X family of polymerases) 

[58]. The other type of joined product is the signal joint formed by the ligation of the two 

blunt signal ends. 

 

Two main T cell classes are distinguished: αβ and γδ T cells. The choice of the lineage fate 

is believed to happen at the DN3/pre-DP stage where thymocytes rearrange almost 

simultaneously three out of four TCR loci: TRB, TRG and TRD [59]. Proliferation arrest 

occurs until a functional TCR is expressed. If TRB is rearranged in frame, the cells express 

the TCRβ combined with a germline-encoded pre-TCRα (pTα) chain leading to a burst in 

proliferation (β-selection), silencing of TRG and initiation of TRA rearrangement. The 

rearrangement of TRA results in the excision of the TRD locus, which is located within the 

TRA locus. The upregulation of CD4 and CD8 in these cells determines their migration into 

the center of thymus as DP cells to finish maturation.  

Productive rearrangement of TRG and TRD, on the other hand, leads to the expression of 

a γδTCR and subsequent increase in proliferation (γδ-selection). The majority of these cells 
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avoid progression through the DP phase and egress to the periphery with a DN phenotype 

(only rarely as CD4+ or CD8+ SP cell) comprising 0.5 – 5% of all T lymphocytes [60].  

More current models suggest that lineage fate is controlled by cell intrinsic signaling and 

TCR signal strength, rather than TCR type per se, with stronger TCR signaling leading to the 

development of γδ and weaker signaling favoring the αβ linage [61]. Moreover, it was 

shown that γδ T cells can be redirected to the αβ linage by impairing their signaling capacity 

[62]. DN T cells which prematurely express an αβTCR have been described and exhibit high 

similarity to γδ T cells (phenotype and rapid effector responses) [59]. It is hypothesized that 

these DN T cells (with γδ  or αβ TCR) leave the thymus through vasculature in the 

subcapsular zone before their re-migration towards the medulla is induced [63]. Therefore, 

lineage definition currently is based on the progression through the DP phase (mainly αβ) 

or lack thereof (mainly γδ). 

In the following sections, T cell(s) or TCR will, for simplicity, solely refer to αβ T cells, unless 

otherwise specified, since the work presented here focuses on this subtype/population.

  

1.1.2 T CELL ACTIVATION 

Functional T cells that have undergone maturation in the thymus are found in the periphery 

and especially in lymphoid organs and tissues. Upon encounter of their cognate antigen, 

these naïve T cells proliferate and differentiate into effector T cells mediating the adaptive 

immune response. However, productive activation of naïve T cells requires the 

convergence of signals arising from TCR engagement as well as co-stimulatory signals 

which ultimately induce proliferation and differentiation of the cell.  

In addition to the variable αβ chains, the TCR complex consists of CD3 protein dimers 

including γε, δε and ζζ, responsible for intracellular signal transmission [64].  

APCs present antigens to T cells via MHC class I or II surface molecules whereby either 

CD8+ or CD4+ T cells are triggered, respectively. MHCs are highly polymorphic 
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transmembrane glycoproteins that are encoded in the cluster of genes known as MHC. The 

human MHCs are also called HLA (human leukocyte antigen). The extracellular part of the 

protein has a cleft in which peptides are bound and thereby presented to the TCR. In order 

to bind to the peptide-MHC (pMHC) complex, a TCR has to be specific for a unique 

combination of peptide and MHC molecule, a phenomenon which is called MHC restriction. 

In other words, a specific peptide presented on MHC class II molecule can only be bound 

with high avidity by a CD4+ T cell with a TCR with suitable αβ chains. Subsequently, the TCR 

signal is transmitted via cytosolic domains of the CD3 proteins, referred to as 

immunoreceptor tyrosine-based activation motifs (ITAMs). ITAMs consist of two Tyr-X-X-

Leu/Ile motifs separated by six to eight amino acids [65]. Antigen recognition by the 

αβ chains leads to the phosphorylation of ITAMs at the tyrosine residues by Src-family 

protein tyrosine kinases (PTKs) and in turn to the activation of downstream signaling events 

including Erk/MAP kinase cascade, protein kinase C theta (PKCθ), and phosphoinositide-

dependent kinase (PDK) 1 mediated pathways [66, 67].  

As mentioned above, in addition to the TCR-pMHC signal, a co-stimulatory signal via the 

T cell surface molecule CD28 is crucial for productive T cell activation. CD28 interacts with 

its ligands CD80/CD86 (B7-1/B7-2) on the surface of APCs and the absence of this 

co-stimulatory signal results in T cell anergy, a state of unresponsiveness often seen in 

chronic inflammation and cancer.  
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1.2 NEXT-GENERATION SEQUENCING  

Next-generation sequencing (NGS) relies on the parallel sequencing of billions of DNA 

bases. As opposed to Sanger sequencing [68] which is considered the “first-generation” 

with a low throughput of approximately one million bases per day, sequencers of the next 

generation are able to produce up to four trillion bases in one day (e.g. Illumina NovaSeq). 

This makes it now possible to sequence the whole human genome in approx. 2 days - an 

endeavor that took over 10 years to be accomplished during the Human Genome Project 

(HGP) on numerous Sanger sequencing machines [69, 70]. The introduction of massive 

parallel sequencing led to a drastic drop in sequencing costs. While the sequencing costs 

of one human genome accounted for approx. 100 Mio US Dollar at the end of the HGP in 

2001, the costs have dropped to 1000 US Dollar per human genome today [71]. Widely 

used NGS technologies nowadays are Illumina sequencing, Ion torrent and Pacific 

biosciences technology [72]. These technologies differ in the strategies that are used to 

prepare the sequence libraries, to detect the signal and ultimately to read the DNA 

sequence. While on Illumina and Ion torrent machines a clonal amplification of the initial 

template is required to increase the signal-to-noise ratio, the SMRT systems (Pacific 

biosciences) are able to detect single molecule template extensions and therefore do not 

need any pre-amplification.  

Since the work presented here is based on Illumina sequencing, the following paragraphs 

focus on this technology.   

During library preparation, specific adapters are added to each DNA fragment of interest, 

for example through enzymatic ligation or PCR amplification of the region of interest with 

primer-overhang. Moreover, the tagging of samples with 6-8 nucleotides long molecular 

barcodes allows multiplexing of numerous samples on one sequencing run. The barcoded 

and adapter-tagged library is de-natured using NaOH (Sodium hydroxide) and loaded onto 

the flow cell, which is covered with a lawn of oligos that are complementary to the adapters 
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on the DNA fragments. The single-stranded template DNA hybridizes to the oligos on the 

flow cell. An initial copy from the template molecule is synthesized, using the flow-cell oligo 

as a primer. Following the wash-off step of the initial library molecules, the immobilized 

copy of the template is amplified by bridge amplification to generate a cluster of identical 

DNA sequences. This step yields approx. 1000 copies of the initial molecule. Before 

sequencing starts, one of the oligos is cleaved off from the flow cell leaving identical 

stranded sequences in one cluster. During four-color sequencing the fluorescently labeled 

dNTPs are incorporated one at a time and the emitted light serves to identify the 

corresponding base. Moreover, the fluorescent group serves as reversible terminator to 

prevent multiple extension events. 

Once the imaging step is completed the fluorescent group is cleaved off, the 3´hydroxyl 

group is regenerated, and the template strands are ready for the next dNTP incorporation. 

This repetitive process of base addition, imaging and removal of the fluorescent group is 

termed sequencing by synthesis. Successful sequencing depends on library titration. 

Defining the optimal number of molecules for cluster formation is essential to maximize 

data output per sequencing run while at the same time avoiding over-clustering (which 

means the camera cannot distinguish between different clusters). Another potentially 

confounding factor is the length of molecules to be sequenced, because short molecules 

yield clusters that are denser with smaller areas, hence generating a more intense signal. 

Therefore, libraries with a wide range of fragment size will lead to clusters widely varying in 

area size and signal strength thus impairing the number of reads passing filter [72]. 

Another phenomenon known as dephasing has an impact on sequencing quality. The 

longest reads that can be generated are 300 bases long (on the Illumina MiSeq platform). 

This limitation is owed to errors in chemistry that add up over the increasing number of 

cycles. Thereby, a small portion of molecules within a cluster lags behind during extension 

(phasing) or advance a base (pre-phasing) which leads to an accumulation of errors and 
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decrease the signal-to-noise ratio thereby decreasing the quality towards the ends of 

reads [73].  

 

1.2.1 T CELL RECEPTOR BETA (TRB) SEQUENCING 

The assembled V(D)J sequences of TRA and TRB encode for the variable, antigen-

recognizing domain of the α:β heterodimer, respectively. These regions present a very high 

variability which originates from the process of V(D)J recombination. The variability within 

this region is lower in the four so-called framework regions (FR) that surround the more 

hypervariable complementarity determining regions (CDR). Each chain of the TCR consists 

of three CDRs and the highest sequence variability is found in each CDR3, respectively. 

The CDR3 spans the junction of V, D and J gene segments which due to the non-templated 

(N/P) insertion and deletion of nucleotides during the recombination process can produce 

an almost unlimited diversity of amino acid sequences. The likelihood that an identical 

CDR3 is rearranged by random V(D)J recombination in two different T cell clones is virtually 

zero. If rearrangement of the TRB locus results in a non-productive gene (through 

frameshift or premature stop), a second recombination is attempted at the other 

chromosome. In contrast, the TRA loci are recombined simultaneously on both 

chromosomes and several recombination attempts are undertaken using more distal V and 

J gene segments to produce a productive gene [20]. Potentially, this would give rise to four 

different TCRs by combining two different α and β chains, respectively. Through allelic 

exclusion it is ensured that only one receptor combination is expressed on the surface of 

each cell. However, this process is leaky: approximately 7% of T cells have two productively 

rearranged beta chains [74, 75] and 1% express both of them on the surface [76-78]. For 

the alpha chain this number is even higher with 7 to 30% of T cells expressing two different 

functional alpha chains [79, 80].  
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Since a given CDR3 sequence is unique (not present in two clones) as well as the majority 

of clones express only one functional TCRβ CDR3, the sequence of this region can be used 

as a barcode to distinguish one T cell clone from another. 

 

 

Figure 4. Scheme of V(D)J amplification from peripheral blood mononuclear cell (PBMNC) 

DNA. Distribution of germline TRB V, D, J and C (constant region) genes on the long arm of 

chromosome 7 according to IMGT (http://www.imgt.org). CDR, complementarity-

determining region; FR, frame-work region; fw, forward; N, non-template encoded 

nucleotides; P, palindromic nucleotides (not in germline); rv, reverse. 

 

 

Different approaches are used to perform bulk TRB sequencing, also termed antigen 

immune receptor repertoire sequencing (AIRR seq), from genomic DNA (gDNA) or total RNA 

including multiplex-PCR, target enrichment methods, 5´-RACE (rapid amplification of cDNA 

ends), template-switch and nested PCR [81]. The available starting material has an 

http://www.imgt.org/
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influence on which method can be used for AIRR seq. Genomic DNA is more stable and 

makes the analysis of single clones more feasible since only one template, as opposed to 

multiple transcripts, is present in one cell. However, using RNA the entire V and J region 

can be captured and information on expression levels can be extracted. Moreover, the 

amount of starting material as well as sequencing depth play a crucial role and if different 

samples are to be compared, both parameters should be comparable [82].  

In this work, sequencing was performed using templates generated with multiplex-PCR and 

gDNA extracted from peripheral blood cells (Figure 4). The applied primers were developed 

and standardized within a European BIOMED-2 study [83]. Our group further optimized the 

primers to increase binding and specificity [84, 85] (Primer sequences are listed in the 

Attachment). 

 

1.2.2 ANALYSIS OF AIRR SEQ DATA 

NGS sequencing data is stored in a file format called FASTQ. Besides the text-based 

information on nucleotide sequence (as stored in FASTA) this file format provides 

information on the corresponding quality score for each letter using ASCII (American 

Standard Code for Information Interchange) character. During de-multiplexing the 

sequencing machine assigns sample names to the raw data according to a pre-designed 

sample sheet which links each barcode to the corresponding sample. The compiled FASTQ 

files represent the data source for several bioinformatical tools and pipelines specifically 

designed for AIRR analysis, i.e. the MiXCR pipeline [86]. It consists of three main processing 

steps: (1) sequencing reads are aligned against reference V, D and J genes available from 

the international ImMunoGeneTics information system (IMGT) database 

(http://www.imgt.org) or NCBI Gene (https://www.ncbi.nlm.nih.gov/gene), (2) clonotypes 

are assembled based on identical CDR3 nucleotide sequence and (3) a table with 
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clonotypes, frequency distribution, gene usage and CDR3 length is exported to a human-

readable text-file, which is used for the majority of subsequent analyses. 

Repertoire metrics include the analysis of richness, diversity and clonality/evenness 

(Figure 5) of the AIRR and provide information on its clonal architecture. The Shannon 

diversity index [87] is a commonly used measure of diversity and can be calculated as 

follows: 

 

(1)                                            𝐻 =  ∑ 𝑝𝑖𝑙𝑜𝑔2𝑝𝑖
𝑆
𝑖=1  

 

where i indexes the distinct clone, S is the number of species/clones (= richness) and p is 

the relative abundance of the ith clone within the repertoire. p is calculated from n/N, where 

n = read count of the ith clone and N = sum of all reads in the repertoire.  

 

 

 

 

 

 

 

 

Figure 5. Schematic representation of repertoire diversity and its components richness and 

evenness. 

The clonality index represents the reciprocal value of evenness (clonality = 1 - evenness), 

where evenness is calculated from H/Hmax with Hmax being the maximal possible value of 

H, if every clone in the repertoire was present at the same frequency. Indices of clonality 

or evenness provide information on the distribution of clonal frequencies within the 
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repertoire. Single clones, which are selected and proliferate during immune responses, will 

shift the clonality index of the repertoire towards 1. In contrast, the clonality index would 

be equal to zero at maximal diversity where each clone within the repertoire is present at 

the same frequency. Repertoire metrics are error-prone because the richness of a 

repertoire is directly influenced by fluctuations of read depth and amount of input material. 

For multi-repertoire comparisons, this problem can be minimized by sequencing the same 

amounts of DNA (= same amount of target genomes) with identical read depths and by 

normalizing read counts before metrics calculation. Notably, the evenness measure 

represents a rather stable exception since it also integrates the absolute number of clones 

present within a given repertoire.  

 

1.2.2.1 GROUPING OF LYMPHOCYTE INTERACTION BY PARATOPE 

HOTSPOTS (GLIPH) 

The GLIPH algorithm compiled by the research group of Mark Davis clusters TCR CDR3 

sequences that potentially share antigen specificity based on conserved amino acid motifs 

as well as global similarity [88, 89].  

As described before, the CDR3 is the most hypervariable region and thereby mainly 

accounts for the specificity of the TCR. Based on solved TCR-pMHC crystal structures it 

could be demonstrated that the probability to be within close proximity (threshold: 5 Å 

(= 500pm)) from the peptide antigen is highest for the CDR3β and especially for the 

positions 107-116 (IMGT nomenclature) as opposed to positions 104-106, 117 and 118 

[90]. 

Basically, the GLIPH algorithm is set out to identify T cell clones that are overall similar by 

global similarity (differ only by 2-4 amino acids) and/or share conserved motifs within the 

high-contact probability CDR3β region (local similarity).  
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To do so, the algorithm calculates the probability of all motifs found within a dataset and 

compares these against a reference dataset of naïve and unselected CD4+ and CD8+ TCR 

sequences. The threshold for motifs to be defined as antigen specific was determined with 

data from tetramer experiments. Thereby, it was found that shared amino acid motifs were 

enriched in tetramer sorted T cell clones by >10-fold with a probability of <0.001 to find 

these motifs in the reference dataset. The GLIPH algorithm is therefore a powerful tool to 

identify TCRs that potentially share antigen specificity, especially towards foreign antigens, 

from bulk AIRR seq.  

 

1.2.2.2 ANALYSIS OF THE GENERATION PROBABILITY OF TCRβ 

Each TCR is generated stochastically through the recombination of V, D and J gene 

segments with a theoretical diversity of 1061 different sequences in humans [91]. It is 

estimated that only ~3% of T cells pass thymic selection [92]. Despite the apparent low 

probability to find the same TCR sequence in different individuals, some clonotypes are 

commonly shared between individuals, thus termed public clonotypes or public T cell 

response [93-96]. The presence of these public TCR seems to depend on a process called 

convergent recombination. These TCRs are produced more often because their amino acid 

sequence can be encoded by several different nucleotide sequences and these nucleotide 

sequences can be generated through the recombination of several different gene 

segments [96-100]. In other words, public or abundant TCRs seem to have an above 

average generation probability and therefore exist in the unselected repertoire. The 

likelihood for the generation of a TCR can be calculated using algorithms like IGoR 

(Inference and Generation of Repertoires, [101]) and OLGA (Optimized Likelihood estimate 

of immunoGlobulin Amino-acid sequences, [102]).  Of note, it is assumed that 10-20% of 

the total human T cell receptor repertoire is public [100]. 
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1.3 T CELLS AND AGE  

The term senescence literally means “to grow old”. The state of senescence describes a 

stress-induced and durable cell-cycle arrest. Increasing numbers of these cells are 

observed in the aging human potentially providing an evolutionary protection against 

cancer [103]. However, the accumulation of somatic senescent cells (SSC) with increasing 

age contributes to impaired tissue function as well as the induction of senescence-

associated secretory phenotype (SASP). SASP is characterized by pro-inflammatory 

secretion patterns, which help to maintain a systemic inflammatory milieu [104, 105].  

The aging immune system is mainly characterized by two states, inflammation (inflamm-

aging) and immunosenescence (insufficiency). The term inflamm-aging is coined during the 

turn of the 20th century and refers to a concept which associates aging with a sterile and 

chronic low-grade inflammation. Immunosenescence is thought to be of detrimental 

nature, meaning it involves only one-directional hypo-responsiveness of the immune 

system. However, through the ineffective clearance of accumulated SSC, 

immunosenescence also contributes to chronic inflammation [106], thereby maintaining 

an inflammatory milieu created by SASP.  

Hence, inflamm-aging and immunosenescence, seem to present two sides of the same 

coin rather than opposing phenotypes. In the following, several factors that help to induce 

and maintain these states of immunity in the aging individual are highlighted. 

Ultimately, all lymphocytes are derived from HSCs, therefore one explanation for the 

decreased immune responsiveness with increasing age can be the aging of the HSC. The 

diminished potential to self-renew as well as an imbalance favoring the generation of 

myeloid over lymphoid precursors are hallmarks of the HSC aging [107]. These events are 

shown to be genetically controlled by several quantitative trait loci [108-112]. The genes 

affecting HSC aging are for example responsible for encoding proteins involved in response 

to environmental factors or DNA repair. Changes in their expression or the activity of their 
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products seem to impair the quality of HSC [109]. Moreover, the decreased potential of 

lymphoid progenitors to survive and proliferate is thought to contribute to the diminished 

immunity with age. One explanation might be that the production of growth-hormone 

decreases in elderly individuals leading to a displacement of active bone marrow by 

adipose tissue, which is not able to support hematopoiesis [113, 114].  

The age-related impairment of HSC and its progeny is accompanied by an involution of the 

primary lymphoid organ for T cell maturation, the thymus. The replacement of parenchymal 

tissue by adipose tissue starts under the influence of sex hormones after puberty in 

humans and progresses with increasing age. Although some functional thymic tissue 

seems to remain in individuals over 60 years of age [115, 116], the establishment of 

central and peripheral tolerance is rather ineffective.  

The formation of central tolerance in the thymus is of great importance for the maintenance 

of the integrity of the organism. It is constituted of two processes, namely negative 

selection or deletion of self-reactive T cell clones and generation of Treg which are 

responsible for keeping immune responses in the periphery towards self and non-self in 

check. The pool of circulating Treg cells comprises Tregs induced in the periphery (pTreg), 

however, 80-95% are supposed to derive directly from the thymus (tTreg) [117-119]. 

Conflicting evidence exists about how tTreg generation changes in the atrophied thymus 

with increasing age.  

A study in Rag-GFP transgenic mice showed that, after being activated in the periphery, 

tTreg cells home back to the thymus where they inhibit the IL-2 dependent generation of 

new tTreg cells via IL-2 adsorption resulting in decreased tTreg cell generation with increasing 

age [120]. The accumulation of peripherally activated Treg cells in the thymus was also 

confirmed in humans. The activation of Treg cells in the periphery through pMHC leads to 

their proliferation and thus enrichment within the peripheral Treg repertoire. The homing 

mechanism of activated Tregs is thought to tag them as functionally relevant  while 
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simultaneously preventing their dilution in the periphery with newly generated Tregs of yet 

unproven specificity. These findings point towards decreased numbers of Tregs in elderly as 

explanation for the inefficient clearance of the chronic inflammatory state. 

Opposing to this, a study by Oh and colleagues also based on transgenic mouse models, 

found that tTreg cell generation was relatively enhanced in the atrophied thymus mediated 

through a shift in TCR signal strength [121]. The authors interpreted this finding as an 

attempt of the atrophied thymus to balance out for the defective negative selection. During 

negative selection a T cell receives only proliferative signals if it exhibits a weak or 

intermediate TCR signal after encountering an MHC II presented self-peptide (self-pMHCII), 

thereby becoming a conventional T cell (Tcon) or Treg cell, respectively. The TCR signal 

strength is determined by the avidity of the TCR for the whole self-pMHCII complex as well 

as the total number of interactions that occur simultaneously. Age-dependent decreased 

expression of Aire and MHCII lead to a decreased number of self-pMHCII complexes on the 

surface of mTEC [121, 122]. T cells undergoing maturation and interacting with these 

mTECs during negative selection are not able to exhibit a “strong” TCR signal, since the 

number of interactions per se is smaller. This in turn is suggested to result in an overall 

shift of TCR signal to either intermediate or weak TCR signals only. Thereby, strongly 

reactive T cell clones are diverted to the tTreg lineage and tTreg cell-biased clones are 

diverted to the Tcon lineage, ultimately leading to an increased number of self-reactive T 

cells that are released into circulation [106, 121]. The divergence from Treg to Tcon 

phenotype was also confirmed by a study comparing Aire-/- and Aire+/+ mice [123]. Prostate 

antigen specific Tcon cells in Aire-/- mice preferentially expressed TCRs found in prostate 

antigen specific Treg cells in Aire+/+ mice, indicating that Aire maintains immune tolerance 

by directing autoreactive clonotypes in the thymus to the Treg cell lineage. 

Overall, the shift in TCR signal strength allowing for more self-reactive Tcon to leave the 

thymus may potentially explain the increased rates of autoimmunity in the elderly.  
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The discrepancies between the studies regarding the numbers of Tregs seem to partially 

arise from methodological differences. The first group compared newly generated tTregs with 

peripherally activated tTregs and newly generated Tcon with peripherally activated Tcon in 

young and old mice, respectively, not allowing for the interpretation of changes in the ratio 

between Treg and Tcon. However, the finding that peripherally activated Tregs inhibit de novo 

tTreg generation might represent a potential negative feedback loop conveying information 

to the thymus about immunoregulation in the periphery and thereby adapting T cell 

differentiation to peripheral immune responses. 

Besides the dysfunctional establishment of central and peripheral tolerance with 

increasing age the atrophied thymus is also characterized by a decreased output of naïve 

T cells [124-127]. Together with an amplified peripheral expansion of memory T cells this 

leads to decreased TCR diversity [128]. Diversity is influenced by the number of different T 

cell clones available (richness) and their relative abundance within the repertoire (as 

expressed by evenness or clonality indices). A repertoire with many unique T cell clones 

which are evenly abundant would exhibit a high diversity and vice versa.  

Taken together, the state of immunosenescence in the T cell compartment comprises of 

decreased thymic output of naïve T cells and increased accumulation of memory T cells in 

the periphery resulting in a less diverse T cell repertoire. Additionally, the inverted CD4/CD8 

ratio as well as altered immune response phenotypes in activated T cells (in favor of T 

helper cell 2 response) lead to dampened immune responses to new infection or 

vaccination and diminished anti-tumor immunosurveillance in the elderly [129]. Moreover, 

a chronic inflammatory phenotype is maintained by increased output of self-reactive T cells 

from the thymus and less effective clearing of SSC. 
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1.4 T CELLS AND CANCER 

Altered or misled immune responses have significant impact on the initiation and 

progression of cancer [130]. Age-related immunosenescence as well as chronic 

inflammatory conditions are associated with increased risk for cancer development [131, 

132]. Diverse myeloid and lymphoid cells are found within tumors exhibiting tumor-

inhibiting but also tumor-promoting properties. The main players executing tumor-specific 

immune responses are CD8+ cytotoxic T cells (CTLs). Tumor antigens displayed on MHCI 

molecules on DCs in lymph nodes allow for the selection of antigen-specific T cells. Upon 

binding of the TCR with high affinity/avidity to the presented pMHCI as well as co-

stimulation of CD28 via CD80/CD86 in the DC-derived cytokine milieu (IL-12, type I 

interferons, and IL-15), naïve CD8+ T cells are activated and differentiate into CTLs and 

expand clonally [133]. During this differentiation, the cell undergoes transcriptional, 

epigenetic and metabolic reprogramming and acquires effector features like production of 

cytotoxic mediators, e.g. granzymes A and B or perforin. Moreover, the cell increases the 

expression of αEβ7, an adhesion receptor, allowing its migration into the tumor [134]. 

Under “normal” circumstances the majority of activated T cells die after antigen clearance 

and only a small subset persists to differentiate into memory (Tmem) cells in order to enable 

rapid CTL generation upon antigen re-exposure [135]. In this state, the effector functions 

are downregulated and the cell acquires, similarly to stem cells, an ability to survive 

independent of antigen, undergoing slow homeostatic self-renewal driven by IL-7 and IL-15 

[136]. During cancer as well as chronic infections, however, the effective differentiation to 

Tmem fails mainly due to persisting antigen stimulation resulting in exhausted T cells (Tex) 

[137]. Tex differ from other states of T cell dysfunction, like anergic or senescent T cells and 

are characterized by a sustained increased expression of inhibitory receptors (IR), like 

programmed cell death protein 1 (PD-1), cytotoxic T lymphocyte antigen 4 (CTLA-4), T cell 

immunoglobulin domain and mucin domain-3 (Tim-3), lymphocyte activation gene 3 (LAG-
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3) or T cell tyrosine-based inhibitory motif (ITIM) domain (TIGIT) [138-144]. Moreover, 

altered transcriptional, epigenetic and metabolic profiles lead to a loss of effector 

functions. The severity of exhaustion is determined by the types and amount of IR 

expressed [145, 146].  

Besides the influence of age and cancer itself, also treatment-induced impairments of the 

T cell repertoire need to be considered. Chemotherapy with its wide-ranging adverse effects 

on non-target tissues, including the immune system, remains the standard of care for many 

cancer entities. These often highly cytotoxic regimens induce lymphopenia resulting in 

increased susceptibility to infection as well as impaired anti-tumor immune control. 

Moreover, long-term effects on the immune system have to be considered which can affect 

future therapy options, like immune stimulating therapies, as well as vaccination success 

in these individuals.  

It is well established, that immune cell populations recover at different rates after 

chemotherapy, whereby innate immune cells recover more rapidly as opposed to B or T 

cells [147, 148]. CD8+ T cells seem to recover shortly after chemotherapy, whereas naïve 

CD4+ T cells remain reduced at least up to 12 months resulting in a significantly altered 

CD4/CD8 ratio. The rapid recovery of the CD8+ T cells pool remains controversial with data 

pointing towards a replenishment by expansion of terminally differentiated, senescent 

CD28- effector cells [149-151]. However, more recent data rather indicates increased 

thymic activity in lymphopenic environments [147]. In line with the latter, a faster 

repopulation of the CD4+ naïve and tTreg T cell subsets was observed in patients with 

lymphoma who presented thymic hyperplasia within 12 months after chemotherapy as 

compared to patients without thymic hyperplasia [152].  

To achieve full functionality of the adaptive immunity both the size as well as the 

complexity/diversity need to be restored.  
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1.5 T CELLS AND AUTOIMMUNITY 

Autoimmunity represents a state where the immune system is not able to distinguish 

between self and non-self and directs specific effector responses against non-harmful 

self-antigens, thereby injuring the host. Autoimmune diseases (AID), the manifestation of 

autoimmune processes, affect about 5% of the population and are a heterogeneous group 

of disorders with distinct symptoms and pathomechanisms involving specific organs or 

multiple organ systems within the host [153]. Autoimmune processes are also present in 

physiological circumstances but effectively quenched by immunoregulatory mechanisms, 

such as central and peripheral tolerance. These mechanisms are responsible for 

controlling and eliminating self-reactive lymphocytes and thereby preventing the 

progression into AID. There is consensus, that the permanent failure of one or several 

tolerance mechanisms is the major commonality of AID. The constellation of genetic 

predisposition (specific HLA- and non-HLA genes), environmental factors and/or derailed 

immunoregulatory processes facilitate the persistence and activation of self-reactive T and 

B cell clones ultimately leading to organ damage [154]. 

In the following, we will focus on central and peripheral tolerance mechanisms and 

elucidate how escaped, self-reactive T cells represent a prerequisite for AID development. 

From thymic recruitment to the expression of a functional αβ receptor, T lymphocytes 

mature independently from MHC proteins or antigens. However, all subsequent 

development decisions during positive and negative selection, also known as central 

tolerance, depend on the interaction with pMHC complexes encountered in the thymic 

stroma [155]. Overall, 90-95% of all T cell precursors die during positive selection (through 

death by neglect) and 50-70% of positively selected T cells are subject to negative 

selection; numbers that impressively reflect the stringent selection processes responsible 

for shaping the developing T cell repertoire [156-161]. The basis for negative selection is 

the response of immature T cells to stimulation by antigen. As described earlier, the 
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“peripheral self” is mirrored in the thymus by mTECs under the control of Aire, thereby 

antigens of virtually all parenchymal organs are presented via MHC molecules to the 

developing T cell. The TCR signal strength then determines whether the cell receives 

survival (weak to intermediate signal strength) or apoptotic signals (strong signal strength), 

a process also known as clonal deletion [162]. Moreover, cells exhibiting high TCR signal 

strength towards self-antigens can be directed to the Treg lineage responsible for 

maintaining peripheral tolerance [163]. This is very important since central tolerance, 

although very efficient, is not perfect, thereby permitting some auto-reactive T cells (with 

low or high avidity) to reach the periphery in a functional state. Once these T cells encounter 

their respective autoantigen, for example myelin basic protein or glutamic acid 

decarboxylase, they can be activated, adopt effector functions and contribute to the 

initiation of AIDs, like in these cases, multiple sclerosis or autoimmune diabetes, 

respectively [30, 164]. Under physiological conditions, however, forkhead box P3 postive 

(FoxP3+) Treg cells are able to suppress these self-directed immune responses in the 

periphery. Tregs can exert their functions through several mechanisms namely anergy, clonal 

deletion and immunoregulation in a (1) cell contact-dependent manner via CD39, CD73 

and LAG-3, or granzyme and perforin-mediated killing of responder T cells, (2) by secretion 

of immunosuppressive cytokines such as IL-10, transforming growth factor beta (TGF-β), 

IL-35 and galectin-1, or (3) deprivation of cytokines like IL-2, which are necessary for the 

proliferation and survival of responder T cells [165-167].  

In pathological circumstances, decreased numbers or diminished suppressor functions of 

Tregs are shown to be associated with autoimmune processes, eventually leading to AID 

[168-171].  
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1.5.1 AUTOIMMUNE CYTOPENIAS 

1.5.1.1 PATHOGENESIS 

The term autoimmune cytopenias (AIC) encompasses autoimmune hemolytic anemia 

(AIHA), immune thrombocytopenia (ITP), autoimmune neutropenia (AIN) as well as immune 

mediated maturation defects in the bone marrow, pure red cell aplasia (PRCA) and 

acquired amegakaryocytic thrombocytopenia (AATP). These disorders are characterized by 

the production of autoantibodies against epitopes on erythrocytes (AIHA), thrombocytes 

(ITP), neutrophils (AIN) or erythroblasts (PRCA) and megakaryocytes (AATP) [172-176]. 

Moreover, combination syndromes like Evan´s syndrome, which is an AIHA associated with 

ITP, are described [177]. The production of these autoantibodies can either be idiopathic 

(primary disease) or associated with an underlying malignancy (e.g. chronic lymphocytic 

leukemia, CLL), systemic autoimmune disease or may be drug-induced [178]. In the 

majority of cases, blood cells coated with autoantibody are recognized by phagocytes via 

membrane bound Fcγ-receptors and cleared in the reticuloendothelial system in spleen 

and liver [178, 179]. Several disruptions in the normal immune response are proposed as 

mechanisms underlying the production of autoantibodies in AIC. The reduced control of 

autoreactive B cell clones by Tregs (breakdown of peripheral tolerance) is an important factor 

leading to this pathogenesis [180, 181]. Moreover, autoreactive T cells, especially of CD8+ 

phenotype, can also mediate destruction of platelets and impair the production of platelets 

in the bone marrow [182, 183]. 

 

1.5.1.2 DIAGNOSIS & TREATMENT 

AIHAs are divided into warm and cold type, depending on the reactivity (at 37°C or 4°C, 

respectively) and the predominant class of the autoantibodies (IgG (warm) and IgM (cold)). 

A positive direct Coomb’s or antiglobulin test (DAT) which detects antibody (usually IgG) 

and complement (usually C3d) on the surface of erythrocytes, is characteristic for AIHA and 
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therefore used for the diagnosis [184]. Treatment of warm AIHA with corticosteroids, as 

opposed to cold AIHA, leads to an improvement of anemia in 70-80% of patients, however, 

only a small fraction of up to 20% achieve complete response [178]. Besides splenectomy, 

which again is ineffective in cold AIHA, treatment with the monoclonal antibody rituximab 

(anti-CD20) has shown great efficiency in warm as well as cold AIHA with durable responses 

of up to 3 years [185]. 

Isolated thrombocytopenia with platelet counts <30x109/L and symptoms of bleeding 

define ITP. Moreover, the diagnosis of ITP relies on the exclusion of alternative disorders 

like HIV or Hepatitis C infection and myelodysplasia to name a few [186]. Autoantibodies 

in ITP are most commonly directed against glycoprotein (Gp)IIb–IIIa, GpIb–IX, GpIb or GpIIIa. 

Similarly to AIHA, first line treatment include the administration of corticosteroids, however, 

expecting only about 30% of patients to achieve lasting remission [178]. Second line 

treatments include splenectomy, intravenous immunoglobulin (IVIg) as well as rituximab, 

which has been shown to be efficient in over 50% of patients with refractory ITP [187]. 

The increased risk for infections in neutropenia is due to decreased numbers of neutrophils 

in the blood. An absolute neutrophil count of <1500/µL defines the condition of 

neutropenia. However, in order to detect antibodies directed against human neutrophil-

specific antigens (HNA, located on Fcγ receptor IIIb) and diagnose AIN the combination of 

granulocyte agglutination test and the granulocyte immunofluorescence test (GIFT) is 

recommended [188]. Treatment initiation depends on the degree of neutropenia as well 

as if the patient is symptomatic. As opposed to AIHA and ITP, corticosteroids, splenectomy 

and rituximab are ineffective or even risky for AIN patients and therefore not 

recommended. Granulocyte colony-stimulating factor (G-CSF) represents the treatment of 

choice as well as administration of broad-spectrum antibiotics if the neutrophil count is 

below 500/µL [189]. 
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CONTRIBUTIONS TO THIS WORK 

The manuscript “T cell receptor next-generation sequencing reveals cancer-associated 

repertoire metrics and reconstitution after chemotherapy in patients with hematological 

and solid tumors” was accepted for publication in July 2019 in Oncoimmunology. This 

project was initiated and designed by Mascha Binder. We aimed to deepen our 

understanding of the dynamics of the aging immune system as well as the onset of 

immunoparesis in healthy individuals and cancer patients using TRB repertoire NGS data 

of more than 200 individuals. The age of the studied subjects ranged from under 30 years 

to over 70 years. 

I contributed to the DNA extraction of PBMNC samples as well as TRB PCRs and NGS library 

preparation. Furthermore, I was responsible for data mining, which included but was not 

limited to the storage and organization of raw data and sample information like 

demographics, diagnosis and treatment. I was responsible for data analyses of the NGS 

data, which included the conversion of raw NGS data (FASTQ-files) to human-readable text-

files using our in-house bioinformatics pipeline. Furthermore, I performed data analyses 

using established R scripts and R scripts that I wrote myself. Finally, in close collaboration 

with my supervisor Mascha Binder, I interpreted the results and contributed to the first 

draft of the manuscript as well as all revisions made until final publication. 
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CONTRIBUTIONS TO THIS WORK  

The manuscript “High-Throughput Immunogenetics Reveals a Lack of Physiological T Cell 

Clusters in Patients with Autoimmune Cytopenias” was accepted for publication in August 

2019 in Frontiers of Immunology. Mascha Binder and Simon Schliffke initiated this project 

based on their former work where they studied two patients with chronic lymphocytic 

leukemia (CLL) and secondary autoimmune cytopenia (AIC) from this cohort and showed a 

normalization of the peripheral T cell clonal space upon ibrutinib treatment. Therefore, we 

aimed to shed light into the immune repertoire profile of patients with AIC using NGS in 

order to understand if autoimmune biases in the TCR repertoire of these patients were 

present and if these can be exploited as blood-based biomarkers.  

I organized all patient data, extracted DNA from frozen PBMNCs and performed the PCRs 

as well as all necessary quality measurements and prepared the libraries for NGS.  

Moreover, I was responsible for data analyses of the NGS data, which included the 

conversion of raw NGS data (FASTQ-files) to human-readable text-files using our in-house 

bioinformatics pipeline. Furthermore, I conducted different analyses of the immune 

repertoire using R Studio. Through literature review, I came across other meaningful 

analysis modules, like the alpha-parameterized diversity curves as well as the VJ principal-

component analysis and established these R scripts for this project. 

In close collaboration with my supervisor Mascha Binder I interpreted the results, finalized 

the figures and tables for publication. Together, we wrote the first draft and revised the 

manuscript until final publication. 

 

 

______________________________ 

Prof. Dr. med. Mascha Binder 
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3 DISCUSSION                                     

3.1 FRONTIERS OF T CELL REPERTOIRE PROFILING: FROM 

SANGER SEQUENCING TO NGS AND STATE-OF-THE-ART 

BIOINFORMATICS 

 

T cells recognize antigens presented on MHC molecules via their antigen receptor, also 

named T cell receptor (TCR). The TCR consists of two polypeptide chains (αβ or γδ) and is 

encoded by the recombination of V(D)J gene segments on the respective loci. This process 

results in a highly diverse repertoire of TCRs, whereby each possesses a unique antigen 

binding profile. The large diversity of the repertoire offers recognition of, and therefore 

immunological protection against, a wide range of antigens for the host. Once T cells 

encounter their cognate antigen they proliferate and form a clone of cells expressing 

identical receptors. After successful clearance of the antigen, the majority of cells undergo 

apoptosis apart from a fraction of cells that form the immunological memory. This dynamic 

process of clonal expansion, migration and apoptosis indicates that the clonal composition 

of the immune repertoire is ever evolving and reflects the current state as well as the 

antigen exposure history of an individual [195]. 

 

Before high-throughput technologies were available, immune receptors were analyzed 

using Sanger Sequencing. Therefore, each sequence had to be cloned into a plasmid vector 

and one reaction generated one sequence read in the machine. With this low throughput 

it was practically impossible to grasp the large diversity and clonal architecture of the 
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immune receptor repertoire [190]. Using Sanger sequencing, the study of hundreds of 

immune receptor sequences presented the higher end of throughput that was possible 

[191]. Spectratyping or Immunoscope were other methods that were used to study immune 

repertoire diversity [192]. Using V and J gene specific primer pairs the CDR3 length of TCRs 

was analyzed after gel electrophoresis separation. These approaches are less time 

consuming and costly than Sanger sequencing, however, do not provide information on the 

nucleotide sequence. Moreover, flow cytometry can be used on protein level to analyze the 

clonal composition of a repertoire [193, 194]. Here TCR Vβ and Vα-specific monoclonal 

antibodies are used either individually or in a multiplex format to characterize the repertoire 

composition. Again, this approach lacks nucleotide information and does not precisely 

depict the clonal architecture of the T cell repertoire.  

 

Despite these technological limitations, a number of studies performed in the pre-NGS era 

allowed meaningful repertoire analysis and a few examples of such research deserve to be 

mentioned: This research aimed for example at understanding the origin of Tregs in the 

tumor environment. By combining different methods, like a transgenic mouse model 

(TCRmini, with a limited size of rearranged TCR repertoire) with spectratyping and Sanger 

sequencing, it could be shown that Tregs in the tumor environment are rather of thymic origin 

than peripherally induced and are even more diverse than the naïve T cell pool [191, 195]. 

Moreover, research reports started to accumulate around biased T cell repertoires (skewed 

usage of certain V(D)J combinations) and public clonotypes shared by several individuals 

who were exposed to the same antigen, e.g. during infection with influenza A virus [94], 

Epstein-Barr virus (EBV) [196] or human cytomegalovirus (CMV) [197]. Additionally, biases 

in the T and B cell repertoire V gene usage in malignancy were reported [198-201] and 

closely homologous CDR3 amino acid sequences, termed stereotyped receptors, in CLL 

were identified and correlated with clinical outcome [202]. In the field of autoimmunity, 



Discussion – Frontiers of T Cell Repertoire Profiling 
_____________________________________________ 

67 
 

immune receptor analyses revealed shared TCR alpha and beta chains in systemic lupus 

as well as TCR biases in multiple sclerosis [203-205]. 

 

The emergence of NGS greatly facilitated the study of the AIRR since it provided all of the 

repertoire relevant information at once, at high-throughput and low cost. The Roche 454 

system was the earliest NGS platform and could generate 500 bp reads thereby covering 

the entire recombined V(D)J region. The zebrafish antibody repertoire was the first to be 

sequenced at high-throughput with the Roche 454 in 2009 [206]. This represented a 

turning point in the study of immune repertoires. Since then, research has focused on 

characterizing immune repertoires and thereby deepening our understanding of immune 

dynamics in health and disease. Besides assessing repertoire metrics like clonal richness 

and diversity, we can track clone members between tissues and across subsets of T cells. 

Moreover, the longitudinal tracking of clones - e.g. for detection of minimal residual disease 

(MDR) during treatment of lymphoid malignancy - has proven useful and much more 

sensitive than traditional techniques [207].   

 

One aspect of AIRR seq, with special relevance for TCR repertoires, is the characterization 

of so called public clonotypes. The concept of public clonotypes has emerged in a time 

when sequencing was restricted to public clonotypes that share the same amino acid 

sequence of their CDR3, however, without necessarily using the same V(D)J recombination. 

Sharing of amino acid CDR3 sequences in repertoires of different individuals has been 

suggested to be impossible due to the recombinatorial breadth of the TCR repertoire and 

the limited number of T cells generated per individual. However, it is now well accepted 

that public clonotypes make up approximately 10-20% of the human peripheral blood T cell 

repertoire enabling the generation of similar antigen-specific TCRs against ubiquitous 

pathogens in a population [100]. Their generation is a result of both recombinatorial biases 
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(certain V(D)J rearrangements are more likely to occur than others) and convergent 

recombination (different nucleotide sequences encode the same amino acid sequence) 

[97, 208]. Both mechanisms ultimately lead to higher generation probabilities (pGEN) for 

certain sequences to be found in the TCR repertoire than for others [100]. Beside the 

presence of public clonotypes in infections with common viruses as reported earlier, using 

NGS, several groups could show that public clonotypes preferentially expand in EBV [209], 

CMV [210, 211], hepatitis C virus [212] or influenza [213] infections implying an important 

role for these clonotypes during the immune response towards these viruses. NGS 

technology has largely fostered our understanding of these clones, yet many questions 

remain unanswered e.g. their contribution to other immune reactions such as tumor 

antigens or to vaccination. 

 

While quite an extensive fraction of the repertoire is taken up by public clonotypes, the 

private (not intra-individually shared) clonotypes will likely contribute to the majority of 

immune responses in infection, cancer and autoimmunity. There is scientific consensus 

that – despite the private character of TCR sequences contributing to an immune response 

– there are overarching paratope features that may be used to group TCR sequences 

according to identical antigen recognition. The development of such algorithms has been 

instrumental to immune repertoire research in that it allows to reduce the complexity of 

the individual datasets to allow functional groups of TCRs to be studied. Several algorithms 

have been published that approach this issue [88, 89, 214, 215]. GLIPH (Grouping 

lymphocyte interaction by paratope hotspots) belongs to the first algorithms set out to 

group T cell clones by antigen specificity and as elaborated in the introduction, TCR 

sequences are clustered based on conserved motifs found within the CDR3 high-contact 

probability region and based on global similarity of the sequences. Using GLIPH, Yost et al 

[216] noted that clones belonging to one T cell cluster presented overlaps between CD8+ 



Discussion – Frontiers of T Cell Repertoire Profiling 
_____________________________________________ 

69 
 

phenotypes including cells with memory or activated states. A major finding of this study 

was the observation that while in most T cell clusters these phenotypic transitions were 

seen (even T cell clusters containing CD4+ and CD8+ T cells), there were no clusters 

containing pre-treatment exhausted and non-exhausted CD8+ T cells, indicating that the 

phenotypic transition capacity is rather limited in exhausted T cells. Together, this 

suggested that during PD-1 immune checkpoint blockade in cancer treatment, it is not the 

Tex that are “un-leashed” as it was assumed when immune checkpoint therapy was first 

introduced but rather new T cell clones that enter the tumor site that eliminate the 

malignant cells. 

 

In the research thesis presented here, the aim was to apply 1) NGS technology combined 

with 2) state-of-the-art bioinformatics data analysis to understand the contributions this 

approach may have to the immunological understanding of complex immunological 

diseases – with autoimmune cytopenias chosen as one example for a complex group of 

diseases - as well as immunoaging in health and in cancer. In the following two paragraphs, 

I will discuss the major findings in the context of the respective literature.

 

3.2 THE AGING T CELL REPERTOIRE IN HEALTH AND 

CANCER  

The improvements in life quality, i.e. availability of food, quality of housing, improved 

hygiene and improved medical care etc. all contributed to an increased life span in humans 

[217]. This in turn led, especially in western countries to progressive transformation of 

population demographics. Overall an increase of the aged population is notable, especially 

of individuals above 65 years of age who currently make up 15-20% of the population in 

Western Europe, a 2-fold increase during the last 60 years [218]. Although longevity seems 
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like a victory for the human race, it comes with a price, because the effectiveness of the 

immune system diminishes over time and a higher cancer incidence and mortality rates 

are evident in these age groups [219]. Moreover, autoimmune diseases as well as 

infectious disease pose an increased threat to this population group [220]. Therefore, 

healthy aging has become a public health priority, focusing research and medical efforts 

on understanding how the immune system changes with increasing age and optimizing 

vaccine success in the elderly [221].  

 

To understand physiological changes of the T cell repertoire over the life span of a human, 

we analyzed the TCR repertoire of 95 healthy individuals spanning age groups from below 

30 to above 70 years [222]. Our data indicate that the diversity of the peripheral TCR 

repertoire decreases with increasing age beginning at the fourth decade of life. Contracted 

TCR diversity is associated with decreased immune responsiveness observed in the elderly 

such as the reduced ability to fight new infections [223-226].  

Interestingly, we observed that the contracted diversity was rather explained by a 

significant decrease in richness (number of unique clonotypes) than changes in evenness 

which was in line with findings of earlier studies [46, 222, 227-229].  

 

From four donors also longitudinal samples collected over 2 to 6 years were available. The 

analysis of these samples demonstrated the presence of a “core-immune repertoire” that 

is unique to each person and is maintained over very long periods of time if no major 

intervention, like e.g. cytotoxic therapy, takes place. A recent paper demonstrates that 

different individuals and even identical twins can be discriminated by repertoire data from 

as little as 10.000 T cells (~10µL blood) with a false positive and false negative rate 

of <10-6  [230]. Not only does this work corroborate the idea of a core-immune repertoire 

or an “immune fingerprint” which can be exploited to understand a person´s immune 



Discussion – The Aging T Cell Repertoire in Health and Cancer 
_____________________________________________ 

71 
 

history and the functional state of their repertoire. It also puts our handling (storage and 

sharing) of repertoire data up for debate since it clearly demonstrates how personal 

repertoire data can be.  

 

Our data could also have implications for optimal timing of vaccination in the course of life.  

Vaccination regimes ensure protection against common infections which pose a major 

threat in the elderly [220]. Most vaccines that are currently in use are developed 

empirically, and we know very little about how they activate the immune system [231]. 

Antibody titers of antigen specific antibodies are used as surrogate markers for vaccine 

success. However, besides B cells that produce these antibodies, T cells play a major role 

during the generation of high-affinity antibodies as well as providing immunological 

memory [231]. In T-cell-inducing vaccines the magnitude as well as the breadth of T cell 

response are correlated with vaccine protection [232]. Therefore, besides the composition 

of antigens administered with the vaccine also the diversity of the host´s TCR repertoire 

needs to be considered when designing prophylactic vaccines [232]. Our data indicate 

decreases in TCR diversity starting from 40 years of age. Given that some of the vaccination 

regimes are indicated especially for elderly risk groups (e.g. pneumococcal or herpes zoster 

vaccination) and that vaccination outcomes are often poor in these cohorts, our and other 

people’s findings on repertoire alterations across age groups could inspire the conception 

of earlier vaccination timepoints to induce strong and long-lived memory. 

 

In addition to the data provided on immunoaging of healthy individuals, our project 

delivered valuable insight into repertoire restriction in patients with cancer. Tumor 

immunosurveillance is a well described theory that states that the immune system has the 

potential to control malignant cells and thereby prevent tumor outgrowth even over several 

years [233]. Although direct proof of this theory is difficult to obtain, several observations 
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support the immunological control of tumors. Moreover, it is well established that an 

impaired immune system is associated with increased cancer risk. 

 

We analyzed TCR repertoires of more than 200 patients with hematological or solid cancers 

before and after treatment with chemotherapy and used the repertoire data of the healthy 

aging cohort as reference. Our data points towards pre-mature immunoaging in patients 

with cancer. Pre-treatment TCR repertoires of patients with cancer were less diverse and 

contained more expanded clonotypes responsible for an uneven distribution of clones 

within the repertoire as compared to age-matched healthy controls. Moreover, subcohort 

analyses on samples before and after chemotherapy (from patients matched for age, sex 

and tumor type or paired pre/post chemotherapy samples) revealed that the T cell 

repertoire diversity and clonality recovered almost completely to pretreatment levels. This 

indicated no long-term loss of T cell diversity after chemotherapy. The reconstitution of 

diversity can happen in two ways, which consist of peripheral homeostatic expansion of 

existing clones or the generation of new T cell clones. The former, would come with the 

price of increased clonality, since the homeostatic expansion would eventually lead to an 

uneven distribution of clones within the repertoire. To test how diversity was recovered, we 

assessed repertoire similarity between pre- and post-therapy samples. As opposed to 

healthy individuals who exhibited great overlaps (=high number of identical clones) in 

repertoires sampled over several months to years, the repertoires of patients after 

chemotherapy had little to no overlap with the repertoire before chemotherapy.  

 

It remains elusive, if the new T cell clones we “see” by sequencing are newly generated by 

thymic output or rather represent rare clones of the peripheral repertoire or even tissue 

resident clones which re-entered circulation and were not captured by sequencing at the 

first time. A recent review on tissue resident memory T cells (TRM) however argues that TRM 
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lack markers and receptors to re-enter blood stream and are “permanently lodged” and 

committed to the tissue of residence [234], which would be in favor of the immune 

reconstitution by thymic output. Moreover, our findings of a maintained T cell repertoire 

diversity and evenness after chemotherapy are in line with findings from a recent study 

which also attributes T cell rebound to increased thymic activity [147]. By using mass 

cytometry in combination with T cell receptor excision circles (TRECs1) measurement and 

TCR sequencing the authors show in a cohort of patients with breast cancer that one year 

after adjuvant chemotherapy total lymphocyte counts as well as the compositional 

complexity of most major innate and adaptive immune cell subsets are recovered. Naïve 

CD4+ and CD8+ T cell subsets of patients exhibited an extensive TCR diversity even after 

chemotherapy as well as increased TRECs compared to age- and sex-matched healthy 

controls.  

 

Taken together, it seems reasonable to assume that the post-chemotherapy repertoire 

constitutes newly generated clones from thymic output which is really promising especially 

in the era of new cancer treatments including immune stimulatory agents like immune 

checkpoint blockade (ICB).  

 

The analyzes performed in our immunoaging project at this point only represent an arbitrary 

selection of investigations that can be performed on our valuable NGS resource of TCR 

repertoires of healthy individuals and patients with cancer of all ages. To allow other 

research groups with different focus to access our data, we deposited this together with 

our manuscript to be used by the scientific community to help characterize age-dependent 

changes of the TCR repertoire especially in the future when new algorithms and models 

will be available. However, in future studies multi-axis approaches are still warranted 

                                                
1 TRECs are found in newly generated T cells and are diluted out during clonal expansion 
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including phenotypic analyses of the different cell populations and matching sub-repertoire 

or even single cell analyzes. 

 

 

3.3 THE TCR REPERTOIRE IN AUTOIMMUNE CYTOPENIAS 

The second publication which arose from this work focuses on the characterization of 

immune repertoires of patients with autoimmune diseases arising as primary disease as 

well as a complication of an underlying hematological malignancy. 

 

The high rate of refractory disease in AIC, despite the many therapeutic options, motivated 

us to study the immune repertoires of patients with primary and secondary AIC [235]. We 

hypothesized that underlying immune biases lead to the manifestation of the disorder even 

after initial successful treatment.  

Interestingly, the T and B cell clonal architecture (i.e. richness, diversity and VJ-gene usage) 

of patients with primary AIC is comparable to age- and sex-matched healthy donors (HD). 

Moreover, we could not detect disease specific shared clonotypes between patients with 

AIC. In contrast, we recently published characteristic VJ-gene usage shifts in the T cell 

repertoire of patients with autoimmune hepatitis (AIH) [236], a chronic autoimmune 

disease of the liver with high relapse rates. Interestingly, these shifts persisted even after 

complete biochemical response to immunomodulatory treatment, indicating that T cell 

functionality, rather than the pathological T cell architecture is targeted by the treatment.  

 

In order to reduce the complexity of the repertoires and identify groups of T cells with 

potentially common antigen recognition involved in the pathogenesis of AIC, we performed 

GLIPH on the peripheral TCR repertoire of primary AIC patients (n=11) and HD (n=11). In 

total we identified 657 T cell clusters that were present in at least three individuals. Six of 
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these clusters were significantly overrepresented in HDs, however no cluster was 

overrepresented in patients with AIC – indicating that disease specific T cell clones are not 

discernable based solely on their sequence. Moreover, we identified clusters that were 

exclusively present in HDs or patients with AIC, respectively, and noted an increased 

number of HD exclusive clusters (n=51) as opposed to AIC exclusive clusters (n=17). We 

could verify this finding in an independent cohort of patients with active AIH, where the 

number of HD exclusive clusters was also approximately 3-times higher than that of AIH 

exclusive clusters. 

Since autoimmune diseases develop as a consequence of complex mechanisms including 

the breakdown of tolerance checkpoints, we interpreted our finding as a lack of 

physiological T cell clusters in patients with an autoimmune condition. These clusters could 

potentially be of tolerogenic nature since it is well established that the breakdown of 

peripheral tolerance, especially dysfunctional and decreased numbers of Tregs play a 

causative role in autoimmune diseases [237]. However, these interpretations remain 

speculative since our data does not provide any information on the cellular phenotype. 

 

In the context of autoimmunity, it is worth discussing the degenerative or “promiscuous” 

nature of the TCR repertoire. TCR degeneracy permits efficient T cell responses of a single 

T cell clone to a large number of different peptides presented on MHCs but also of many 

different T cell clones to a single pMHC [238]. These features enable a TCR repertoire to 

recognize any potential pathogen, however, still providing a high enough specificity to 

respond selectively to non-self and presenting minimal cross-reaction with self-derived 

peptides (since only a minority of the population suffers from AID).  

Moreover, the majority of clones bearing high-affinity TCRs towards self-antigen undergo 

negative selection in the thymus (see section T CELL DEVELOPMENT).  Consequently, T cell 

responses against self-antigens as seen in systemic autoimmunity or cancer have to be 



Discussion – The TCR Repertoire in Autoimmune Cytopenias 
_____________________________________________ 

76 
 

enriched for low-affinity TCRs. This together with the natural degeneracy of T cells, would 

imply that T cell responses towards self are highly heterogeneous, potentially even lacking 

global and/or local similarity and thereby representing special challenges for algorithms 

like GLIPH. 

 

Taken together, the analysis of the TCR repertoire can provide insights into the 

pathobiology of autoimmune diseases. However, it seems that identifying groups of 

self-antigen directed T cells from bulk sequencing currently represents a challenge which 

needs further elucidation.

 

 

3.4 T CELL REPERTOIRE PROFILING: OVERCOMING 

LIMITATIONS AND OUTLOOK 

 

Despite the great opportunities of NGS T cell repertoire profiling, several limitations do 

remain. Some of which are essential in our view to compare different studies and also to 

draw functional clues from these massive amounts of data. 

Our own analyses, including repertoire data acquired following at least two different library 

amplification protocols and our cross-study comparisons, show that one current essential 

limitation is the standardization of protocols. There is a big need for standardization of 

AIRR seq, since as of today, a myriad of preparation protocols for sequencing libraries are 

in use and data analysis can be performed with many different tools, which were shown to 

produce non-consistent results [239]. The latter was mainly explained by the different 

reference gene libraries that are currently available. Indeed, the Germline Database 
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Working Group of the AIRR Community works on the development of complete and 

accurate sets of reference germline genes for TCR as well as Immunoglobulins.  

 

Since our analyses presented here have been confined to the analysis of blood, I will 

discuss the major aspects relevant to the standardization needs for this specific immune 

compartment. Peripheral blood samples are easily accessible and not invasive and 

therefore widely used for immunosequencing. Moreover, their potential to reflect tissue 

immune architecture (e.g. tumor) and response dynamics has been demonstrated [240].  

Several confounding factors of this method need to be considered during sample 

preparation, sequencing and analysis of immune repertoire data: 

 

3.4.1 SAMPLING ERROR 

As described above the entire human T cell repertoire is estimated to consist of 108 to 1010 

different T cell clones. Therefore, a small amount of blood or tissue from which a portion of 

DNA or RNA is used for repertoire sequencing represents only a fraction of the real diversity. 

Indeed, when assessing the repertoire composition of the same sample repeatedly, 

approximately 25% of the clones do not overlap [240]. This indicates the huge diversity of 

T cell clones in the sample. Repertoire metrics like richness and diversity provide 

information on the clonal architecture of the sample and are rather stable measures also 

in repeated sampling. However, they depend directly on the number of lymphocytes 

sampled as well as read depth applied to the sample [240]. Therefore, these factors need 

to be accounted for when comparing repertoire metrics of different samples and/or 

individuals. 
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3.4.2 READ DEPTH 

To ensure that the real clonal diversity of the sample is captured, several quality standards 

need to be established.  

The optimal read depth can be estimated as follows: If 500 ng of peripheral blood 

mononuclear cells (PBMNCs) DNA is used for AIRR seq, which corresponds to 75 000 cells 

[241], a minimal read depth of 116 000 reads would be required to pass quality control. 

This assumes that PBMNC are composed of 70-90% lymphocytes and of those 

approximately 70-85% are T cells [242]. Hence, 500 ng PBMNC DNA contain approximately 

37 000 – 58 000 T cell genomes. At a minimal coverage of 2 reads per genome, at least 

116 000 reads are required to ensure coverage of every T cell genome in the sample.  

Additional flow cytometry analyses can provide more precise information on the 

composition of PBMNCs and hence the number of T cells in the sample.  

 

3.4.3 ANALYSIS OF AIRR SEQ DATA 

Once the sample has passed quality control for read depth, the raw data are passed 

through bioinformatic pipelines which annotate the sequences with the corresponding V, 

D and J genes. Currently multiple pipelines are available to perform this task, however, a 

recent paper which compared three widely used pipelines found that only 40% of reference 

germline sequences were shared by the tools [239]. Subsequently, results generated with 

different tools are not comparable. To tackle these discrepancies and standardize the 

generation, analysis and sharing of immune repertoire data, a community around AIRR 

data (AIRR Community) has evolved from 2014 and develops white papers on these topics 

(e.g. MiAIRR metadata standards on AIRR data submission).  

Another feature which can be helpful to assess quality of the data is the proportion of 

sequences in the repertoire with a high generation probability (pGEN). Using mathematical 

models, Elhanati and colleagues estimated the degree of publicness of TCR sequences 
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and found that in humans as well as mice 10-20% of the T cell repertoire represent clones 

with a pGEN larger than 1/number of total T cell clones in the body [100].  

In addition to the undeniable need for more standardization, a second major limitation of 

TCR profiling by NGS is the (current) unfeasibility to derive the cognate antigen from bulk 

receptor sequencing data. However, this information is key to most research projects 

addressing immunological questions, especially in the field of autoimmunity and cancer. 

The fact that antigen recognition strongly depends on genetic background, environmental 

factors as well as the antigen presenting machinery complicates this problem even more. 

The GLIPH algorithm addresses this issue by clustering T cells with overlapping specificities 

based on sequence motifs and structural considerations derived from known receptor-

antigen interactions [88, 89].   

However, grouping T cells with similar antigen recognition is only an attempt of trying to 

make sense of the antigen or epitope which is being recognized by the receptor. Especially 

in autoimmunity this would help to decipher the biology of the disorder. What in the hosts 

body is being presented in a way that their own immune system is not able to distinguish it 

as self? Knowing the target antigen could lead to biomarker discovery which will greatly 

facilitate diagnosis and treatment response evaluation in AID.  

In cancer, on the other hand, the identification of tumor specific antigens can pave the way 

to new clinical treatments, that will specifically target cancer cells that present these 

antigens without harming healthy cells.  

Currently dozens of databases exist, where AIRR seq data is stored together with patient 

and disease metainformation and in some cases also protein structure [243-250]. The 

increasing volume of NGS generated data as well as their complexity calls for structured 

ways to store and more importantly for novel computational and analytical approaches in 

order to allow antigen specificity prediction of immune receptors, an endeavor that is 

currently seen as the “holy grail” of immune repertoire research.  
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Databases like VDJdb, McPAS-TCR and IEDB are yet to mature, however provide first 

approaches towards prediction and analysis of immune epitopes [251-253]. The VDJdb 

and McPAS-TCR are curated databases which currently hold more than 80 000 TCR 

sequences drawn from the literature that are associated with pathological conditions. 

These sequences mainly originate from homo sapiens or mus musculus and are 

searchable via the web interface which also holds the information on the cognate antigen 

epitope. However, these databases are mainly limited to TCR sequences potentially 

directed towards viral antigens like CMV, influenza and EBV and only a minor fraction of 

TCR sequences are derived from high confidence experiments, i.e. tetramer binding and/or 

T cell stimulation assays.  

 

Finally, the majority of studies using AIRR seq, including the papers presented in this work, 

are primarily of descriptive nature. In order to reveal deeper biological and clinical meaning, 

AIRR profiling will need to be linked to transcriptome and epigenetic data [74] (i.e. in single-

cell sequencing approaches). The vast amount of information provided by AIRR seq 

combined with multi-dimensional profiling strategies will allow insight into the 

transcriptional and phenotypic profiles of the cells and therefore may facilitate the 

prediction of TCR or antibody specificity. The integration of these approaches calls for 

sophisticated computational algorithms, i.e. machine learning, which are currently being 

used and refined [254-257].  

 

Taken together AIRR seq has helped to deepen our knowledge of lymphocyte biology. Once 

we overcome the current technical and computational challenges this technique will fully 

realize its potential offering significant contributions to the development of 

immunodiagnostics, vaccines, cancer immunotherapy, and antibody engineering. 
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ABBREVIATIONS 

A 

AATP – acquired amegakaryocytic thrombocytopenia 

AIC – autoimmune cytopenias 

AID – autoimmune disease 

AIH – autoimmune hepatitis 

AIHA – autoimmune hemolytic anemia 

AIN – autoimmune neutropenia 

Aire – autoimmune regulator 

AIRR seq – adaptive immune receptor repertoire sequencing 

APC – antigen presenting cell 

B 

Bcl-2 – B-cell lymphoma 2 

C 

CD – cluster of differentiation  

CDhi – cluster of differentiation, highly expressed 

CDlo – cluster of differentiation, low expression 

CDR – complementarity determining region 

CLL – chronic lymphocytic leukemia 

CLP – common lymphoid progenitor cell 

CMJ – corticomedullary junction 

CMV –cytomegalovirus 

cTEC – cortical thymus epithelial cell 

CTL – cytotoxic T cell 
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CTLA-4 – cytotoxic T lymphocyte antigen 4 

CXCR4 – C-X-C chemokine receptor type 4 

D 

DAT – direct antiglobulin test 

DC – dendritic cells 

DN – double-negative 

dNTP – Deoxyribonucleotide triphosphate 

DP – double-positive 

E 

EBV – Epstein-Barr virus 

Erk – extracellular signal-regulated kinases 

F 

FoxP3 – forkhead box P3 

FR – framework region 

G 

G-CSF – granulocyte colony-stimulating factor 

gDNA – genomic deoxyribonucleic acid 

GIFT – granulocyte immunofluorescence test 

GLIPH – grouping of lymphocyte interaction by paratope hotspots 

H 

HD – healthy donor 

HGP – Human Genome Project  

HLA – Human Leukocyte Antigen 

HMGB – high mobility group box protein 
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HNA – human neutrophil-specific antigens 

HSC – hematopoietic stem cells 

I 

IAN –immune-associated nucleotide-binding protein 

ICB – immune checkpoint blockade 

IgG/IgM – immunoglobulin G/M 

IgOR – Inference and Generation of Repertoires 

IL-7R – interleukin 7 receptor 

IMGT – the international ImMunoGeneTics information system database 

IR – inhibitory receptor 

ITAM – immunoreceptor tyrosine-based activation motifs 

ITP – immune thrombocytopenia 

IVIg – intravenous immunoglobulin 

L 

LAG-3 – lymphocyte activation gene 3 

LTβR – lymphotoxin-β receptor 

M 

MAP kinases – mitogen-activated protein kinases 

MHC – Major Histocomaptibility Complex 

mTEC – medullary thymus epithelial cell 

N 

NGS – Next-generation Sequencing 

NHEJ – nonhomologous end joining 

NKT – natural killer T cell 

 



Abbreviations 
_____________________________________________ 

84 
 

O 

OLGA – Optimized Likelihood estimate of immunoGlobulin Amino-acid sequences 

P 

PBMNC – peripheral blood mononuclear cell 

PCR – Polymerase chain reaction 

PD-1 – programmed cell death protein 1 

PDK – phosphoinositide-dependent kinase 

pGEN – generation probability 

PKCθ – protein kinase C theta 

pMHC – peptide-MHC complex 

polµ/polλ – polymerase µ/λ 

PRCA – pure red cell aplasia 

pTα – germline-encoded pre-TCRα  

PTK – protein tyrosine kinases 

R 

5´-RACE – rapid amplification of complementary DNA ends  

RAG – recombination-activating gene 

RNA – ribonucleic acid 

RSS – recombination signa sequence 

S 

SASP – senescence-associated secretory phenotype 

SP – single positive 

SSC – somatic senescent cells 
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T 

Tcon – conventional T cell 

TCR – T cell receptor 

TdT – Terminal deoxynucleotidyl transferase 

Tex – exhausted T cell 

TGF-β – transforming growth factor beta 

TIGIT – T cell tyrosine-based inhibitory motif domain 

Tim-3 – T cell immunoglobulin domain and mucin domain-3 

Tmem – memory T cell 

TRA – T cell receptor alpha gene loci 

TRB – T cell receptor beta gene loci 

TRD – T cell receptor delta gene loci 

TREC – T cell receptor excision circles 

Treg – regulatory T cell 

TRG – T cell receptor gamma gene loci 

TRM – tissue resident memory T cells 

TSLP – thymic stromal lymphopoietin 

V 

V(D)J – V, D and J gene segments of adaptive immune receptor gene loci 

X 

XLF – XRCC4-like factor 

XRCC4 – X-ray repair cross-complementing protein 4 
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ATTACHEMENT  

Table 1. List of the sequencing primers 

  Primer Sequence 

IG
H

 l
o

c
u

s
 

1
s
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C
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n
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r)
 

F
R

1
 f

w
 

VH1-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCTCAGTGAAGGTCTCCTGCAAG 

VH2-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCTGGTCCTACGCTGGTGAAACCC 

VH3-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGGGGGGTCCCTGAGACTCTCCTG 

VH4-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTCGGAGACCCTGTCCCTCACCTG 

VH5-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGGGAGTCTCTGAAGATCTCCTGT 

VH6-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGCAGACCCTCTCACTCACCTGTG 

F
R

1
 r

v 

JH-consensus_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTGAGGAGACGGTGACC 

T
R

B
 l
o

c
u

s
 

1
s
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P
C

R
 

(i
n

n
e

r)
 

T
C

R
ß

-A
/
B

 f
w

 

Vβ2_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACTATGTTTTGGTATCGTCA 

Vβ4_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAtGATGTTCTGGTACCGTCAGCA 

Vβ5/1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTGTGTCCTGGTACCAACAG 

Vβ6a/11_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCCTTTATTGGTACCGACA 

Vβ6b/25_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTATCCCTTTaTTGGTACCgACAG 

Vβ6c_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCCTTTATTGGTATCAACAG 

Vβ7_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCTATGTATTGGTACAAGCA 

Vβ8a_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTCCCTTTTCTGGTACAGACAGAC 

Vβ9_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCTATGTATTGGTATAAACAG 

Vβ10_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTATGTTTACTGGTATCGTAAGAAGC 

Vβ11_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAAAATGTACTGGTATCAACAA 

Vβ12a/3/13a/15_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACATGTACTGGTATCGACAAGAC 

Vβ13b_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCATGTACTGGTATAGACAAG 

Vβ13c/12b/14_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTATATGTCCTGGTATCGACAAGA 

Vβ16_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAAtCTTTATTGGTATCGACGTGT 

Vβ17_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCATGTACTGGTACCGACA 

Vβ18_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCATGTTTACTGGTATCGGCAG 

Vβ19_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTtTGTTTATTGGTATCAACAGAATCA 

Vβ21_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCCTTTACTGGTACCGGCAG 

Vβ20_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACCTATACTGGTACCGACA 

Vβ22_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACTTCTATTGGTACAGACAAATCT 

Vβ23/8b_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCACtGTCTACTGGTACCAGCA 

Vβ24_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCATGTACTGGTACCAGCA 

T
C

R
ß

-A
/
B

 r
v 

Jβ1.1_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTACAACTGTGAGTCTGGTG 

Jβ1.2_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTACAACGGTTAACCTGGTC 

Jβ1.3_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCACCTACAACAGTGAGCCAACTT 

Jβ1.4_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATACCCAAGACAGAGAGCTGGGTTC 

Jβ1.5_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTAGGATGGAGAGTCGAGTC 

Jβ1.6_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATACCTGTCACAGTGAGCCTG 

Jβ2.2_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCCAGTACGGTCAGCCT 

Jβ2.6_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCACCCAGCACGGTCAGCCT 

Jβ2.7_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCACCTGTGACCGTGAGCCTG 

Jβ2.1_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTTCTTACCTAGCACGGTGA 

Jβ2.3_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCGCTTACCGAGCACTGTCA 

Jβ2.4_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCAGCTTACCCAGCACTGAGA 

Jβ2.5_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCCCGCGCTCACCGAGCACCA 

2nd PCR 

(outer)  

B
C

 f
w

 

Barcode_FW AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC 

B
C

 r
v 

Barcode_RV CAAGCAGAAGACGGCATACGAGATAATCTTAGTGACTGGAGTTCAGACGTGTG 

The primer sequences are colour coded to indicate annealing part on IGH (FR1 primer 

pool) or TRB (TCRß-A and –B pools) loci according to [83] (black; red letters indicate 

nucleotide changes compared to [83]), Illumina adapter sequencing primer sequence 

(green), Illumina adapter flow cell attachment sequence (blue) and barcode sequence 

(bordaux). fw, forward; rv, reverse. Adapted from [84, 85]. 




