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Abstract

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.



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 AlC-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 AlH) 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.



Zusammenfassung

ZUSAMMENFASSUNG

Das Immunsystem ist ein interaktives Netzwerk aus Zellen, Geweben und l6slichen
Faktoren, das sich entwickelt hat, um den Wirt vor Krankheitserregern zu schutzen.
T-Zellen sind spezialisierte Zellen des adaptiven Arms des Immunsystems und erkennen
Antigene Uber ihren T-Zell-Rezeptor (TCR). Der TCR wird durch die zufallige und irreversible
Rekombination von V(D)J-Gensegmenten kodiert; ein Prozess, der zu einem sehr
vielfaltigen Repertoire an TCRs fuhrt. Die grof3e 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 kdnnen dieses fein abgestimmte Netzwerk
beeintrachtigen und so zu chronischer Entziindung, Autoimmunitat oder unzureichenden
Reaktionen auf schadliche Antigene fluhren.

Die hier vorgestellte Arbeit diskutiert alters-, krebs- und autoimmunitatsassoziierte
Veranderungen des TCR-Repertoires und fasst grundlegende Aspekte der T-Zell-Immunitat
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 altersabhangigen
Ruckgang der T-Zell-Diversitat, der ab dem vierten Lebensjahrzehnt mit einer Abnahme der
T-Zell-Abundanz einherging. DarUber hinaus beobachteten wir, dass Krebspatienten, die
eine Chemotherapie erhielten, ihre Vortherapie-T-Zell-Diversitat wiederherstellten.
Interessanterweise lief3 sich die Regeneration der Repertoirekomplexitat nach der

Chemotherapie am besten durch die Produktion neuer T Zellen aus dem Thymus erklaren



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 allmahlich verschlechtern, aber die altersspezifischen Repertoire-
Metriken selbst bei alteren Patienten mit Krebs nach der Chemotherapie wiederhergestellt
werden konnen.

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
schliefilich als blutbasierter Biomarker genutzt werden kénnten. Wir analysierten 25 neu
diagnostizierte Patienten mit primarer oder sekundarer (Lymphom-assoziierter) AIC sowie
drei Referenzkohorten, die sich aus gesunden Kontrollen (angepasst fur Alter und
Geschlecht), Patienten mit aktiver Autoimmunhepatitis (AIH; eine weitere primare
Autoimmunerkrankung) sowie Patienten mit chronischer lymphatischer Leukamie (CLL,
ohne Autoimmunkomplikation) zusammensetzten. Globale TCR-Repertoire-Metriken wie
Diversitat und Klonalitat sowie die Verteilung der VJ-Genverwendung zeigten einheitliche
Merkmale flUr Patienten mit Lymphom, aber keine AIC-spezifische Signatur. Die
Gruppierung von T-Zellen mit Uberlappender Antigenspezifitdt unter Verwendung des
GLIPH-Algorithmus (Gruppierung der Lymphozyten-Interaktion durch Paratope-Hotspots)
zeigte jedoch einen erheblichen Mangel an T-Zell-Clustern bei Patienten mit primarer
Autoimmunerkrankung (AIC sowie AIH) im Vergleich zu gesunden Spendern. Die
Funktionalitat dieser Cluster muss in zukunftigen Studien geklart werden. Dennoch kdnnte
die Signatur des T-Zell-Cluster-Verlusts einen leicht zuganglichen Biomarker fur
Autoimmunerkrankungen darstellen.

Zusammengenommen hat AIRR seq unser Verstandnis der adaptiven Immunantwort
vertieft und bisher dazu beigetragen, drangende Fragen in den Bereichen
Immundiagnostik, Impfstoffe, Krebsimmuntherapie und Antikérperentwicklung zu
beantworten. Technischer Fortschritt sowie optimierte Berechnungsprozesse werden dazu

beitragen, dass diese Technologie ihr volles Potenzial entfaltet.



Introduction

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 (&) and beta (B) 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 (y) and delta (&) chains (encoded by TRG and
TRD genes, respectively). TCRs require the presentation of their cognate antigen by major

histocompatibility complex (MHC) | or MHC Il molecules on the surface of either target cells
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Introduction

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 CDS8, 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 Notchl-dependent sighaling 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
11



Introduction - T cell development

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-CD117M) enter the thymus through the vasculature at the CMJ and
migrate to the midcortex where they differentiate to DN2 cells (CD44+CD25+*CD117"i).
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
12



Introduction - T cell development

first rearrangements of the TCRy and & encoding genes occur here (but not TCRp yet) [9,
10]. Early DN3 cells (CD44-CD25*CD117'") 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 (B-selection) [11]. Moreover, DN3 cells are known for their
pronounced proliferation potential most likely induced and supported by continuous
Notchl and IL-7 signaling [12, 13]. The development to late DN3 cells and subsequently
pre-double positive (DP) cells (CD4!°)CD8°CD44!°CD25") 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 (CD4"CD8M)
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 ll-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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Introduction - T cell development

(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 ymphoma 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-p receptor (LTBR) 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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Introduction — T cell development — V(D)J recombination

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 TRAand TRB loci (& T cells) or TRG and TRD loci (yd 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

(B or yd) 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 3(8) chain and a(y) chain. (right) Structure of TCR. The TCR
is a heterodimer of a3 chains (or yd chains). It consists of a constant domain and a variable
domain, which is encoded by the rearranged V(D)) 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 VB-to-JB recombination, that are put in place. V(D))
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recombination requires RSSs and based on their orientation the reaction proceeds by

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

Synaptic
complex
AGTG-12 or 23-ACAAALAC

V,D,J
coding flank

|
B Inversion l ' é

Post-cleavage
complex

Deletion l CNHEJ

J ' I

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 hon-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, poly and polA (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: a3 and yd 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 TCRB combined with a germline-encoded pre-TCRa (pTa) chain leading to a burst in
proliferation (B-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 CDS8 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 yOTCR and subsequent increase in proliferation (yd-selection). The majority of these cells

18



Introduction — T cell development — V(D)J recombination

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 yd and weaker signaling favoring the off linage [61]. Moreover, it was
shown that yd T cells can be redirected to the & linage by impairing their signaling capacity
[62]. DN T cells which prematurely express an a3 TCR have been described and exhibit high
similarity to yo T cells (phenotype and rapid effector responses) [59]. It is hypothesized that
these DN T cells (with y0 or af 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 «f3)
or lack thereof (mainly yd).

In the following sections, T cell(s) or TCR will, for simplicity, solely refer to ap 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 naive T cells proliferate and differentiate into effector T cells mediating the adaptive
immune response. However, productive activation of naive 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 a3 chains, the TCR complex consists of CD3 protein dimers
including ye, ¢ and ((, responsible for intracellular signal transmission [64].

APCs present antigens to T cells via MHC class | or Il 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 |l molecule can only be bound
with high avidity by a CD4+* T cell with a TCR with suitable &3 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/lle motifs separated by six to eight amino acids [65]. Antigen recognition by the
ap 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 (PKCB8), 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. lllumina 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. 200 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 lllumina sequencing, lon 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 lllumina and lon 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 lllumina 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 lllumina 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 a:3 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
CDR3is 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 « and B 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 TCR3 CDR3, the sequence of this region can be used

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

TRB locus on human 7q34

~52 TRBV 13 TRBJ
Germine L S
TRBJ 1.1-1.6 TRBJ 2.1 -

FR1 CDR1 FR2 CDR2 FR3 __CDRS3 FR4

PBMNCs > — I N

P/N P/N
240-285 bp
—
fw /—b W
—
PCR — a
l 1. PCR
306-351 bp
e T ———
fw _—p A rv
lz. PCR ~
362-407 bp
— I
& L]
S & & e
b&@ @(i}@ @d?@ fb‘oObb@Q@
@a) '\6 q’% %) @tz-
& oL oL 6‘\\0
\\\0 Q_e‘ Q_e‘ \\\\}

Figure 4. Scheme of V(D)J amplification from peripheral blood mononuclear cell (PBMNC)
DNA. Distribution of germline TRBV, 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
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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 ASCIl (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 alighed 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.nim.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 = Y7_,pilog,p;

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 it" clone and N = sum of all reads in the repertoire.
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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: 5A
(= 500pm)) from the peptide antigen is highest for the CDR3B 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 CDR3[ 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 naive 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 TCRf3

Each TCR is generated stochastically through the recombination of V, D and J gene
segments with a theoretical diversity of 106 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 20t 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 Teg 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 Tiegs 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 tTeg 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 Il 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
mMTECs 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 tT.eg lineage and tTrg 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 10 Tcon
phenotype was also confirmed by a study comparing Aire7-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 Tg cell lineage.

Overall, the shift in TCR signal strength allowing for more self-reactive Tcon t0 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 tT egs With
peripherally activated tTregs and newly generated Tcon With peripherally activated Teon 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 naive
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 naive 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 |
interferons, and IL-15), naive 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 aEB7, 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 naive
CD4+* T cells remain reduced at least up to 12 months resulting in a significantly altered
CD4/CDS8 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* naive 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 & 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 Trg 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-B),
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 Fcy-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

AlHAs 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 hame a few [186]. Autoantibodies
in ITP are most commonly directed against glycoprotein (Gp)llb-Illa, Gplb-IX, Gplb or Gpllla.
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/pL defines the condition of
neutropenia. However, in order to detect antibodies directed against human neutrophil-
specific antigens (HNA, located on Fcy receptor lllb) 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/uL [189].
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The dynamics of immamazging and the onset of mmunopasesis i healthy ndrviduals and @ncer
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needs further eluadation in bght of novel mmaunothe opies that hawe become standard of @re for
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many ehderly canoer petients. We wsed next-generation immunossquencing to swdy T oell receptor
{TCH) repertoie metrics on 3446 biood ssmples from healthy indrviduads and canosr patients produdng
a datemet with asound 88 million TCR reads. This analysis showed that deciine of T ool dvemity and
moeezse in T oell donality is 2 continuous process beginning in heatthy mdividusds over 0 years of age.
Unireated patient with both hemaiological and solid tumars showsed blood TOH reperioies with
significantly bower diversity and higher clonality 2 mompased 1o healthy individuzls across all decades.
Loz in T oell diversity was essentialy dewen by a ko in achness in aging healthy indrviduals, while in
cander paients a loss i repertoire evenness was Zn additional contrbuting fctor. Interestingly,
chemaothempy did not impair the regeneetion of blood TCH epertoire dive mity 1o pre-teeatment age-
spedfic bevels Sumprisingly, even patients ower the age of 70 years mosving highly T oell towic theopaes
mees tablished their pee-teeatment T cell diversity suggesting rebound thymic activity rather than neoms-
tqtf'ulmrl:hrp-ﬂq:l‘ﬂicq-lnmmlr Taken iDgether, these dats suggest that buman TCR
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meetncs gradually deteriomte in the aging indrsdual, but age-specific TOR meetrics ame e ioned

repertome
after T cell depleting therapy even in eldedy @noer patients.

Introdudcion

A decrease in immune fundiomn sawver time is thought to
explain increasing mtes of indechion, aoimmunity and can-
cer with age . T cells are tmnditionally mnnected with this
concepl, since the thymus that generates the nafve T cell
repertoite fmm bone marmw derived hematopaistic stem
cells undergoes a visible decline from child- to adulthood
This thymic invalufion is amaciated with a disorgantation of
the thymic tisse architecture, a decrease of the thymic stoma
and its replacement by adipose timue™ Due o this visible,
age-dependent decline, thymus- dependent T cd] recovery has
been asumed to be severely limited in adulis However, ape-
associated T cell immunoparesis is not anly restricted to
thymic imwlution sinee it also invalves aging of hematopaie-
tic stem cells, ymphoid progenitons and mature hmphocytes
in secondary lvmphoid omgans.”

T el raconstitution i a critical feature of the recovery of
the alaptive immune response and has two main omponenis
thymic maput of new T cells and paipheral homeostaic

expansion of prescisting T cells. To explore immmune r=periire
metrics over time, extmpokims fmm animal modek are not
ussful since - depie many immmoekigical princples being
shared acmss species - the size of the T =l system and the
lifsmn of typical animal models are fundbmentally different
from the human svstem.” Studies on mmunosging and
immune reconstitdion in humans gave inmnsistent resohs
partly dus to the we of methods that should be interpreted
with aution, such as T o4l receptor excision dincle (TEEC)
mezsurements.  In 2014, 2 next -peneration ssquencing {NGS)
study by Britanowa et 2l hos analymed an extensive s=t of 39
healthy individuals setfing the bendhmak for studis on age-
dependent TCR repertoire mmunadynarmics. As apposed b
previous shulies 1ming les precise tedmolegies, this gmoup
foumd a bnemr decresse of T cell diversity over time with
signifiant mdudion aledy apmrent at age 407
Unlike in the healthy population, it s stll 2 matter of
debate if cancer mtients are able o r=stor= 2 functional
TCR reperinire after cytotomic and novably ofien T el bosxdc
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therapy. In this compréhensive analysts of 346 TOR reper-
tvires we foond clear evidence for premahare immanoeging in
cancer patents indspendent of ther meatment. To oor sar-
prize, howevar, we foond that sven dderly patients ander-
going T cdl iomc dherapies largdy raoonstmoted their age
specific TCR repertoire argoing strongly in fawor of the
hppothesis that thymic cogpat may be reactvated driwen by
treatment indoced kpmph openia

Methods

Study approval

Irdormad corsent wes obined from ol patiens and heddhiy
donce (HI) for e aseod dhe i paripheral Blood (PE) as approved
by the athis commision Hamborg (Bdildommisson der
ArmsSamme Hamborg (ermany, projas momber Y47
The stody hasbeen perftrmiad in acoordan oo with ghe dedaration
of Hean ki of 1975

Patients and somples

We inclodad a cdhont of 218 cancer patients, 94 of whidh with
hematndogical cancers fhem(C), 124 with solid cancers &all)
and 95 headthy donors (HIY) as a reference cobort In all
inestgated age goaps (<30, 31 i 40, 41 to 50 51 @0 &0, &
o 70 and =70} we indoded a minimam of 3 indvidoals. The
analpes presanted in Figoes 5 and & inclode ten different
sobcohors: (i) matdhed patients according to age and tamor
tppe wiho were nnineaied or recsived dhemotherapy (labelsd 2

Sarmples from different age-matched patients”) (i) patents
wihi had pained samples taken prior to and after chemaoth enapy
(kbeled @ paired samplss from pre-post dhemotheraps™ L
Panents with bloand imvohement by gheir dissase were sxdodad
from the analysis Infarmaton on patient and sample chame-
teristics are sommaried in Sopplemersary Table 1

Multiplex PCR of T cell receptor betn (TRE) repertire for
iluming frgeded next-generation seguencing (NGS5

The reamanged THE recepinr sagoence contain ing he endre ¥
Dand | genesegments was amplifisd osing a miedprimer TRE
AR pondand a tooch-down POR protns ol from periphenal bbood
(PR o A Y T e covmese ot e PR e o s, ampdi-
s wene Ggged with Muomina adapiers and indices as pre-
vionly dmscribed '™ ® PORs were performed usng Phosion
HE 1T {Themo Fisher Stientific Inc, Germanyl Amgdicons
were porifisd afier agarose gd decamphorssis osing e
Moclenfpin® (o and PCR Clan-op kit (Macherey-Ragd,
{rermany ). Bsfore being sobjeciad o WNGE, the ooncentration
and guality of the amplioons/libranes was detemined mming
(robit @IAGEN, Germany) and Aglent 2100 Beoanabper
{ Agilen t tech nndogies, (rermarny), nagper tvey.

W uming next-generation seguencing (NGE

Wi% and de-mualoplexing was performed on an [omina Mitag
sagqoencer {SD-cpcle single indewed, paired-end ran). &nalesis
of the TRE boom was compeoted o8 ng he MidCH anabsi ool
Y212 oand Vaos'ST Bach  unigoe  comgplEmentarity-
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e ini ng reginn 3 ({TXA3) modandide ssqnence was defined
as one clone and all dones of one sampdefimepoint wene
defined a5 one TR reperinie. Only prodootive seqoenos
with a read comont > 2 were incindad in the anabpin

where £ i the nomber of speciesiclones {ridhnes) and pis the
proporton of each done within the reperfoire p = n/fh,
n = read ovont of each individoal clone and W = the som of
alll reads in ghe repeninire.

Zince the Zhammon indexr b o diversity messore ghat
weighs small and large dones relatively evenly, we plotied

Calarlgtion of reperivine me trics

Faor ghis work, a nomber of indices reflecting broad neapantaire

AT wWare med
The Zharmon index {H} & a commonly med measare of
dinersitg, ' which can be caloolied o folloes:

diversity oorves with alpha-modolited semitwry for the
relatively mare chones {alpha-paramster med diversity.'® As
@ inoreasss, high freqouency clomes are weighed more We
generaied diversity profile corves for @ = 0 to @ = 5, in
steps of 02 ming the B script kindly provided by
D W Gredff of University of Osbo, Instimie of (linioal
Medicne.

Bvenness s cabonlated fram H and Hao, fevennes = 21
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Generation probability calow ation

We imvestigatad ghe generation probab iy of the T cell dones
in oor paired patient samples befiore and afier chemofherapy
treutmeant nsing the 1ol algorthm ™ All wines are depicted
an @ sgoare ront scale for plotting porpeses. T el chones with
kow gereration probabiliy are presomed to b peripherad by
expandsd by antigen preware, whersas T cell dones achi bit-
ing ahigh generaton probability aconmolaie by random ¥{0H
[ recombination Thersfore a T cell repentaire, which has ssen

antigens over a lietdme & axpeced oo have a bower mean
generation probability compared to a newly formad T ool
mepentoire (ag after hpmphodepletn g chemaothemapy).

Data analysis

Analpes were carried oot and data pleifing was performed
wsing B fversion 3,447 and the package tch™ as well &
deraphPad Prism 7 {San Diego, CAL A P wioe of <005 was
comsiderad statien cally significant.

Data availability

The damasss gensrated for this stody @an be foond in e
Eoropean Wodeogde Archive (ENAL [D: PRIEE3450
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{hermn{} and 108 patients with solid momers (soll) was sob-  (Figore lac) This was expeastsd since these patisnts had
jected to peripheral blood T ol repernire profiling by MG infiliraiion of primary andior sscondary lypmphoid organs
and gheir T cdll gpaces were comparsd i 95 healthy indivi-  potentally i mpairing emigration of hemahopoietic pracorsors
dmals (HDYL To accoont for differences in the immone  to the $ymos andfor periphera T cdll enpansion. Yet akso
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uneated patents with solid malignances showed signifi-
candy maore donal {p = 0067) and k=s diverse (p < 0000
repertoines compansd dn gheir respective age-maiched sob-
groap of HDs (Figore 1hd). Taken mgether, HDs showed
mare diverse and more evenly distriboied periphenal bbond
TCHR repeminins as compared fo patients with hemaindogica

or solid cancers.

Age-dependent immune metrics in he althy indhiduals
and cancer patients
Patients and HD4 were binned in o age groops spanning &n

years ranging from bow 30 to over 70 wars ofage As roagh
extimates of age-dependent nepentaine matrics, T cell chonality
and divwersity were abmbssd (Figores 23 and 3a). In patienis
with cancer, ghe inoesss in reperinire clonality samed at
carlier age groops o comparsd o HDs (Figore Za). Mean
chonal space distritations shoveed that in Sderdy HDs ap toan
ageofel pars, small chones sl make op approcimatdy 15%

dttTmImuf&ttrqrrtdmfm:mdmﬂT::l
dones s neglaciabdes in cancer patients over 0 Ears of
{Figare 25 hhemlﬁp'eﬁndrpuﬂuheddia.'“hﬂlq
donars showed a dear contracton of gheir T celll nepeminires
with ingeaing age & indicted by the deoeassd dnersity,
begnning apprommaiely bepond age 40 {oorrelation coeffi-
cent B = 027, p « 0001, Figare 3ab). For patents with solid
aor hemambogical maligrancis a simiar age-dependent
dedine of T cdll repeninire was olbmerved, however,
at moch steeper slope {onrrelmion cnefficent solid cancer
R = 008 p = 003, hematologial cancer RS = 013,
pooo ol Figare %5 We dissecdted he single paramsters
of diversity (richnes and evennes) to better onderstand hiow
they acooant for the dadine in diversity over age (Figare 4
The decreased diversity in healhy agng appearsd i e most
explainad by a ke of richness since the reperinires saped
rdathely ewn over time (Figore 4ab) In the aging cancer
patient, hoveever, both bases in richness and svenness caon-
tritamted o the boss of T el diwersity (Figore 4. d)L
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Reconstitution of oge-spedfic T cell repertoire metrics
atter chematherapy

Nent, we investigated T cell mgenerathe potential afier dhe
mgherapy in patients with cancer and a madian age of &0 pars
In these patienis, dissae - and age-specific T ol repefaie differ.
encss were gready discemibl before teatment inination. We
inwestigaied @ onhont of canesr patens {predominantly with
soldid tomors) afier wrios tgpes of chemioth enapy and anim parsd
them with @ onrdnl ondent of dissa - and age- matdhed o trestsd
cancer patients {Figores 5a and @) Interestngly, there were no
significant differences hatween trested and onireated patients in
e of T cell nepentoie J ersity or diona bty {Figores Sa and &)
In addition, we wishad in awess repeninine changes throogh che-
masgherapy in individoad patents {paired sobcohont) ower time
This anakis - camisd oot in patients with chnonic bemgph oopic
bmolemia (CIL) receming flodarabine. or Denda roostine-based
therapy and in brain amor pafients Eosiving temoeobom ide-
based thempy - soggested ghat ghe T ol repesoire largedy reoos.
erdin the age spacific poe-tresment diversitpicbonality. sven in

eldedy patients andergoing T sl trockc trea meent { Figores 5 and
&al Oy in the flodarabine meaied cohort of haemainkogical
patentswith (1L a trend tosands higher clonalify after trestment
was reoogniizatde (Figare Sh) bot diversity measones remained
smie (Figne 55). Taking wgaher both ahony no draaic
dhanges in diversity (Figare 5cd) or donaliey (Figore &) were
ap parent after chemothe npy.

Rebound thymic octivity rather than peripheral T cell
expansion leads to reconstitution of the T cell repertoire
aiter chemothe ropy

Romperinire: owerlap anabmis in the twen cohonts (glioblasnma,
CL L with paired pre- and peoot-Sneatment Sloond samples shineed

alrmeest no clonal overlap wheraas conmral TCR reperinines of
HIs racorded oner several months to pears presented a dear
donal overlap ewen after years of re-sampling {Figare 7L This
anrmoborated oor swompeion that foll reonnseation of TCR
reperinire diversity and ewnness after highly hemamtoric

47



Publications and contributions — Immunoaging and Immune reconstitution

Hamdd gk Carer

Pl of shared danclepas

1] Bra

[ basdewre < hwrt sy [ after camrmoSusrap

Figure 7. T coll reperfore overkg n bl Sy Inddduds and pellend with cnoer pre and ol e Sy,
TC A rep sertdiree epveerl gz el x Brdraed on € CHS il e i v e o | g e Pl ooy - s e oo HI0 i = o5 ol et [y s o sl aan d o paineedd I s e
fn =15 ind herril palleng (0 = 12 nampn o and afer dhemathenay, s e Sl (DR - 0 mpermsen Bty defermining reglan 3

therapiss was doe to réwvand ghymic activity ragher ghan per
ipheral T ¢l expansion. To confirm this fonther, we sobjatad
these repeniondres to an algorigm, which calonketes the genena.
tthon enoibali lity fior each mesonm bined reosphor sequoen oe foond in
the prododive repentaire. Since TCR repesoines shaped ower
time by danal peripheral expansion aontin bigher nombers of
chones with bower generation probabilities Selasted by specific
antigens), we hypothesiced that reboond thpmic ompot after
chematherapy may kead i repermnires shifted tonsards chones
with higher generation probabilites. (renerally, we oboerved
lower generation probabilities in T ol of onmeated cancer
patents as comparad to headéhy sobpoy pointing @ maone
peripheml sppamsion of clones in fe @nos  patents
Mareower, in line with oor hypothesis, we obserned a clar
shift (hemi® p = L3 =15 sl p < 22F =) towards an

increased madian generaton probability over the meament
interval in the cancer patent cobors (Figore &) This data

saggested that hemasotone chemotherapies aadicate T ol
dones in the periphery fnllwesd by nepeninine necomnstibotion

g rovagh retwvn nd thymic oogp ot

[ERL LA

Age-. dissase. and meatment-aeociaed impairment of T cdl
immmmnity in cancer patbents b clinical by relevant as it deter.
mines sosceptibility o infection {especially viral neaofivetons
and opporbonistc infectons) as well as anti-tomar immone
comtral It may alen Be o relevant facwor that inflosnces
regparse i immone-adivating antibodies that have bacome
ane of the mainsays of spsemic cancer meatment over the
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past years. WS immoanceagoencng is an advanced tachnal-
oy far T cell repertoire matrics anaysis with the potenta o
precisdy asses repertoine dhanges in immmnoaging, Canoer-
asendaied | MMOnOSOPPTESSiOn Or post-regment i
reconstimion [t allvws simolaneons identification of e
of thoosands o millions of T cdl recepior (TCR) rearrangs-
meens from a single tiene mmple. Indis wap this techmo kgy
makes it posible i characerize knge repentoines in depeh
and & high throoghpot, &0 maonitar reperinires over Gme and
to imegrate al information o der e qoanttaiive and reliable
repentnine metris soch as clonality and diversity indices or
chonall space distritvotion.

Heere, we repont the: first stody applying this approadh anan
mnprecedented nomber of peripheral blood samples derivad

frim dhe o therap p-traated and ontreated patients with solid
and heraindogicad malignancis o wel o haltiy aonirol
subjects. The MGE data deposiied with this manmeoript may
sene as the so far most aotensive poblically accessibde dafa-
Base on T cdl immune repentoines and may be exploited by
the scentific commuonity for forter analyzes Bioinformatic

analpes presented in this mamsoipt may be condensed to
three sssential findings: i) the T o4l space qualitatnely d=te.
riaraies with age & evidenced by koss of diversity and increas-
ing domality, i) the age-dependent impairment in T cdl
mesTis 5 more pronoanasd in patienss with cancer ghan in
healthy sobjact and Wi} age-spacific repentaine matrics can be
folly restored after Bpmphotowic treatment even in elderdy
patents with cancer. These findings open op intereting new
perTspaciives of immonsaging, carcinogenesis and immone
reconstitoson in cancer paliens & wdl as dhey may infloence
the way we think aboot restment algorithms of mmon ok
giaal and cpoin e ancer treament (One sssential aspedt of
this {which b in conrast oo previcosly poblished wao )i
or MGE data soggest there i a sign ificant annribotan by the
thyma to immuone recngioton afer T cdl towke dhe
mndherapy in adols, aven in the age groap above 70 pEars
The foll recovery of T cell disersity after reaiment in this age
groap was rather onexpecied and - while acknowled g ng that
this data does not allw to drw any conclhosions aboot
immanoky@eal memory - it soggests tha we may not have
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fear draste and oncompensated dwersity boases ghirongh
therapy that weald end the soccess of sobsequent

administeres] immune-stimokating antihodies in the elderly
popalaton

Maoreower, we were surprisaed to sae claaroot signs of pre-

mahare immandeging in teament-naive cancer patents Of
note, the annsiderably impaired diversity and donality indioes
in cancer patien s wene n ot @ onn fand ing ekt of infilnation of
lymphatic organs with sobssquent displ acement of henphaopoi-
edls since akwo patient with solid tamars withoot infilmaton of
Ty hatic oirgan s shioneed. ghe s me imp airment_ £ lonality i snot
the commierpart of diversityin that incresses in chonality do not
necesmrily redoce the overal diwemity of the repemnire.
Therednre, while inoeased blond T cdl donality in patens
with cancer may simply reflaz angping ant famor immaone
respongss, the signifiandy bwer age-adjosted dnersity in
these T coll repertaires may alen point tn pre-existing T o=l
reperinire defecs that conld Be seen not anly as o consegqoen e,
batabo @ a potential basis fworing carcinogen asis.

As TCR ssquencing baromes more and mare available o

the sdentific community and a growing mamber of ressanch
questions in the field of aotaimman iy, vacdinaton and infac-
tion are addressed, aor data may add a new levd of svidence
for age-specific bisses in TCH repennires. Stodies on T cell
repertoires need in e aware of ghese biases described in oar
stody and therefore need o rigorously work with age.
magched oo harts.

Taken mgether, oor work gives valoable insight inmo

immunoaging in health and dissase and provides a reference
NiGE dataset of TC R nepenioires aoross all age groups gat may
sene the sclentific commuanity for forore sodis
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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.

| contributed to the DNA extraction of PBMNC samples as well as TRB PCRs and NGS library
preparation. Furthermore, | 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. | 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, | performed data analyses
using established R scripts and R scripts that | wrote myself. Finally, in close collaboration
with my supervisor Mascha Binder, | interpreted the results and contributed to the first

draft of the manuscript as well as all revisions made until final publication.

Prof. Dr. med. Mascha Binder
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Cell Clusters in Patients With
Autoimmune Cytopenias

Donjete Simnica’, Simon Schifffve”, Christoph SchultheiB ', Nicola Bonzanni®,

Lorenzo F. Fanchi®, Nuray Akyoz®, Barbara Gosch®, Christian Casar*®, Banjamin Thisls”,
Janina Schigter®, Ansgar W Lohse* and Mascha Binder

* Dggrimont o Intarnal Madicine IV, Oncology and Hamatokge, MartinLuter-Urivarsise Hale Wittonberg, Hals, Germanyg
* Dgpavimens of Onooiogy and Homatoiagy, BT With Semton Procmology, Unversiy Cancar Canfor Hambaurg, Linfearsity
Madioal Conter Hamixng-Eppendor [LKE), Hamburg, Garmarny, P ENIICOM BLY, s-Horfogenbosch, Mafodand,

* Dgparimant of Gastmorieringy With Soofine Inbotious and Topioal Dasss, Unforsty Modina) Contor
Hamburg-Eppandr [UKE), Hambung, Gormany, * Bisinformsios Cors, Liniversity Modicsl Canter Hamburg-Enpondorf
(LWE], Hamborg, Garmany

Autoimmune cytopanias (AC) such as immuma thrombocytopenia or autcimmune
hemolyiic anemia are cleimed to be essantily driven by a dysregulsted immune
system. Using next-generation immunosequancing we profled 58T and B cel
reperioires (TRE and IGH) of 25 newly diagnosad patients with primary or sacondary
{ymphoma-associated) AIC fo test the hypothesis if thesa petienis present a
diseass-spacific immunclogical signature that could reveal pathophysiclogical clues and
evantually ba exploited as blood-based biomarker. Globa TRE and IGH repertoire
metncs as wall as VW gene usage disfribution showed uniform charactaristics for al
hmphoma patients (high donality and preferential usage of specific TREV- and TREJ
genes), but no AIC-specific signature. Sinca T cellimmune reactions toward antigens are
unigua and polyclonal, we clustered TCRE clones in-siico based on farget recognition
using the GLIPH {grouping of kmphocyte intaractions by paratope hotspots) algorthm.
This analysis revealed a considerable lack of physickogical T cel clusters in patienis
with primary AlC. Interastingly, this signature did not discrimnate batwesan the differant
subentities of AIC and was also found inan independent cohort of 23 patients with active
autoimmuna hepatitis. Taken together, our data suggests that the identified T call clustar
signature could represant a blood biomarker of autoimmune conditions in genaral and
should be functionally validated in future studies.

Keyacrds: sutcimmunsty, 8K, CLL, GLIPH, immuncesquancing, NGS, bicmarkar

INTRODUCTION

Autoimmune ctopenias (AIC) mainly comprise autoimmune hemolytic anemia (AIHA) immune
thrombocytopenia (ITP), and autdmmune nestropenia (AIN). These disorders are droven by
immune mediated destruction of mature hematopoietic cells in the periphery. Additionally,
in rare cases AIC can be due to an immune mediated maturation defect in an otherwise
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mormal bome marrow mamifecting as pure red cell aplasia (PRCA)
or acguired amegakaryocytic thrombocptopenda (AATF). The
dclinical comree of AIC is highly diverse, ranging from subcinical
presentation with abnormal laboratory Gndiegs b severe
anemia, bleeding, or indection {1-3). Whils in some ases a
chinical trigger canmot be identified, a considerable fraction
of cases presents as seoondary diseases im the comtext of
an undedying malignancy {eg, Non-Hodgldn's Lymphoma,
NHL} or systemic autcimmune disease Patients with chromic
lymphiocytic leukemia (CLL) have an especially high risk
of developing AIC which = commonmly atirbuted o their
dysregulated immome system (i), The risk im CLL is reported
to be higher in patients with adverse cylogenetics, ummutated
IGHY of the maligrant CLL done and specific sterectyped B
cell recepior configurations (5-10). Classical AN cases rarely
rquuml:d:.gu.nd:cch.llen.ﬁ:fnrﬂ::hﬂn:tnlnpﬂ,hmﬂlc
diagnosis may also be more inirncte eg, in @ses showing
overlapping patterms of immune reactivity with preoemsor and
matare blood cells (11-15). When diagmosed, most cases of
AlC—whether primary or secondary—are primarily treated
with stercids (17). Zeromd line treatments are much less
defined, induoding other immunomedulatory drugs. growth
factor recepior agonists, or splenectomy (18-30). Despite the
plarality of therapealic options, the rate of durble remissions
is rather umsaticfactory to date (3). Moreover, refiable response
predictive hiomarkers are boking

Propoeed mechanises underying A1C are: () Breakdown
of central and'or peripheral tolerance remlting in T cell and
aulvantibody prododion agins precamsor and mature hlood
cells, (i) complement-dependent cptotoxicity (CDIC) of these
aulvanbibodies causing blood cdl dearance by macophages in
the reticoloemdothelial system in splean and Fer, (i) cellalar
crtoloxicity mediated by CD8+ T cells and natwral killer
oells {13, 71-33).

[n order to grin new msights inlo the pathogeness of A1C
and identify signatures of autoreactive immume reperinires that
could podentially be used in the diagnosis andfor follow-up
of these patients, we used sate-cf.the-arl Immurnossquencng
techmology. This let us dissect compesition, dynamics and
diversity of the T and B cell imemne repertoire in a cobort of 25
patients with primary and AIC with: available follow-
up binsamples. We found blood T cell signatwre in AIC patients
comsisting in a bk of physiclegical T cell custers, which we
confirmed in a different autoimemne cohort of 23 pabients with
active aulnimmmne hepatitic (ATH). Foire stodies will need (o
define the functional role of these dusters.

MATERIALS AND METHODS
Study Approval

Informed comsemt was obtained from all patients and healtiy
donors (HO) for the mse of their peripheral blood (PE) as
q:l'p-mmibﬂhulhnfnmmuml-]mhu‘gl}ﬂ:&k_nmumn

meer Hamibrg, Germany, project numbers FY 4767
md.F'l-'dIH]] The study has been performed in aooondance with
the dedaration of Helsinki of 1975,

Patient PE mmples were colleded between July 3002 and
Septemnber 2018 The coborl comprised 25 patients with &JC.
The diagnosis and response asssscment was based on the criteria
reporied previously in the goidelines of the American Socety
of Hematology. [n Ene with the disiribution pattern of A5C,
our cohort consisted essentially of patients with ITP {m = 12]
and ATHA (n = &), while cnly few patients had AN, PREA,
or AATF (Table 1). Beven of our patients had primary AIC,
uﬂ:ltmﬁmuhdmnﬁnhmﬂhmmdmg
ﬂLM:rdEmMmuﬂmhmuFHm{sc-F
HD {MeanMedian Age: 56/5% years, 22 female], 14 mmples
from mnirezied patients with CLL without AIC {Mean/iedian
Age 65963 years, 5 fenale) and 23PH samples of patients
with active antcimemne hepatitis (ATH)} were wsed (Table 1,
Supplementary Table 1)

Multiplex PCR for T Cell Raceptor Bata
(TRB) and Immunoglobulin Heavy Chain
(IGH) Repertoire Amplification for lllumina
Targetaed Next-Generation Saquencing
(NGS)

The TRE and I{GH genes contiming the estire ¥, I, amd T
gene ssgmenis were amplified with TRE-A and -8B and IGH
primer poals, respectively, foom 250 ng PR genomic DMA, which
coresponds Lo ~+37,500 gemome equivalents (24). Compared
o oor previousdy publiched prodocol, the TRE PCH assay was
refined by nsing a inuch-down PCR protocnl and a evived primer
TRE-A'S tuhe Im two consecotive PUR reactions amplionns
were tagged with [llumica adaplers and indices as previously
described {25, 26). PCRs were performed using Phmsion HS
[ (Thermo Fisher Scentific [nc, Germany). Amplicoss wers
purified after agarose gel slectrophorasis using the MucleSpin™
Gl and PCR Chean-np kit (Macherey-Kagel, Germany). Before
being subjected in NGS the oocentmtion and quoality of the
ampliconsfbares was determined wsmg Cubit (QLAGEN,
(zrmany} and Agllent 2100 Eicamalyzer (Agilent techmologies,

lllumina Mext-Ganeration Sequencing
[NGS) and Data Analysis

M and de-mmltiplexing was pedormed on an [Thimina MiSeq
sequencer {&00-cyde Sngle indexed, paired-2nd ren). Analyss
of the THH and IGH looos was compubed using the MiTCH
analysis I.n-ul versions 20112 and 306, respectively {27, 22)
Aj the shep the defanlt MiKCR library was usad for
TRE sequences and the external IMGT library v3 (29) was usad
for MGH sequences. Fach uniqoe complementarity-determining
regioa 3 (COR3) nudeotide saquence was defined as one done.
Unly produodive segoences with a read comnt =2 were includad
i the analysis. Analyses were caried oot and data plotting was
periormed using B (version 3.44) (30 and packages tidyverss
(21], iR [22], aded (33], as well 2= GraphPad Prism 7 (Sam Chiegp,
CAL A Poalue of = 0.05 was considered statistically sigmificant.
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Calculation of Repertoire Metrics

We plotted diversity ourves with alpha-modulated sensitivity
[alipha-parameterized divemsity (34)] o modd scenarins where
the relabvely rare diones are weighed ditferentially as opposed
bo single diversity measures (see below) that have a defined
sensitivity for dones in the reperiire. Chversity profiles of ech
cohort were caloelated using the following equation:

n =
D ) - (LA

As a increases, high frequency dones are weighed more. We
gemeraied diversity profile.ourves for @ = 080 @= 5, insteps of0.2
usmng the B script kindly provided by D V. Greiff of University
of (slo, Institute of Clinical Medicne. Two special cases of alpha
are Shaemon index (2 = 1) and the Stmpsonk index (o = 2 -
highdighted by gray bars in Figure 1

The Shannon index (H) is 2 commonly msed measare of
diversity {18}, which cam be caloulated as follows:

E
H= 3} mlogp
=1

Where, 5 is the sumbeer of spacies/clones {richmes) and p is the
proportion of each done within the repertoire. f = o, n = read
count of each individnal dome and N = the som of all reads in
Evemness is cloulated from H and Hmax (evennes =
HiHmax) with Hmax being the maximal possible value of H, if
every done im the repertoire was present at the same freqoency.
The Simpson imdex ([} (35} i= another measore wsed o
quantify biological diversity in a given sample and is cloolated

= follow:
l :
D ¥ iz

where n is the read coust of mach individual dome and W = the
sum of all reads im the repertoires.,

Calculation of Physio-Chemical Properties
of IGH Data

The grand average of hydropathy index [GRAYY (35)] was
calmbated using ERepertnire (37). AD GRAVY imdices wers
ordered in ascending fashion for sach onhort. respertively, and
plotted against the cummlative relative frequency of each COR3
amimo acd sequemce (1/total number of dones withim cohoet).

PCA of Combinatorial VJ Usage

The combinatorial ¥V usage was clmdated using the gene nxage
funchion of the B padage (32). The dodipa foncticm of
the aded package (33) tmosformed the freqoencies of each
¥! combinatice (n = &50) within two cohoris fested to
princpal components bo find linear assodation of different ¥T
combinations, that sepamie different individuals correspoading
i different disease staies.

In silico GLIPH (Grouping of Lymphocyte
Interactions by Paratope Hotspots)

We applied the GLIPH algorithm on our NGS generated AIC,
HO, C11, and AIH TRE datasst as descmibed slsewhers (32)
Eriefly, we analyzed the follewing s=is of MGEE TRE data maiched
by age and read depth: primary AN vs. HID, secondary AN ws.
CLL and active AIH vs. HD. Each duster basically represents
2 consepsns sequence of the COB3 amino acd sequences i
coemists of. The majority of dusters found in each of the scemarios
were shared between the respective coboris analyzed. In order
o compare the differences of “choster swe” we calmilated the
Loga fold-change of the mean CDR3 amino add frequency. Loga
fold-change for dosters which were present exclusively in one
cohort were set o artificial Loy valoes for plotting purposes. We
usad the Wilcowon -rask test io Lest if the mean frequenicies wers
different between cohorts & Povaloe of <005 was comsidersd

statistically significant

RESULTS

Immunosequencing of AIC Patients and
Control Cohorts

We asked il patients with AN showed 2 dissase -specific immumne
signature of their PH T and B cells and if this potential cigeatare
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was assocated with responss in immunomodolaony treatment.
Therefore, we performed TRE and IGH NGS on 25 AIC patients
with active disease and on 34 follow-op samples in the course
of immunomaduladnry treatment. As a contmol group, we nsed
25 age-matched HD for the primary AN cohert and 14 age-
matched patiemts with CLL for the secomdary AIC oohort. We
incleded an indspendent cobort of 23 pabents with adive AIH
& combrod cohort for the GLIPH amalysic The median number
of distinct TRE and IGH donotypes per sample was 2,350 and
L3=2, respectively. The samples were sequenced with a mesdian
sequencing depth of 51 575 reads per mmple for TRE NS
(total of 7.7 millios reads) and 26 915 for JGH NGS (ot of
L5 milliom reads), overview of sequencing results is shown in

Sapplementary Table 2.

Broad Repertoire Metrics Analysis

Simce donal expamsion amd diversity represemt important
indicalors for ongring immune resposses, we analyzed measures
of T and B cell reperinire diversity and evenmess in owr
AIC cases—hefore and oo immunomodolainry treatment—as
well az in age-matched healthy and CLL costrol cases. We
gemeraied diversity peofile orrves as described in the methods
section bo show the whole diversity spactrum of the reperioires.
Gemerally, high diversity somples present higher y-values for

each given alpha We found that patients with primary ANC
and healthy costrol cases had a more diverss PR TRE repertoine
compared bo patients with ssoomdary AIC or the respective
CLL control cases This was reflacted by a higher repertoire
richness (21 alpha = 0) a5 well 2= diversity profiles which owerall
ram 2t a higher level in primary AIC amd healthy controls
(Figare 14). Moreover, the relatively balanced distribution of
small, medinm, large and hyperexpanded dones within the T cell
doeal space of primary AIC and healthy controls confirmed the
significanily more even reperinires in these imdividuals compared
i secondary ANC amd CLL comtrol cases (Figares 1H,C).
Orverall, the TRE repertoire shifts mosly reflected a hmphoma
bias and did not appear to be associated with antoimmunity
(Figares LA-C)

TGH repertodre anahysis was only feasile for patients with
primary AIC and healthy costrol cases since the repertoines of
the secomdary AIC and CLL onhorts were bargely bizsed toward
the malignant E cell done Mean PR IGH reperinire diversity
of patients with primary AN was numerically higher than in
healtdy control ses, however mot :lgnl.ﬁ.:.ulhl:ﬁg:m: 11¥). The
E cell donal space distribution and evenness as well a5 CDE3
length distnbotion and hydmophobicty properties of primary
A1C were compamble to healthy costrols (Figares 1EF and
Supplementary Figure 1)
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¥J Usage of Peripheral Blood T and B Cells
in Patients With AIC

While global repertoire metrics appeared to poind mther oward
bymphoma biased repertnire differences betwesn pabients with
primary or secondary AIC compared bo respective combrol
cohorts, we set out o screen all immume repertoires for
the presence of individml expamded T and B cell receplor
configuratioes present in patests with active AIC. Therefone,
the combimainmial ¥ gene usage of the T and B cell r=perinire

for patients with primary and secondary AIC and respective
ooatrl groaps were subjected to prindpal component amalyses
(Figare 2). Primary AIC cases dusiered iogether with the
healthry cohoet, syggesting no specific TRE ¥T usage signatuare
(Figare 24). TRE ¥] gene combinations were deardy biased in
patients with lymphoma ws. all other cobors (Figores 28-[)).
Some of the major biases in reperinire distributions of rephoma
patients onnsisted in a preferential usage of TRAV?, TRAYS and
TREVP2-3 genes (Figures 2EFl. Abo [GH VT ousage did mod
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maligeant [GH dome in these repartnines. & CIDE3 amino add seqoemces  shared betwesn

. il least three individuaks (Figpare3A) Maoy of these
l::lu_a.'tm-rq;n-fT-E_:qlls'ﬂiﬂlﬂmnnm domes were shared by differest cohorts and some of
Antigen Recognition these represented kmown public clomes that had been

Mext, we mined all repertoires for shared T cell  previously annotated in public datshases (Sequences in
recepior sequences characteristic for AN in  gemeral  Supplementary Table 3). As expecied, ussopervised hierarchical
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dustering of the shared dosotypes did mot reveal amy
biases (Figare 3B).

Since T cell immune reactioes toward aoligess are
umigue and polpdonal we duostered TCRE dones based on
target recogmition usimg GLIPH [gromping of hmphooyie
interactions by paratope hotspols) to identify  dizease.
specfic duoslers involved in the pathogemesis of AIC
Primary AIC and HDs were anabyzed together, and &57
clusters present in at least three individuals were fomnd
(Figare 4A). We identifisd dusters that were sigmificantly
overrepresented in HIDs indicating that thess were physicological
TEE dusters (Figare 44, marked with red asterisks). The
sumbers of dusters exchosively found in AIC or HD were
I7 w= 51, respectively, suggesting that patienls with an
aloimemne condibon bk physiclogical T cell dosters
compared to HIDs (Figare 44 black-rimmed, Sequences in
Supplementary Table 4].

To coafirm our finding, we performed the T cell dustering
analysis oo an independent group of pabients with active
aulvimemne hepatitis (ATH) usng the T cell reperioires of
23 age- and sex-matched HDs as a referemce. The analyss
revealed 19 clusters that were present in at beast 3 individuals
(Figare 41). Strikingly, and amalogous to the analysis in primary
AIC, HI) presented almost a 3-fold higher number of exclusive
TRE clusters than AIH (Figare 4B, black-rimmed, Sequences in
Sapplementary Table 41

This sigeatureof “physiological TRE duster bok” was not seen
when comparing patients with secondary AIC to patients with

CLL {Figare 5, indicating a high similarity of thess repertoires

DISCUSSION

Aminimmune cyiopenias (AIC) are drivem by dysregulated
immuee ipderactions resolting in the prododSon of Blood
cell andfor precursor cell directed autoastibodies and T cells.
Pathophysiclogically thess conditions are complex and it remains
unclear to what extant cerlxin immune abmormalilies are
nu.ul:rl.': in disease pathogenesic or epiphemomena in the
proceses Ao, iniliating and perpetmbing faciors
im these diseases are insnificiently understood 1o date.
Immunpsequencing has opemed up new avemmes for in-depth
amalysis of immume repertoires in mioimmane oaditions (35).
We nead this tedhinology to study periphieral blood T and B =il
reperinires in a cohoet of 25 pabients with active AIC and in
the course of treatment. We found that baseline IGH and TRE
immume melrics such as diversty measores 2 well a5 ¥T geme
usage are not informative in discriminating cases with primary
&1C from healthy controls or patients with secondary ARC from
CLL patients {40, 41). Yet, in individml patients that responded
o treatment, we ohserved inoreases im repertoire diversity and
evenness reflacting the: replacement of preexisting by novwel small
doees upoa immumomadalation (22, €2). 4s expected, we found
2 dear ymphoma sigmatare onesisting in a highly moatracted T
cell reperinire and prefersntial TRE ¥T gene umge in sacondary
&1C and CLL comtrols compatible with previcos reports (63).
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The clustering of ouwr THE data inte groups of T cell
dlones with presnmably identical antigen recogmition revealed a
significant back or wnderrepresentation of several TRE duosters
found physiologically in healthy individuals compared bo cses
with AIC. This suggests that the back of certain T cell dusters—
potentially of iolermgenic nature—oold be iovolved in the
pathogenesis of these antoimemne disorders. The fumctional
properties of these T cell dusters, however, nesd o be
confirmed in fiture experiments in ocder to shed further
light om the pathophysiology of AIC or other aoioimmune
conditions. Interestingly, only patients with primary AN coold
be differentiated from healthy oomtrols by nse of the dusienng
algorithm while the secondary cases were overall very similar
to the lymphoma oohort This suggested that the sirosg
lymphoma -associated signature superimposed potential A1C- or

Fulnimemnity-specific changes.
Since our immmne signature of ADC was wery comsistenl

across the differsnt AIC sobentities, we reasomed that this
immune configoration should be permissive fior the development
of immunologiclly-mediated oviopenias in general, withount
being lineage-specific Als dimically, patients may deveop
combimed ITP and AIHA (Ewan’s syndrome), suggesling
common  immmnological grounds that may fadlitate the
development and persistence of auboreactive immmne col dones
directed agminst ome or more blood limeages or even hlood
precursor celle Autoimmueity in gemerad is assumed to ariss
when mechanisms conferring immmne iolerance break down
(44} and the paradox amocabion of apimmuone disnrders
with immune deficiency and infectioes (4.5) imphes underiying
common Bcbors or imemne signatores, that oontrbute o
alleralions in immune response that could result in completely
different anicimmane condibons. Witk this 1n mizd, we tested
if the lack of physiclogical T cell dusiers hodds true for other
anivimemne conditions as well, where the immusological attack
is direcied against nos-blood cell anbigens. [ntrigeingly. we
confirmed oar findings in patients with A1H, an aolimmune
condition with an often chromic T cell direded immone
response against hepatic antigens. This finding cormoborates
the idea of an autoimmuee specific T cell signature spanning
Taken together, our dala soggests an

sigmatere of antoimmunity that may be derived from a simple
in-sifice approach nesds further cormobomation especially to
folly onderstand the foncliomal rele of the dustes MAs a
fohure perspective we propose that this dgeatare should be
prospectively stndied in dimical trials
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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.

| 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, | 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, | conducted different analyses of the immune
repertoire using R Studio. Through literature review, | 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 | 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 (& or yd) 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 ahalyzed 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 VB and Va-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 naive 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 malighancy 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,
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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*
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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

malignhant 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,

| 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 (~10uL blood) with a false positive and false negative rate
of <106 [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
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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 Trw
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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 (TRECs!) 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. Naive
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 AlC exclusive clusters (n=17). We
could verify this finding in an independent cohort of patients with active AlH, where the
number of HD exclusive clusters was also approximately 3-times higher than that of AlH
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 Tiegs 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
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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, | 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 (0GEN). Using mathematical

models, Elhanati and colleagues estimated the degree of publicness of TCR sequences

78



Discussion — Overcoming Limitations and Outlook

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

AlH - 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 ymphoma 2

C

CD - cluster of differentiation

CDNi - cluster of differentiation, highly expressed
CDl - 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

IAN -immune-associated nucleotide-binding protein

ICB - immune checkpoint blockade

18G/1gM - immunoglobulin G/M

IOR - 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

LTBR - lymphotoxin-p 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 Kkiller T cell
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0]

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

PKCB6 - protein kinase C theta

pMHC - peptide-MHC complex

polu/polA - polymerase p/A

PRCA - pure red cell aplasia

pTa - germline-encoded pre-TCR«

PTK - protein tyrosine kinases

R

57-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-B - 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(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

Attachement

Primer Sequence
VH1-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCTCAGTGAAGGTCTCCTGCAAG
VH2-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCTGGTCCTACGCTGGTGAAACCC
» VH3-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGGGGGGTCCCTGAGACTCTCCTG
3o & [VH4AFRI_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTCGGAGACCCTGTCCCTCACCTG
Qs % [VH5FRI_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGGGAGTCTCTGAAGATCTCCTGT
T < “ [VH6-FR1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGCAGACCCTCTCACTCACCTGTG
) z
2 | JH-consensus_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTGAGGAGACGGTGACC
[T
VB2_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACTATGTTTTGGTATCGTCA
VB4_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAtGATGTTCTGGTACCGTCAGCA
VB5/1_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTGTGTCCTGGTACCAACAG
VB6a/11_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCCTTTATTGGTACCGACA
VB6b/25_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTATCCCTTTaTTGGTACCEACAG
VB6C_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCCTTTATTGGTATCAACAG
VB7_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCTATGTATTGGTACAAGCA
VB8a_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTCCCTTTTCTGGTACAGACAGAC
VBO_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCTATGTATTGGTATAAACAG
2 [VB10_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTATGTTTACTGGTATCGTAAGAAGC
o [VBILFW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAAAATGTACTGGTATCAACAA
< [VB12a/3/13a/15_FW | ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACATGTACTGGTATCGACAAGAC
& [VB13b_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCATGTACTGGTATAGACAAG
2 [VB13c/120/14_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTATATGTCCTGGTATCGACAAGA
VB16_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAAtCTTTATTGGTATCGACGTGT
» VB17_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCATGTACTGGTACCGACA
3 VB18_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCATGTTTACTGGTATCGGCAG
o8® VB19_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTtTGTTTATTGGTATCAACAGAATCA
m 3 < VB21_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCCTTTACTGGTACCGGCAG
o~ VB20_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACCTATACTGGTACCGACA
= VB22_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACTTCTATTGGTACAGACAAATCT
VB23/8b_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCACtGTCTACTGGTACCAGCA
VB24_FW ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCATGTACTGGTACCAGCA
JBLI_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTACAACTGTGAGTCTGGTG
JBL.2_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTACAACGGTTAACCTGGTC
JBL.3_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCACCTACAACAGTGAGCCAACTT
JBLA_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATACCCAAGACAGAGAGCTGGGTTC
> [JBL5_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCTAGGATGGAGAGTCGAGTC
© [JBL6_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATACCTGTCACAGTGAGCCTG
S [JB22_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTACCCAGTACGGTCAGCCT
& [JB2.6_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCACCCAGCACGGTCAGCCT
= [JB2.7_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCACCTGTGACCGTGAGCCTG
JB2.1_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTTCTTACCTAGCACGGTGA
JB2.3_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCGCTTACCGAGCACTGTCA
JB2.4_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCAGCTTACCCAGCACTGAGA
JB2.5_RV TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCCCGCGCTCACCGAGCACCA
E Barcode_FW AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC
2nd PCR °
(outer) >
Q | Barcode_RV CAAGCAGAAGACGGCATACGAGATAATCTTAGTGACTGGAGTTCAGACGTGTG

The primer sequences are colour coded to indicate annealing part on IGH (FR1 primer
pool) or TRB (TCRB-A and -B pools) loci according to [83] (black; red letters indicate
nucleotide changes compared to [83]), lllumina adapter sequencing primer sequence
(green), lllumina adapter flow cell attachment sequence (blue) and barcode sequence
(bordaux). fw, forward; rv, reverse. Adapted from [84, 85].
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