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Abstract 

The human immune system protects the body from infective microorganisms 
as well as from genetically altered self-cells that can develop to cancer. 
Meanwhile, the immune system needs to remain unreactive towards healthy 
tissues of self to prevent the development of autoimmune diseases such as 
type 1 diabetes. 
 
The immune system is divided into innate and adaptive immunity. The 
function of the innate immunity is based on the recognition of general 
properties of different pathogens and the sensing of tissue damage. Innate 
responses rise rapidly and remain unchanged with repeated encounters with 
the same pathogens. In contrast, the adaptive immunity uses special antigen 
receptors to recognize specific structures of pathogens. It also helps the 
other immune cells to mount qualitatively appropriate responses. Upon the 
first encounter with a pathogen the cells of the adaptive immunity are naive, 
and the adaptive responses develop slowly but some cells form memory cells 
that mount responses rapidly at the re-encounter with the same pathogen. 
The adaptive immune system consists of T cells and B cells. This thesis 
addresses T-cell diversity focusing on their antigen receptors, i.e. T-cell 
receptors (TCR), as well as on the characteristics of the memory T-cell 
subsets. 
 
T cells develop in the thymus, where each T cell assembles its unique TCR 
from TCRα and TCRβ chains or from TCRγ and TCRδ chains that are generated 
with random recombination of receptor gene segments. In theory the 
potential TCR repertoire diversity generated with TCR recombination reaches 
1015–1020 unique TCRs. In this thesis we sequenced TCRα and TCRβ 
repertoires in human thymus samples obtaining on average 3.7 million 
unique TCRα and 10.3 million unique TCRβ chains in one individual. We used 
mathematical diversity estimators that suggested the total thymic TCR 
diversity to be 60–100 million unique TCRα chains and 40–60 million unique 
TCRβ chains. Considering the vast diversity of TCRs, it is very unlikely to 
detect identical TCR chains in multiple individuals. However, analysis of 
repertoire overlaps between different individuals showed that on average 
47% of TCRα chains and 6% of TCRβ chains are shared between individuals. 
A pair of monozygotic twins was included in our thymus samples allowing us 
to estimate the genetic input in the generation of TCR repertoires. The 
influence of the genetic background in the generation of the TCR repertoire 
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was the clearest in the recombination itself but the genetic signal decreased 
at the later stages of T-cell development. 
 
To identify the potential antigenic targets of TCR chains that were abundantly 
produced in the thymus, we compared the thymic TCR repertoires and TCRs 
with well-defined antigenic targets described in the literature. Surprisingly, 
the thymus produced more abundantly TCRα chains that were associated 
with the recognition of pancreatic islet antigens and with the pathogenesis 
of type 1 diabetes than TCRα chains associated with recognition of human 
immunodeficiency virus (HIV) antigens. These abundantly produced TCRα 
chains recognizing self-tissues could potentially be exploited in the 
development of interventions to prevent type 1 diabetes or even other 
autoimmune diseases. 
 
Besides the individual TCRs the T-cell diversity is manifested in the functional 
T-cell subsets. Understanding their heterogeneity is indispensable in 
developing medical treatments that target T cells. The majority of research 
with human immune cells relies on blood samples, though the circulation 
merely represents a route of transit for T cells and most of them reside in 
tissues. In this thesis we used flow cytometry to analyze naive T cells and 
different memory T-cell subsets in blood, lymph nodes, spleen and ileum. 
Our results indicate that naive T cells and long-lived stem cell -like memory T 
cells, which are thought to maintain other memory populations, principally 
reside in blood and lymph nodes. In addition, their numbers decreased along 
aging. The spleen and particularly the ileum host more mature and short-
lived memory populations. The comparison of TCR repertoires in naive and 
different memory T-cell subsets suggested that T-cell maturation drives 
convergent repertoire development in unrelated individuals. Our results help 
to understand how and which part of T-cell populations the future 
therapeutic interventions should target so that they interfere only minimally 
with the homeostasis of other T-cell populations. 
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Tiivistelmä 

Elimistön puolustusjärjestelmän tarkoitus on suojella kehoa tartuntatauteja 
aiheuttavilta pieneliöiltä sekä geneettisesti muuntuneilta omilta soluilta, 
joiden kehitys voi johtaa syöpäsairauksiin. Samalla puolustusjärjestelmän 
toimintojen tulee jättää omat terveet kudokset rauhaan, jotta vältytään 
autoimmuunisairauksilta kuten tyypin 1 diabetekselta.  
 
Puolustusjärjestelmä jaetaan luontaiseen ja hankinnaiseen osaan. 
Luontaisen puolustuksen toiminta perustuu erilaisille taudinaiheuttajille 
yleisesti ominaisten rakenteiden tunnistamiseen ja kudostuhon aistimiseen. 
Luontaiset vasteet käynnistyvät nopeasti ja kerta toisensa jälkeen 
samanlaisina saman taudinaiheuttajan kohdalla. Hankinnainen puolustus 
sen sijaan kykenee tunnistamaan tarkasti erilaisia rakenteita erityisillä 
antigeenireseptoreillaan. Se myös auttaa muita puolustussoluja 
tarkoituksenmukaisen vasteen kehittämisessä. Taudinaiheuttajan 
tunkeutuessa elimistöön ensimmäisen kerran hankinnaisen puolustuksen 
solut ovat naiiveja kyseiselle taudinaiheuttajalle ja vasteet käynnistyvät 
hitaasti, mutta kohtaamisessa syntyy muistisoluja, joiden vasteet 
käynnistyvät nopeasti saman taudinaiheuttajan osuessa uudelleen kohdalle. 
Hankinnainen puolustus koostuu T- ja B-soluista. Tämä väitöskirja käsittelee 
T-solujen monimuotoisuutta keskittyen erityisesti niiden 
antigeenireseptoreihin, eli T-solureseptoreihin, sekä muisti-T-solujen 
alaryhmien ominaisuuksiin.  
 
T-solut kehittyvät kateenkorvassa, jossa kukin T-solu kokoaa oman T-
solureseptorinsa joko α- ja β-ketjusta tai γ- ja δ-kejusta, jotka puolestaan 
syntyvät yhdistelemällä reseptorigeenin paloja satunnaisella tavalla. 
Teoriassa tällä T-solureseptorirekombinaatiolla voidaan synnyttää 1015–1020 

erilaista T-solureseptoria. Tässä väitöskirjassa sekvensoimme T-
solureseptorirepertuaaria ihmisen kateenkorvanäytteissä, mikä tuotti 
keskimäärin 3.7 miljoonaa uniikkia α-ketjua ja 10.3 miljoonaa uniikkia β-
ketjua yhdessä yksilössä. Tämän aineiston pohjalta käyttämämme 
matemaattiset diversiteettimittarit arvioivat kateenkorvan T-
solureseptoridiversiteetin olevan 60–100 miljoonaa uniikkia α-ketjua ja 40–
60 miljoonaa uniikkia β-ketjua. T-solureseptorien valtava potentiaalinen 
diversiteetti huomioiden samojen ketjujen esiintyminen kahdessa yksilössä 
on huomattavan epätodennäköistä. Yksilöiden välinen T-
solureseptorirepertuaarien vertailu kuitenkin osoitti, että keskimäärin jopa 
47 % α-ketjuista ja 6 % β-ketjuista kateenkorvassa on jaettu yksilöiden välillä. 
Kateenkorva-aineistomme sisälsi myös yhdet samanmunaiset kaksoset, 
joiden T-solureseptorirepertuaarin analyysin perusteella arvioimme yksilön 
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perimän vaikuttavan erityisesti reseptoriketjujen rekombinaatioon. 
Myöhemmissä T-solukehityksen vaiheissa perimän vaikutus repertuaariin 
näytti kuitenkin hälvenevän.  
 
Lisäksi tutkimme, mitä kohteita kateenkorvassa runsaana esiintyvät T-
solureseptoriketjut saattaisivat tunnistaa vertailemalla niitä kirjallisuudessa 
kuvattuihin T-solureseptoreihin, joiden tunnistama antigeeni on tiedossa. 
Yllättäen havaitsimme, että kateenkorva tuotti runsaammin α-ketjuja, jotka 
liittyvät haiman saarekesolujen antigeenien tunnistukseen ja tyypin 1 
diabeteksen patogeneesiin, kuin α-ketjuja, jotka liittyvät ihmisen 
immuunikatoviruksen eli HIV:n antigeenien tunnistukseen. Runsaina eri 
yksilöissä esiintyvät omia kudoksia tunnistavia α-ketjuja voitaisi 
mahdollisesti hyödyntää, kun kehitetään uusia hoitoja tyypin 1 diabetekseen 
ja muihinkin autoimmuunisairauksiin.  
 
Yksilöllisten T-solureseptorien ohella T-solujen monimuotoisuus ilmenee 
niiden toiminnallisissa alaryhmissä, joiden moninaisuuden ymmärtäminen 
on välttämätöntä T-soluihin kohdistuvien hoitomuotojen kehittämisessä. 
Suuri osa ihmisen puolustussoluilla tehdystä tutkimuksesta perustuu 
verinäytteisiin, vaikka verenkierto on T-soluille pääasiassa vain kulkureitti ja 
valtaosa T-soluista sijaitsee kiinteissä kudoksissa. Tässä väitöskirjassa 
analysoimme virtaussytometrilla naiivien T-solujen ja erilaisten muisti-T-
solupopulaatioiden ominaisuuksia veressä, imusolmukkeissa, pernassa ja 
ohutsuolen limakalvolla. Tulostemme mukaan naiivit T-solut ja kantasolun 
kaltaiset pitkäikäiset muisti-T-solut, joiden ajatellaan ylläpitävän muita 
muistipopulaatioita, oleilevat pääasiassa veressä ja imusolmukkeissa ja 
niiden määrät vähenivät ikääntyessä. Pernassa ja erityisesti ohutsuolessa 
puolestaan oleilee kypsempiä ja lyhytikäisempiä muistisolupopulaatioita. 
Naivien ja erilaisten muisti-T-solupopulaatioiden T-
solureseptorirepertuaarien vertailu viittasi, että T-solujen kypsyessä 
yksilöiden repertuaarit lähestyvät toisiaan. Tuloksemme auttavat 
ymmärtämään, miten ja mihin osaan T-solupopulaatiota tulevaisuuden 
hoitomuotoja kannattaisi kohdentaa, jotta muille T-soluille aiheutuisi 
mahdollisimman vähäisesti haittaa.  
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Abbreviations 

AIRE  autoimmune regulator 
APC  antigen-presenting cell 
APECED autoimmune-polyendocrinopathy candidiasis 

ectodermal-dystrophy 
C  constant 
CCR  C-C motif chemokine receptor 
CDR  complementarity defining region 
CM  central memory 
CMV  cytomegalovirus 
cTEC  cortical thymic epithelial cell 
CTL  cytotoxic lymphocyte 
CTLA-4  cytotoxic lymphocyte antigen 4 
CXCR  CXC motif chemokine receptor 
D  diversity 
DC  dendritic cell 
DCM  dead-cell marker 
DN  double negative 
DNA  deoxyribonucleic acid 
DP  double positive 
EBV  Epstein-Barr virus 
EM  effector memory 
EMRA  terminally differentiated effector memory CD45RA+ 
Fas  FS-7-associated surface antigen 
FasL  Fas ligand 
FCS  fetal calf serum 
Fezf2  Fez family zinc-finger 2 
Foxn1  forkhead box protein N1 
FoxP3  forkhead box P3 
GAD65  glutamic acid decarboxylase 65 
HEV  high-endothelial venule 
HIV  human immunodeficiency virus 
HLA  human leukocyte antigen 
HTS  high-throughput sequencing 
ICOS  inducible co-stimulator 
IFN  interferon 
IGRP islet-specific glucose-6-phosphatase catalytic 

subunit-related protein 
IL  interleukin 
ITAM  immunoreceptor tyrosine-based activation motif 
J  joining 
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JI  Jaccard index 
MHC  major histocompatibility complex 
MLN  mesenteric lymph node 
mTEC  medullary thymic epithelial cell 
OLGA Optimized Likelihood estimate of immunoGlobulin 

Amino-acid sequences 
PBS  phosphate buffered saline solution 
PCR  polymerase chain reaction 
PBMC  peripheral blood mononuclear cell 
PD-1  programmed death 1 
Prdm1  PR domain zinc finger 1 
pTα  pre-T-α receptor 
RAG  recombinase activating gene 
RSS  recombination signal segment 
S1PR1  sphingosine 1-phosphate receptor 1 
SARS-CoV2 severe acute respiratory distress syndrome 

coronavirus 2 
SCID  severe combined immunodeficiency syndrome 
SCM  stem cell memory 
SP  single positive 
T1D  type 1 diabetes 
Tconv  conventional T cell 
TCR  T-cell receptor 
Tfh  follicular helper T cell 
Th  helper T cell 
TRA  tissue-restricted antigen 
Treg  regulatory T cell 
TRM  tissue-resident memory 
V  variable 
VZV  varicella-zoster virus 
YFV  yellow fever virus 
Zn-T8  zinc transporter 8 
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Introduction 

The immune system protects the body from invading pathogens and the 
expansion of altered cancerous cells of self. The two separate branches of 
the immune system, innate and adaptive, operate with distinct mechanisms 
in a highly refined interplay.  
 
Innate immunity stands as the first line of defense, readily at the place once 
a pathogen crosses the outer barriers of the body. Its functional mechanisms 
include competent epithelial surfaces, secretory antimicrobial components, 
the complement system and cell populations like phagocytotic cells and 
natural killer cells. Innate responses are triggered rapidly and repeated in a 
similar manner at the re-encounter with the same pathogen. If this first line 
of defense fails to stop the infectious agent, the adaptive immune response 
becomes involved.  
 
The adaptive immune system is activated by pathogenic structures termed 
antigens. The mediators of adaptive responses are T and B lymphocytes and 
each of them carries a unique receptor, a T-cell receptor (TCR) or a B-cell 
receptor, that recognize antigens and are created by somatic recombination 
of gene segments. In mammals B cells develop in bone marrow but they were 
first distinguished in the bursa of Fabricius in birds and were named after this 
organ (Glick et al. 1956). B cells produce highly specific antibodies that 
neutralize and opsonize pathogens and activate the complement. T cells 
mature in the thymus and also derived their name from it (Cooper et al. 
1966). The two main classes of T cells are CD8+ cytotoxic T cells and CD4+ 
helper T cells. Cytotoxic T cells kill other cells that are infected by a pathogen 
or display cancerous neoantigens, while helper T cells provide help for B cells 
and other immune cells to fight the infection. In addition, the CD4+ 
population include regulatory T cells that are capable of suppressing immune 
responses. At the primary encounter with a pathogen, the lymphocytes 
present a naive phenotype and the adaptive response develops relatively 
slowly. Some lymphocytes differentiate into long-lived memory cells capable 
of mounting a rapid and effective immune response at the re-encounter with 
the same pathogenic agent. 
 
This thesis studies the diversity of T cells using TCR sequencing and flow 
cytometric analysis. It provides a direct measurement and estimates of the 
thymic TCR diversity and describes the features of thymic TCRs, tracks the 
inherited heterogeneity in the repertoire generation and estimates the 
epitope-specificity of abundantly produced thymic TCR sequences. Finally, it 
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turns to T-cell populations outside the thymus characterizing the diversity  of 
CD4+ and CD8+ T-cell subsets in peripheral locations.  
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Review of the literature 

Foundations of T-cell diversity 

1. Structure and rearrangement of T-cell antigen receptor 

The T-cell antigen receptor complex consists of a variable heterodimeric TCR 
associated with invariable chains which convey intracellular signaling during 
T-cell activation. TCRs principally recognize antigenic peptides bound to 
major histocompatibility complex (MHC) molecules on the surface of other 
cells. Besides the interaction between a TCR and a peptide-MHC complex, 
effective T-cell activation requires binding of MHC with co-receptors (Davis 
and Bjorkman 1988). 
 

1.1. Architecture of T-cell receptor complex 

1.1.1. Variable chains 

The actual variable part of a T-cell antigen receptor consists of two 
polypeptide chains: α and β or γ and δ. The γδ T cells present a minority (1-
10 %) of human peripheral T cells and differ in development and function 
from αβ cells (Strominger 1989). Hereafter, T cells and TCR refer to αβ T cells 
unless otherwise mentioned.  

 
The individual polypeptide chains of the TCR are encoded by genes 
reassembled from various and polymorphic gene segments during the T-cell 
development. The TCRβ locus contains three gene segments called variable 
(V), diversity (D) and joining (J), whereas the TCRα locus consists of V and J 
segments. The spatial conformation of both chains displays an extracellular 
amino-terminal variable region and a constant region, an extracellular stalk 
segment before a hydrophobic membrane-spanning domain, and a short 
cytoplasmic tail (Owen and Collins 1985; Saito et al. 1984). Cysteine residues 
in the stalk segment form a disulphide bond connecting the two chains (Fig. 
1). Both TCRα and TCRβ chains present three peptide loops called 
complementarity-defining regions (CDR) contributing to the binding site of 
the peptide-MHC complex. CDR1 and CDR2 are encoded by the V segments 
and mainly interact with the MHC molecule. In contrast, CDR3 is encoded by 
the V(D)J gene junctions thus capturing most of the receptor variability and 
interacts with the actual antigenic peptide (Davis et al. 1998; Mazza and 
Malissen 2007; Rudolph et al. 2006). 
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1.1.2. Invariant chains 

The short cytoplasmic tail of the TCRαβ heterodimer is incapable of 
intracellular signaling upon antigen recognition and therefore TCRαβ 
associates with a complex of invariant CD3γ, CD3δ, CD3ε and CD3ζ chains. A 
recent breakthrough with cryoelectron microscopy has resolved the exact 
stoichiometry of the TCR-CD3-complex to be a 1:1:1:1 octamer of 
TCRαβ:CD3γε:CD3δε:CD3ζζ (Dong et al. 2019). The CD3γ, CD3δ and CD3ε 
molecules have an immunoglobulin-like extracellular domain, which can be 
targeted with monoclonal antibodies to trigger T-cell activation, while CD3ζ 
have a very short extracellular domain of only nine residues (Ferran et al. 
1990; Hirsch et al. 1989). CD3ζ contains four and other CD3 molecules 
contain one cytoplasmic immunoreceptor tyrosine-based activation motif 
(ITAM), required for downstream signaling (Fig. 1) (Clevers et al. 1988; 
Mariuzza et al. 2020).  
 
 
 

 

Figure 1. Structure of the T-cell 
receptor complex. 
 
The TCR complex consists of the 
variable heterodimeric TCR 
formed of TCRα and TCRβ 
hemichains and the six associated 
invariant CD3 chains forming 
complexes of CD3γε, CD3δε and 
CD3ζζ. The extracellular parts of 
TCRα and TCRβ mediate the 
recognition of the antigen and are 
connected by a disulfide bond at 
the short extracellular stalk region. 
The CD3 molecules contain ITAMs 
that recruit other downstream 
signaling molecules upon T-cell 
activation. The short cytoplasmic 
tails of TCRα and TCRβ are 
unable to convey intracellular 
signaling. 
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1.2. Binding of TCR and peptide-MHC complex 

1.2.1. Co-receptors and MHC-molecules 

Effective TCR downstream signaling requires the recognition of peptide-MHC 
complex by TCR, and interaction between the MHC-molecule and a T-cell co-
receptor CD4 or CD8 (Fig. 2). T cells express either CD4 or CD8 adjacent to 
the TCR and this also provides a basis for T-cell functional classification. There 
are two classes of MHC: MHC I recognized by CD8 molecule and MHC II 
recognized by CD4 (Rudolph et al. 2006). MHC I is expressed on all nucleated 
cells and presents peptides generated by degradation of intracellular 
proteins including viral proteins and mutated self-proteins. On the contrary, 
MHC II expression is limited to professional antigen-presenting cells (APCs) 
and it presents peptides issued from endocytosis of extracellular particles 
(Blum et al. 2013). 

 
To obtain the capacity to display a multitude of different antigenic peptides, 
the MHC is represented in each individual by several sets of genes that are 
highly polymorphic. Most of the MHC polymorphism is concentrated at its 
peptide-binding groove. In human MHC I molecules are represented by three 
gene groups named HLA-A, HLA-B and HLA-C, and MHC II contain 
respectively three groups HLA-DR, HLA-DQ and HLA-DP. The acronym HLA 
refers to human leukocyte antigen as the molecule was first discovered 
through individual variation in the antigenic properties of white blood cells 
(Dausset 1958) 

 
The ends of the peptide-binding groove are more open in MHC II than in MHC 
I, which influences their peptide-binding properties. Typically, MHC I binds 
8–10 residues long peptides with the terminal residues anchoring the 
peptide into the groove and the central peptides bulging out from the 
groove. As the MHC II groove is open at its ends, there is no strict upper limit 
for the peptide length, but it is usually 13–17 residues. The backbone of a 
peptide adopts an extended polyproline type II conformation buried in the 
MHC II groove while the peptide termini reach out from the groove (Mazza 
and Malissen 2007; Rossjohn et al. 2015). 
 

1.2.2. Interaction between TCR and peptide-MHC  

Crystallographic structural studies have indicated precise contact sites 
between dozens of specific TCRs and cognate peptide-MHCs but conceiving 
generic rules of the exact interactions has been problematic (Garboczi et al. 
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1996; Reinherz et al. 1999; Rossjohn et al. 2015; Zareie et al. 2020). The CDR1 
and CDR2 loops of TCRα and TCRβ seem to interact with the MHC molecule 
both in the context of MHC I and MHC II. Often TCR and MHC interact in a 
canonical orientation with conserved amino acid residues (Garcia et al. 
2009). However, the same TCR gene segments may use different docking 
residues when binding to different peptide-MHC complexes and, at least in 
the context of MHC II, the CDR3 composition can modify the canonical 
interactions even though the MHC alleles and TCR gene segments remain 
precisely the same (Feng et al. 2007; Rossjohn et al. 2015). The variable CDR3 
loop accounts for the specific interaction with the actual peptide but the 
recognition is promiscuous permitting the same TCR to bind a diversity of 
peptides. Promiscuity is explained for example with the small size of the 
actual binding area and the ability of TCR to change the conformation upon 
binding. Also, the specificity may be attributed to only one of the TCR chains 
while the other chain merely modifies the affinity of the receptor (Bowerman 
et al. 2014; Nakatsugawa et al. 2015; Zhong et al. 2007). 
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Figure 2. Binding of peptide-MHC complex by TCR and co-receptors. 
 
The APCs display antigenic peptides to T cells in MHC I and MHC II molecules. MHC I is 
expressed in all nucleated cells and binds endogenous peptides generated in the cell, 
whereas MHC II is expressed in phagocytic cells and principally binds peptides that the 
cell engulfs from the extracellular compartment. The TCR is associated with CD3 
molecules that mediate extracellular signaling and either CD4 or CD8 co-receptor that 
significantly lower the TCR signaling threshold and facilitate the signaling. The CD8 co-
receptor binds the MHC I molecule and the CD4 co-receptor binds the MHC II molecule. 
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1.3. TCR rearrangement 

To cover the wide range of possible pathogenic antigens encountered during 
the lifetime, the TCR repertoire needs to present remarkable variability. This 
diversity emerges from the TCR rearrangement during thymic T-cell 
development. The theoretical upper limit of TCR diversity is 1015–1020 (Davis 
and Bjorkman 1988), whereas extrapolations from experimental 
measurements suggest a lower limit of 24 million TCRαβ combinations 
(Arstila et al. 1999).  
 

1.3.1. V(D)J recombination from germline DNA 

TCRs are generated in the thymus with highly regulated and stepwise 
recombination events. The recombination starts with recombination in δ and 
γ chains and if successful recombinations occur, the cell commits to γδ T-cell 
lineage (Blom et al. 1999; Hayday et al. 1999; Sherwood et al. 2011). 
Otherwise, the rearrangements first begin with the TCRβ chain and once the 
recombination succeeds, continue with the TCRα chain recombination. 
Human TCRα gene locus contains 54 Vα segments, 61 Jα segments and one 
constant (C) α segment located on chromosome 14, while TCRβ locus 
contains 67 Vβ, two Dβ, 13 Jβ and two Cβ segments located on chromosome 
7 (www.imgt.org). In germline organization the gene segments are organized 
non-contiguously but after rearrangements the locus produces a unique 
complete variable region exon (Fig. 3).  

 
All V, D and J gene segments are flanked by recombination signal segments 
(RSSs) that are relatively conserved heptamer and nonamer sequences 
separated by spacers of 12 or 23 base pairs and indicate the gene joining sites 
(Hesse et al. 1989; Sakano et al. 1979). The actual recombination events are 
launched by the tightly regulated expression of lymphoid-specific enzymes, 
recombination-activating genes (RAG) 1 and RAG2 (Oettinger et al. 1990; 
Schatz et al. 1989). Together with the high mobility group of proteins the RAG 
enzymes bring together two RSSs, one with 12 base pair spacer and another 
with 23 base pair spacer (the 12/23 rule), and generate a break in the DNA 
double-strand precisely between the RSS and the coding segment (Kim et al. 
2015; Outters et al. 2015; van Gent et al. 1996). Ubiquitously expressed DNA 
repair enzymes join the two RSSs producing a V-D or D-J coding joint. In TCRβ 
locus Dβ rearranges first to Jβ, followed by Vβ to DβJβ rearrangement. In 
TCRα locus Vα and Jα segments are directly joined (Bassing et al. 2002; 
Nishana and Raghavan 2012).  
 



 
 
22 

 
 
  

Figure 3. The organization of the TCRα and TCRβ loci and recombination of 
TCRα and TCRβ chains.  
 
The human TCRα gene locus contains 54 Vα segments, 61 Jα segments and one 
Cα segment organized linearly on chromosome 14, while human TCRβ locus 
contains 67 Vβ, 13 Jβ and two Cβ segments organized in one cluster of Vβ 
segments followed by two separate clusters of one Dβ, six or seven Jβ and one Cβ 
segments on chromosome 7. For the TCRα chain a Vα segment rearranges with a 
Jα to form a TCRα variable region exon which is transcribed and spliced together 
with the Cα segment. For the TCRβ chain Dβ and Jβ segments are first rearranged 
followed by Vβ to DβJβ rearrangement creating a TCRβ variable region exon which 
is transcribed and spliced to join a Cβ. The continuous TCRα and TCRβ genes are 
translated to TCRα and TCRβ amino acid chains that pair yielding a complete 
TCRαβ heterodimer. 
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1.3.2. Generation of junctional diversity 

Before joining the gene segments the DNA repair enzymes may arbitrarily 
remove some nucleotides at the broken DNA strands leading to imprecise 
joining sites (Nishana and Raghavan 2012). Further diversity is achieved with 
the addition of P- and N-nucleotides. After the break in the DNA double-
strand generated by RAG activity, the nucleotide hairpins formed at the DNA 
blunt ends are opened asymmetrically at random positions and the shorter 
strand is completed using the palindromic P-nucleotides from the longer 
strand as a template (Lafaille et al. 1989; Lewis 1994). For N-nucleotides, the 
lymphoid-specific enzyme, terminal deoxyribonuclease transferase, 
randomly adds non-templated N-nucleotides at the single-stranded joining 
sites (Bogue et al. 1992; Komori et al. 1993). Imprecise joinings and 
nucleotide deletions and insertions increase the diversity generated by the 
V(D)J-recombination.  

 
Finally, ubiquitously present DNA repair enzymes join the processed coding 
strands (Lieber 2010; Nishana and Raghavan 2012). The intervening DNA is 
excluded from the genome and ligated to form a circular non-coding signal 
joint or inserted to the genome upstream of the novel TCR region depending 
on the orientation of the RSSs (Fugmann et al. 2000).  

 
Arbitrary deletion and insertion of nucleotides may result in premature stop 
codons or disruption of the DNA reading frame. Indeed, approximately ⅔ of 
the V(D)J recombinations produce nonproductive sequences. T-cell 
progenitors with nonproductive rearrangements fail to mature and die by 
apoptosis. However, in an individual TCR locus the fraction of productive 
rearrangements is usually higher as the organization of the gene segments 
allows more than one recombination attempt (Outters et al. 2015). 
 

1.3.3. Rearrangement of γδ T-cell receptors 

The principles of TCRγδ recombination are identical to αβ receptors. 
However, the organization of the δ locus is special as it is entirely located 
within the TCRα locus. Vδ genes are interspersed with Vα genes and these 
segments are followed by three Dδ, four Jδ and one Cδ genes before Jα genes 
(Krangel et al. 2004). The orientation of Vα segments and their RSSs will 
always produce a signal joint and result in deletion of the intervening DNA. 
Thus, when Vα is rearranged to Jα, the whole δ locus is deleted. The resulting 
signal joint is called T-cell receptor excision circle and can be used to follow 
T cells that newly emigrated from the thymus as the extrachromosomal DNA 
will not be replicated in further cell divisions (Hazenberg et al. 2001). 
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1.3.4. TCR diversity 

The diversity of the TCR repertoire operates at three levels: V(D)J 
combinatorial diversity, junctional diversity, and the pairing of TCRα and 
TCRβ chains. The theoretical upper limit of the diversity reaches the order of 
1015–1020  (Davis and Bjorkman 1988) largely exceeding the estimated 
number of T-cells (3–4x1011) maintained in the body at a time (Ganusov and 
De Boer 2007; Jenkins et al. 2010). Assessing the actual diversity maintained 
in the human body is a pursuit of both clinical and theoretical interest. Prior 
to the establishment of effective sequencing techniques, methods based on 
polymerase chain reaction (PCR) that measured variation in the CDR3 region 
length were used in diversity estimations (Pannetier et al. 1995). An assay 
based on limiting dilutions demonstrated the median concentration of a 
unique TCRβ chain in healthy individuals to be 1 per 24 million CD4+ T cells 
indicating TCR diversity of at least 12 million (Wagner et al. 1998). Tedious 
early sequencing experiments measured a few hundreds of TCRs and 
extrapolated a lower limit of diversity to be 1 million in TCRβ and 500 000 in 
TCRα repertoire – approximating 24 million unique TCRαβ pairs (Arstila et al. 
1999). The next-generation sequencing methods allowed measurement of 
approximately 100 000 unique TCRβ chains in each of multiple parallel wells. 
Based on these measurements and adapting diversity estimation methods 
developed for the unseen species problem in population ecology, the 
authors suggested a lower limit of TCRβ diversity to be 3–4 million unique 
sequences in peripheral blood (Robins et al. 2009). Rapid development of 
sequencing capacity allows even higher resolution of the repertoire and 
detection of extremely rare clones (Robins et al. 2010). Deep sequencing of 
1.5–3 million sequences and application of another statistical method, Chao2 
estimator, suggested the TCRβ diversity to be at least 100 million unique 
sequences (Qi et al. 2014). While some TCR clonotypes can expand to 
thousands of cells, the large majority of clonotypes are represented by a 
single cell. Consequently, the peripheral TCR diversity has been theorized to 
be only a few orders of magnitude smaller than the actual number of 
peripheral T cells (Lythe et al. 2016). Nevertheless, the detection of the 
smallest clonotypes remains challenging and the exhaustive sequencing of 
human TCR repertoire ethically unachievable.  
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2. T-cell development in the thymus 

T-cell precursors are generated in the bone marrow, but they migrate to the 
thymus, where they are called thymocytes. During thymic development 
thymocytes rearrange their antigen receptors and commit to CD4 or CD8 
lineage. Before their re-entry into the circulation, thymocytes undergo 
thymic education i.e. rigorous selection steps where cells bearing poorly 
reactive or strongly autoreactive TCRs are eliminated. 
 

2.1. Structure of the thymus 

Human thymus is a bilobed parenchymal organ located in the upper part of 
the mediastinum in front of the heart and the great vessels. The thymic 
epithelium develops from endodermal structures of the third oropharyngeal 
pouches at the fifth week of development (Anderson and Jenkinson 2001; 
Rodewald 2008). During the embryonic organogenesis the milieu is early 
colonized by thymocyte precursors and the thymic stroma develops as an 
interplay between the epithelial cells and thymocytes under the regulation 
of transcription factor forkhead box protein N1 (Foxn1) (Abramson and 
Anderson 2017; Garcia-Leon et al. 2018; Rodewald 2008). The size of the 
thymus is relatively large at birth and in childhood with intensive T-cell 
production until puberty. After puberty thymopoiesis is remarkably reduced 
and the thymic epithelial cells are largely replaced by adipose tissue and 
fibroblasts (Chaudhry et al. 2016). Some thymopoiesis still continues until 
late adulthood when it seems to cease abruptly around 50 years of age 
(Thome et al. 2016). In adults the peripheral T-cell diversity is principally 
maintained by slow division of naive cells and long-lived memory cells 
possessing restricted diversity (Abramson and Anderson 2017; Britanova et 
al. 2016). 

 
Microscopically the thymus consists of numerous lobules of 1-2 mm 
diameter, separated by connective tissue trabeculae (Fig. 4). Each lobule is 
divided into outer cortex and inner medulla bearing different functions in 
thymocyte development (Ross and Pawlina 2006). The cortex contains 
densely packed immature thymocytes, cortical thymic epithelial cells (cTEC) 
and few macrophages, whereas the medulla contains more maturated and 
loosely packed thymocytes, medullary thymic epithelial cells (mTECs), 
dendritic cells (DCs), macrophages and some B cells (Boyd et al. 1993). In 
addition, in humans the medulla contains enigmatic keratinized nodules 
called Hassal’s corpuscles that are suggested to have a role in disposal of 
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apoptotic thymocytes, in antigen expression or cytokine production (Fig. 4) 
(Blau 1965; Mikušová et al. 2017; Watanabe et al. 2005). 
 
 
 

 
 
  

Figure 4. The microscopic structure and cell types of a thymic lobule. 
 
A histological section of human thymus with hematoxylin and eosin staining shows a 
thymic lobule with a cortex (C), a medulla (M) and Hassal’s corpuscles (H). The 
connective tissue septae separate the lobules from each other. A schematic diagram 
of  a thymic lobules shows the cortical region with densely packed immature 
thymocytes, cTECs and few macrophages, whereas the medulla contains more 
maturated and loosely packed thymocytes, mTECs ,DCs, macrophages and some B 
cells.  
 
The photograph of the histological section is used with the kind permission of the 
copyright holder Eliisa Kekäläinen. 
 
 



 
 

27 

2.2. TCR generation in the thymus 

T cells and B cells derive from the CD34 expressing common lymphoid 
progenitor cell in the liver during fetal development and in the bone marrow 
after birth (Galy et al. 1993; Payne and Crooks 2002). Some of these 
uncommitted progenitors enter the thymus via vessels at the 
corticomedullary junction and become thymocytes (Lind et al. 2001). In the 
thymus they receive signaling through Notch 1 receptor inducing their 
proliferation and lineage choice to T cells instead of B cells. Continuous 
Notch-signaling is also crucial at later stages of thymic development (Pui et 
al. 1999; Radtke et al. 1999; Taghon et al. 2012). Another indispensable 
factor for thymic T-cell development is the cytokine interleukin-(IL)7 (Fig. 
5A). Detailed functions of IL-7 in human thymus remain undetermined, but 
infants with genetic defects in IL-7 signaling pathway have drastically 
reduced numbers of T-cells and develop severe combined immunodeficiency 
(SCID) (Blom and Spits 2006; Sugamura et al. 1996). 

 
When thymocytes enter the thymus, their TCR genes remain in germline 
conformation and they lack the characteristic T-cell surface markers CD3 and 
CD4 or CD8. The different stages of thymocyte development are marked by 
the CD4 and/or CD8 expression. First the immature thymocytes start at the 
CD4-CD8- double-negative (DN) stage, then develop to the CD4+CD8+ 
double-positive (DP) stage and lastly mature to CD4+CD8- or CD4-CD8+ 
single-positive (SP) stage (Fig. 5) (Anderson and Jenkinson 2001). DN 
thymocytes reside in subcapsular cortical regions, where they upregulate 
RAG1 and RAG2 expression and start recombining the TCRβ with Dβ to Jβ 
rearrangement in one allele at a time (Anderson and Jenkinson 2001; Outters 
et al. 2015). Since the TCRβ locus contains two clusters of Dβ and Jβ genes 
upstream of two separate Cβ genes, the rearrangement can be attempted 
twice in one β locus thus increasing the chances of a successful 
recombination (Krangel 2009; Toyonaga et al. 1985). Once the TCRβ 
rearrangement is successful, the TCRβ chain is expressed with a surrogate 
invariable pre-T-cell receptor α (pTα) and CD3 molecules to form a pre-T-cell 
receptor (pre-TCR) (Barber et al. 1998; Groettrup et al. 1993; von Boehmer 
et al. 1998). Signaling through pre-TCR is ligand-independent but requires 
dimerization of two pre-TCRs at conserved Vβ residues (Pang et al. 2010). 
Pre-TCR signaling indicates TCRβ selection and triggers proliferation of DN 
thymocytes. Concurrently, thymocytes first start expressing CD4 and 
subsequently CD8 marking the DP stage (Fig. 5B) (Blom and Spits 2006). The 
expression of RAG1 and RAG2 is downregulated and the accessibility of the 
other TCRβ locus is repressed preventing further rearrangements (Bassing et 
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al. 2002; Outters et al. 2015). Consequently, most T cells will only express 
one TCRβ chain with allelic exclusion of the other locus (Dupic et al. 2019). 

 
After the proliferation phase RAG1 and RAG2 are again upregulated and DP 
thymocytes start Vα to Jα rearrangements at both TCRα loci in parallel. The 
organization of the TCRα locus with multiple Vα and Jα segments spread over 
a long span of DNA allows several successive attempts of rearrangement in 
the same allele (Krangel 2009). TCRα recombination will continue until it 
receives signaling through the newly formed TCRαβ from peptide-MHC 
complexes presented by cTECs indicating positive selection. If no functional 
TCRα chain is generated, the cell dies by apoptosis (Krangel 2009).  

 
Due to the simultaneous TCRα recombination at both alleles and allelic 
exclusion in the TCRβ locus, a T cell may possess two distinct functional TCRα 
chains pairing with the same TCRβ partner. Approximately every third T cell 
will have two rearranged functional TCRα chains challenging the concept of 
single specificity per cell in the adaptive immune system and permitting 
development of possibly autoreactive clones (Casanova et al. 1991; Dupic et 
al. 2019). However, usually only one of the  chains is capable to signal 
effectively while the other rearrangement is less functional and its chromatin 
locus is transcriptionally repressed (Schuldt and Binstadt 2019). 
 

2.3. Thymic T-cell maturation after TCR rearrangement 

As TCRs are primarily generated in a stochastic manner, a critical step in T-
cell development is to ensure the functionality of TCRs. To efficiently protect 
the body from invading pathogens, TCRs need sufficient affinity for 
recognition of foreign peptides bound to self-MHCs. Meanwhile, TCRs must 
remain tolerant to self-structures to prevent development of autoimmunity. 
Accordingly, thymocytes bearing very low-affinity TCRs are removed in the 
positive selection while thymocytes with strongly autoreactive TCRs are 
deleted in the negative selection (Fig. 5C-D). During their thymic maturation 
thymocytes also commit to a functional lineage: CD4+ helper cells or CD8+ 
cytotoxic cells competent to recognize peptides bound to either MHC II or 
MHC I, respectively. Some CD4+ cells with a relatively high affinity to self-
peptides may escape the negative selection and differentiate to regulatory 
T-cells (Treg) that control autoreactive responses in the periphery. Tregs 
developed in the thymus are often designated natural or thymic Tregs to 
distinguish them from the peripherally induced Tregs (Curotto de Lafaille and 
Lafaille 2009). Thymic stromal cells create specific microenvironments 
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providing the essential cellular contacts and the cytokine milieu that guide 
the thymocyte maturation (Anderson and Jenkinson 2001; James et al. 2018). 
 
 
 

 
 
 
 
 
  
  

Figure 5. T-cell development in the thymus. 
 
At DN stage the T-cell progenitors lack the expression of CD4 and CD8 and require Notch-
signaling to commit to T-cell lineage and IL-7 for survival (A). The DN thymocytes start the 
rearrangement of the TCRβ chain and after a successful recombination they proliferate 
and start expressing both CD4 and CD8 on their cell surface marking the DP stage (B). 
The rearrangement of TCRα starts at the DP stage and continues until a TCRα chain is 
successfully recombined and the thymocyte receives signaling from peptide-MHC complex 
on cTEC through the newly formed TCRαβ receptor and becomes positively selected if the 
signaling strength through the TCR is sufficiently high. In parallel with the positive 
selection, thymocytes commit to either CD4+ or CD8+ lineage reaching the SP stage (C). 
The SP thymocytes migrate to the thymic medulla where their TCRs interact with peptide-
MHC complexes on mTECs. If SP thymocytes receive too strong signaling through TCR, 
they become negatively selected (D). 
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2.3.1. Positive selection 

After the successful TCR recombination DP thymocytes reside within the 
thymic cortex in close contact with cTECs aspiring to become positively 
selected. TCR binding to an MHC-self-peptide complex above a minimum 
recognition threshold triggers positive selection and further differentiation 
of thymocytes. In case the TCR binding is of too low affinity, thymocytes will 
die by neglect and their remnants are phagocytosed by macrophages 
(Bousso et al. 2002; Klein et al. 2014; Surh and Sprent 1994). 

 
Stellate-shaped cTECs form a dense three-dimensional network contacting 
multiple thymocytes with their cellular processes. Sometimes individual 
cTECs compose multicellular aggregates with up to 20 thymocytes and are 
named thymic nurse cells (Klein et al. 2014; Nakagawa et al. 2012). Cortical 
TECs display a unique palette of self-peptides associated with MHC class I 
and II molecules generated along pathways that exist exclusively in cTECs. All 
nucleated cells in the body display self-proteins on MHC I molecules. These 
self-peptides derive from a protein degradation pathway that usually 
contains a β5 or β5i proteasome subunit, or in the case of cTECs a β5T subunit 
(Murata et al. 2018). The β5T-containing thymoproteasome is essential for 
ligand-generation in cTECs as β5T deficiency in mice leads to an altered TCR 
repertoire and marked defects in antiviral and allogeneic responses of 
mature CD8+ T-cells (Nitta et al. 2010). In contrast to MHC I, MHC II 
molecules display peptides endocytosed by the cell from the extracellular 
compartment. However, cTECs are inefficient in endocytosis and are one of 
the rare cell types in the body using constitutive autophagy to display 
endogenous peptides in the MHC II molecule (Nedjic et al. 2009). Transgenic 
mouse models show that inhibition of macroautophagy in cTECs disrupts 
generation of certain but not all TCR-specificities (Nedjic et al. 2008). The 
degradation and subsequent presentation of peptides in the MHC II molecule 
is further enhanced in cTECs with thymus-specific serine proteases, although 
its exact function remains uncertain (Bowlus et al. 1999; Guerder et al. 2018). 
Interestingly, the variants in the gene encoding thymus-specific serine 
proteases are associated with the risk of autoimmune diabetes in human and 
later studies in mice have enforced this association (Guerder et al. 2018; 
Viken et al. 2009). In addition, to control the loading of peptides on MHC II, 
cTECs express a specific cathepsin L, in contrast to cathepsin S which is 
expressed in other antigen-presenting cells involved in negative selection. 
Apparently the usage of different cathepsins reduces the overlap of peptides 
in positive and negative selections so that the positively selected thymocytes 
would not be subsequently negatively selected by the same peptides 
(Nakagawa et al. 1998). Mouse studies suggest that the thymocytes spend 
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3–4 days in the cortex before positive selection and ultimately 70–90% of the 
cells will be deleted during this phase (Merkenschlager et al. 1997).  
 

2.3.2. CD4/CD8 lineage choice 

As DP thymocytes become positively selected, the efficient signaling through 
the self-peptide-MHC complex will require interaction with the appropriate 
TCR co-receptor, either CD4 for MHC II molecule or CD8 for MHC I molecule, 
and subsequent CD4/CD8 lineage choice (Fig. 5C). The prevailing “kinetic 
model” of the lineage choice suggests that the strength of TCR signaling 
modifies the co-receptor expression and the thymocyte sensitivity to 
cytokines which will determine the CD4/CD8 lineage choice (Singer et al. 
2008). Initially, all DP thymocytes downregulate CD8 expression. Strong and 
prolonged TCR signaling enhanced by CD4 binding induces expression of 
ThPOK, a CD4 lineage transcription factor (Brugnera et al. 2000; Littman 
2016). Weaker TCR signaling sensitizes thymocytes to IL-7, which allows CD8 
re-expression and the expression of the CD8 lineage transcription factor 
Runx3 (Brugnera et al. 2000). ThPOK and Runx3 will mutually inhibit the 
expression of each other which ensures the separate lineage development 
(Egawa 2015).  
 

2.3.3. Negative selection 

Once positively selected the SP thymocytes upregulate the expression of G-
protein coupled C-C motif chemokine receptor 7 (CCR7) and the semaphorin 
3E receptor PlexinD1, which guide the thymocytes to migrate from the cortex 
towards the medulla where negative selection principally occurs (Choi et al. 
2008; Kwan and Killeen 2004; Ueno et al. 2004). Yet, thymocytes may 
become negatively selected at any time after they successfully form a TCRαβ. 
A large fraction of DP thymocytes become negatively selected already in the 
cortex by the few cortical dendritic cells (DCs). The peptide ligands displayed 
by these DCs are ubiquitous self-antigens generated in conventional protein 
degradation pathways in contrast to the protein degradation machinery in 
cTECs that induce positive selection (McCaughtry et al. 2008). It has been 
estimated that the number of cells undergoing negative selection in the 
cortex would be twice as large as the number of cells deleted in the medulla 
(Klein et al. 2014; Stritesky et al. 2013). 

 
In spite of the cortical negative selection, the thymic medulla has an 
indispensable role in the deletion of autoreactive T-cell clones (Mathis and 
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Benoist 2009). Specific medullary microenvironments harbor a variety of 
hematopoietic APCs and mTECs that present MHC-bound tissue-restricted 
antigens (TRAs) to thymocytes (Fig. 5D) (Anderson et al. 2002). In peripheral 
tissues the expression of TRAs is usually strictly restricted to functionally 
specific cells, such as insulin in pancreatic islet cells. To prevent 
autoimmunity, thymocytes reacting intensively to these peptides are deleted 
from the repertoire in negative selection – a mechanism termed central 
tolerance (Kyewski and Klein 2006). Moderate interactions between peptide-
MHC and TCR induce development of Tregs though the same TCRs seem to 
be capable of inducing development of conventional T cells suggesting 
additional signals in Treg generation (Kraj and Ignatowicz 2018). In periphery 
Tregs participate in the induction of peripheral tolerance which is needed to 
complement the central tolerance (Sakaguchi et al. 1995). 

 
The ectopic expression of TRAs in the medulla is attributed to the mTEC 
population with a capacity to express approximately 85% of the genes in the 
entire genome (Danan-Gotthold et al. 2016). The first identified regulator of 
TRA expression was the autoimmune regulator (AIRE) transcription factor. 
Though the exact functional mechanism of AIRE in TRA expression remains 
unclear, AIRE appears to bind epigenetically silenced gene regions where it 
aids to recruit other protein complexes that facilitate the transcription 
(Abramson et al. 2010; Klein et al. 2014). Mutations of AIRE gene in human 
lead to the autoimmune disorder APECED (autoimmune 
polyendocrinopathy-candidiasis-ectodermal dystrophy) and Aire knockout 
mice also suffer from autoimmunity (Anderson et al. 2002). However, not all 
TRAs are under the regulation of AIRE and another transcription factor, 
identified a few years after the discovery of AIRE, is a Fez family zinc-finger 2 
(Fezf2) that promotes the expression of some TRAs non-redundantly with 
AIRE. Fezf2 deficiency causes autoimmune manifestations in mice but so far 
no distinct human autoimmune disease has been associated with Fezf2 
mutations (Takaba et al. 2015). Another transcription factor suggested to 
affect TRA expression in the thymus is PR domain zinc finger 1 (Prdm1) which 
is also an established regulator of B-cell maturation and plasma cell 
development but affects widely chromatin modifications. Mice with 
conditional Prdm1 knock-out in thymic epithelium developed lupus-like 
autoimmunity and in human genome-wide association studies Prdm1 
polymorphisms are linked to autoimmune susceptibility (Roberts et al. 2017). 
 
Similarly to cTECs, the antigens expressed in MHC II molecules on mTECs are 
principally not derived from the conventional endocytotic pathway but 
originate from the intracellular compartment by different forms of 
autophagy (Nedjic et al. 2008). The mTECs may also employ the proteasomal 
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peptide degradation route, which is usually reserved for MHC I loading, to 
load MHC II molecules (Nedjic et al. 2009). Only 1–3% of all mTECs express a 
given TRA at a time and besides the direct presentation of TRAs, mTECs 
transfer self-antigens to the other APCs in the thymus (Koble and Kyewski 
2009). The mechanisms of antigen transfer include phagocytosis of apoptotic 
mTECs and direct transfer of peptides or even entire peptide-MHC 
complexes from mTECs to APCs (Koble and Kyewski 2009).  

 
Resident DCs are supposed to be the major APC population receiving 
endogenous antigens from mTECs due to their close physical proximity. 
Resident DCs are also efficient in cross-presentation of antigens, i.e. 
presentation of exogenous peptides that they sample from the thymic 
environment. The other cDC population, migratory cDCs, are located close to 
the thymic vessels and are suggested to import peripheral self-antigens to 
the thymus and to capture and present bloodborne self-antigens in the 
thymus. Yet, this division of labor between resident and migratory DCs is 
unlikely to be fully distinct (Hasegawa and Matsumoto 2018). Furthermore, 
the thymic medulla contains B cells that seem to bear a distinct role in 
deletion of T cells reactive to the same antigen as the B cell or reactive to the 
actual components of the B cell receptor (Perera et al. 2013). Together 
mTECs and medullary APCs display a “patchwork” of body antigens where 
developing thymocytes spend 4-5 days scanning through different antigens 
(Yates 2014). 

2.3.4. Egress from the thymus 

Thymocytes that resist negative selection reside in the medulla for further 3-
4 days for the final stages of maturation. Even though only 3–5 % of 
thymocytes are estimated to escape the rigorous thymic selections, the 
surviving cells are expanded before they exit the thymus (Egerton et al. 1990; 
Scollay et al. 1980; Shortman et al. 1991). During the negative selection the 
TCR stimulation induces thymocyte apoptosis but mature SP thymocytes and 
peripheral T cells respond to stimulation by proliferating because of the 
different expression patterns of co-stimulatory molecules. Fully mature 
thymocytes upregulate sphingosine 1-phosphate receptor 1 (S1PR1) which 
allows them to follow the S1P gradient towards the intrathymic vessels and 
migrate through the vascular wall (James et al. 2018). 
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Functional T-cell diversity 

3. Priming of naive T cells in primary immune response 

Once mature T cells exit the thymus, they start circulating between blood 
and secondary lymphoid organs including spleen, lymph nodes and mucosa-
associated lymphatic tissue like Peyer’s patches in the gut. These circulating 
T cells have not encountered their specific cognate antigen in the periphery 
and are thus termed naive T cells (Hunter et al. 2016). APCs present antigenic 
peptides to T cells in the secondary lymphoid organs. The principal APC 
population are DCs that continuously sensor all locations of the body taking 
up antigenic material. In case of a pathogenic invasion, activated DCs 
transport pathogen antigens from infected tissue to the local lymph nodes, 
where naive T cells continuously transit (Bousso 2008; Bousso and Robey 
2003). The initial encounter of a naive T cell with its cognate antigen is called 
T-cell priming to distinguish the event from the activation of memory T cells 
in the context of secondary immune response. At priming, the APC delivers 
three kinds of signals to the naive cell: signaling through TCR, co-stimulatory 
signals and differentiating cytokine signals (Fig. 6). They induce the naive T 
cell to proliferate and differentiate into effector/memory cells with various 
functional classes specialized for defense against distinct pathogens (Smith-
Garvin et al. 2009).  
 

 
  

Figure 6. T-cell activation. 
 
T cells require three signals from the APC to become activated:  
1) Activation through peptide-MHC and TCR complex.  
2) Co-stimulation through B7 and CD28 interaction.  
3) Differentiating cytokine signalling from the APC.  
 
For simplicity the activation is shown for a CD4+ T cell but the 
same principles apply to CD8+ T cells. 
 
 



 
 

35 

3.1. Circulation of T cells 

Naive T cells principally circulate between the blood and secondary 
lymphatic organs which are the exclusive site for their initial antigen 
encounter and priming (Lewis et al. 2008; Marchesi and Gowans 1964). T-cell 
entrance from the circulation into a lymph node occurs in the paracortical 
areas of lymph nodes through specific high endothelial venules (HEV), while 
the antigens are carried in by APCs that enter via cortical afferent lymphatic 
vessels. In mucosal Peyer’s patches the lymphocytes also enter via HEVs, but 
the antigens are taken up directly from the gut lumen by specific epithelial 
microfold cells. The spleen contains no lymphatic vessels and, instead, the 
lymphocytes and blood-borne antigens directly float in the splenic 
parenchyma through the gaps in small blood vessels (Ross and Pawlina 
2006).  
 
The T-cell passage through HEVs into a lymph node is dependent on multiple 
signaling and adhesion molecules on the surface of T cells and endothelial 
cells. Naive T cells express L-selectin, CD62L, that interacts with HEV glycans 
allowing for light adhesion and T-cell rolling along the endothelial surface 
(Ivetic et al. 2019). Another crucial molecule for T-cell entry into a lymph 
node is CCR7, which thymocytes also use for migration during thymic 
development. As CCR7 recognizes its ligand CCL21 on the HEV, 
conformational changes are induced on other adhesion molecules, like 
integrins, permitting the T cell to cross the endothelium (Hauser and Legler 
2016). Once inside the lymph node, CCR7 signaling further guides the T cell 
in contact with DCs (Ebert et al. 2005).  
 
If the naive T cell recognizes no relevant antigen in the lymph node, it returns 
to circulation within a few hours. The exit from the lymph node requires S1P 
gradient from blood and persistent expression of S1P1R on inactivated naive 
T cells. However, if the naive T cell binds its cognate antigen presented by 
DC, TCR signaling downregulates S1PR1 for several days and the cell is 
retained in the lymph node (Schwab and Cyster 2007). TCR signaling and 
other signals prime the T cell that will proliferate giving rise to effector and 
memory T cells and follicular helper T cells (Tfh) of identical antigenic 
specificity. After maturation most effector and memory T cells re-enter the 
circulation. The effectors continue to the infection site, while the memory 
cells keep scanning lymphatic tissues for re-encounter with the same antigen 
(Hunter et al. 2016). Tfh are retained in the lymph node, where they migrate 
to the B-cell zone providing help for B-cell maturation and class switching 
(Ueno et al. 2015). 
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3.2. Antigen presentation and recognition 

The first signal in the T-cell priming is TCR signaling at the recognition of the 
peptide-MHC complex on the surface of APCs (Malissen and Bongrand 2015). 
The APCs are a heterogeneous group of cells including conventional DCs, 
macrophages and B cells. Conventional DCs traffic antigens from the 
infection site to the lymph nodes and are suggested to be the sole cell 
population capable of priming T-cell responses in the first place (Banchereau 
and Steinman 1998). Macrophages are effective phagocytotic cells and 
participate in antigen presentation to memory T cells, but they are unlikely 
to prime naive T cells because of their location in tissues or near afferent 
lymphatic vessels in lymph nodes without contact to naive T cells. In addition, 
resting macrophages express very few MHC II molecules and lack co-
stimulatory molecules that are indispensable for priming (Hume 2008). B 
cells capture soluble antigens via their immunoglobulin antigen receptors, 
present these antigens in MHC II molecules and can in principle activate T 
cells. However, very few antigens enter the body in soluble form. In case of 
soluble antigens, like bacterial toxins or allergens, it is very improbable that 
the few activated B cells by these antigens get in contact with the few naive 
T cells of cognate antigen-specificity and activate them (Pierce et al. 1988).  
 
In peripheral tissues DCs constitutively uptake antigenic material from the 
extracellular space using innate immune system receptors and receptor-
independent phagocytosis and macropinocytosis (Banchereau and Steinman 
1998). DCs present antigenic material to CD4+ cells as the material of 
extracellular origin is degraded in phagosomes and loaded on MHC II. DCs 
also effectively present viral peptides in MHC I to CD8+ T cells, as DCs are 
capable of cross-presenting viral particles acquired via phagocytosis or 
macropinocytosis in MHC I (Joffre et al. 2012). In addition, DCs are a major 
target of many viral infections causing viral replication in the cytoplasm (Soto 
et al. 2020).  
 
Prior to TCR engagement with peptide-MHC complex, an accessory molecule, 
CD45RA, augments the TCR signaling threshold by dephosphorylating the 
downstream signaling molecules. However, upon T-cell priming, the protein 
isoform changes to CD45RO by alternative RNA transcript splicing of the 
CD45 gene which facilitates TCR signal transduction (Hermiston et al. 2003; 
Rothstein et al. 1992). 
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3.3. Co-stimulatory signals 

The second signal in T-cell priming is co-stimulation delivered by DCs. In the 
absence of infection DCs remain in local tissues at a quiescent state recycling 
rapidly the peptide-MHC complexes on the cell surface. Only the presence of 
pathogenic agents and the delivery of innate immune system danger signals 
induces activation or licensing of DCs (Rescigno et al. 1997). Pattern-
recognition receptors on DCs surface signal the presence of pathogen-
associated molecular patterns such as bacterial or fungal carbohydrate 
moieties absent on mammal cells, or damage-associated molecular patterns 
such as extracellularly released heat shock proteins and DNA (Janeway 1992; 
Matzinger 2002). DCs also carry Toll-like receptors to sense pathogen 
properties, like microbial lipids and carbohydrates or viral RNA, both on the 
cell surface and intracellularly. In addition, the activation of the complement 
system in the presence of microbes is sensed by complement receptors on 
DCs (Li et al. 2011). 
 
Licensed DCs reduce the antigen uptake and upregulate and stabilize their 
peptide-MHC complexes (Rescigno et al. 1997). DCs also start expressing co-
stimulatory molecules B7.1 (CD80) and B7.2 (CD86) that are crucial in priming 
of naive T cells (Janeway and Bottomly 1994). The B7 molecules ligate with 
CD28 receptors on naive T cells inducing T cells to produce IL-2 and to express 
CD25 i.e. IL-2 high-sensitivity receptor α chain (June et al. 1987; Rudd et al. 
2009). Paracrine and autocrine signaling through IL-2 promotes T-cell 
survival and proliferation. The engagement of TCR in the absence of co-
stimulatory signals causes functional inactivation of the T cell, a state termed 
T-cell anergy (Schwartz 2003).  
 
In parallel with the CD28 co-stimulation the naive T cells start expressing 
other additional co-stimulatory and co-inhibitory molecules. The activating 
signals are numerous and include CD27, inducible co-stimulator (ICOS), CD40 
and others on T cells. The respective ligands, like CD70, ICOSL and CD40L, are 
expressed on DCs and other APCs. The interplay between these molecules is 
often bidirectional: co-stimulation activates and directs both the T cell and 
the APC functions (Chen and Flies 2013). The regulation of a T-cell response 
starts simultaneously with the upregulation of co-inhibitory molecules such 
as cytotoxic lymphocyte antigen 4 (CTLA-4) and programmed death 1 (PD-1). 
The knowledge on immune response co-inhibition is exploited with modern 
immuno-oncological drugs that inhibit these immune checkpoint molecules 
activating the immune system to destroy the cancerous self-cells (Bagchi et 
al. 2021). CTLA-4 is a structural homolog of CD28 and binds the B7 ligand but 
it has a 20 times higher binding avidity than CD28. CTLA-4 inhibits T-cell 
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activation by outcompeting CD28 binding to B7 (Acuto and Michel 2003). 
Besides, CTLA-4 ligation reduces TCR signaling through dephosphorylation of 
proximal TCR downstream signaling molecules (Rudd et al. 2009). PD-1 
signaling inhibits TCR downstream signaling and destabilizes the cellular 
contact between the T cell and the APC at the antigenic encounter site (Chen 
and Flies 2013). 
 
The junction between a T cell and an activating APC is highly organized and 
is termed immunological synapse because of the analogy with the contact 
between neuronal cells (Norcross 1984). The formation of the immunological 
synapse starts with binding of TCR to peptide-MHC followed by clustering of 
additional TCR molecules and co-stimulatory molecules as well as other cell-
surface molecules that mediate cellular adhesion. The immunological 
synapse also involves dynamic polarization of the T cell with reorganization 
of its actin cytoskeleton and secretory apparatus so that the effector 
cytokines are released in a regulated manner at the junctional site (Krummel 
and Cahalan 2010; Norcross 1984). 
 

3.4. Differentiating signals 

The T-cell priming is followed by 4-5 days of rapid cell divisions and 
development to effectors: CD4+ cells form T helper (Th) subsets and CD8+ 
cells develop to cytotoxic T lymphocytes (CTL). The effector cells require no 
co-stimulatory signals at a subsequent encounter with their activating 
antigen. They stop expressing CD62L and consequently homing to the lymph 
nodes.  
 
The Th differentiation is guided by the third signal from DCs which is mainly 
considered to consist of cytokines (Table 1) (Schmitt and Ueno 2015). 
However, the TCR signaling strength and co-stimulatory molecules also play 
a role (Coquet et al. 2015; Morel 2018). DCs deliver differentiation signals 
that correspond to the properties of the infective agents and the stress 
caused by tissue damage. Furthermore, different tissues host phenotypically 
distinct DC subsets allowing DCs to convey information about the tissue site 
where they were activated that again affects Th differentiation (Liu et al. 
2021; Worbs et al. 2017). The differentiation of CD8+ cells to CTLs is induced 
directly by TCR signaling and co-stimulation from DCs presenting antigens 
bound to MHC I. However, CTL differentiation is greatly enhanced by CD4+ 
Th1 cells that produce cytokines, such as IL-2 and IFN-γ, and activate DCs 
causing direct and indirect CD8+ activation, respectively (Borst et al. 2018).  
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4. Features of effector T cells 

Although CD4+ and CD8+ T cells develop from the same origin and are 
activated in similar conditions, their functions in immune responses are 
distinct. After priming CD4+ cells differentiate to various Th classes that 
provide help to other immune cells, whereas CD8+ cells directly attack and 
kill virus-infected or altered cells of self. Furthermore, instead of 
differentiation to Th subclasses, the CD4+ cells can adapt the Treg phenotype 
and suppress other immune cells.  

4.1. CD4+ cells 

Conventionally, Th cells are divided to subsets according to the cytokines 
they produce. By now at least seven different subclasses have been 
characterized. The first two Th classes identified in the 1980s were Th1 cells 
producing IFN-γ and Th2 cells producing IL-4 (Mosmann et al. 1986). Since 
then, IL-17 producing Th17 cells were discovered, and also Th22 and Th9, 
producing respectively IL-22 and IL-9, are considered as distinct Th classes 
(Table 1) (Sallusto 2016). The different Th classes specifically activate other 
immune cells to target different kinds of pathogens: Th1 activate 
mechanisms targeting intracellular bacteria, Th2 parasites and Th17 
extracellular bacteria and fungi (Sallusto 2016). In addition, follicular T helper 
cells (Tfh) provide help to B cells in lymph node follicles (Ueno et al. 2015).  
 
The activation of CD4+ T cells can also lead to differentiation of peripheral 
regulatory T (Treg) cells. Tregs are distinguished by the high expression levels 
of transcription factor FoxP3 and can suppress the function of other immune 
cells including other T cells. The suppressive mechanisms of Tregs consist of 
IL-2 deprivation, interaction with APCs, humoral suppression and direct 
cytotoxicity (Sakaguchi et al. 2008). Natural Tregs develop in the thymus 
from CD4+ T cells bearing a relatively strongly self-reactive TCR. Peripheral 
Tregs, in contrast, are conventional CD4+ naive T cells that adopt Treg 
phenotype during peripheral immune response under the influence of IL-2 
and TGF-β (Lin et al. 2013). Natural Tregs are more prevalent in lymph nodes 
and mainly prevent immunity against self-antigens while peripheral Tregs 
predominantly reside in mucosal tissues and convey tolerance towards 
exogenous antigens like commensal bacteria and nutrients (Harrison and 
Powrie 2013). The high expression of CTLA-4 on Tregs suppresses immune 
responses as CTLA-4 has high affinity for B7 on APCs and competes with CD28 
for its binding. In addition, Tregs may remove B7 molecules from the surface 
of an APC by trans-endocytosis of the CTLA-4–B7 complex (Qureshi et al. 
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2011). CD25 also has suppressive function in Tregs, as it is part of the high 
affinity IL-2 receptor and sequesters IL-2 that conventional naive T cells  
need for their homeostasis and activation (Sakaguchi et al. 2008).  
 
The Th subclasses were originally discovered in inbred mouse strains 
challenged with defined pathogens that predominantly elicited Th1 or Th2 
response. As the Th1 and Th2 transcriptional programs were established to 
be mutually suppressive, the Th differentiation was supposed to be relatively 
stable (Nakayamada et al. 2012). However, in the context of natural 
infections immune responses rarely represent one exclusive Th subclass and 
in humans the Th phenotypes show notable plasticity. Under appropriate 
signals Th cells may acquire features of other Th subclasses or even become 
reprogrammed to another subclass gaining the expression of corresponding 
master regulators (Sallusto et al. 2018). Also, the transcriptional programs 
may be partly overlapping. For example, in Th17 and Treg programming the 
low TGF-β concentration in combination with IL-6 promotes Th17 
differentiation while higher TGF-β levels induce Tregs (Bettelli et al. 2006). 

4.2. CD8+ cytotoxic cells 

Cell-mediated cytotoxicity was first studied in the context of tissue transplant 
rejection and cytotoxic CD8+ T cells were discovered in the early 1970s 
(Cerottini et al. 1970; Golstein and Griffiths 2018). CD8+ lymphocytes are 
activated with viral peptides or self-peptides presented in MHC I molecules. 
After the recognition of the cognate peptide-MHC complex, CD8+ cells are 
activated inducing the formation of immunological synapse and the release 
of cytoplasmic granules on the surface of the target cell. The granules contain 
perforin that forms pores on the cell membrane permitting granzymes to 
enter the cytosol and launch the caspase cascade eventually leading to 
apoptosis of the target. Granzymes may also mediate non-apoptotic forms 
of cell death (Chowdhury and Lieberman 2008) and in humans CTL granules 
contain an anti-microbial component granulysin (Stegelmann et al. 2005). 
Besides the perforin-granzyme pathway, the CTLs express Fas ligand (FasL) 
that interacts with the death receptor Fas (CD95) on target-cells and triggers 
another caspase cascade culminating in apoptosis (Golstein and Griffiths 
2018). The perforin-granzyme pathway dominates the CTL responses against 
virus-infected or altered self-cells whereas the Fas-FasL pathway seems to be 
predominantly involved in the homeostatic regulation of other lymphocyte 
populations (Krammer 2000). 
  



 
 

41 

 

 

 Th1 Th2 Th17 Tfh Th9 Th22 

Differentiating 
signals IFN-γ, IL-12 IL-4, IL-2 IL-6, TGF-β High-affinity 

TCR signaling 
IL-2, IL-4,  

TGF-β 
Notch-

signaling 

Cells producing 
the polarizing 
cytokines 

DCs, 
macrophages, 
natural killer 

cells 

Epithelial cells, 
innate immune 

cells, other? 
DCs APCs, B cells Undefined 

DCs, 
plasmacytoid 

DCs 

Lineage specific 
transcription 
factor 

T-bet GATA3 RORγt Bcl-6 Undefined AHR 

Th signature 
cytokines IFN-γ, TNF-α IL-4, IL-5,  

IL-9, IL13 
IL-17A, IL-17F, 

IL-21, IL-22 IL-21, IL-10 IL-9 IL-22, IL-13, 
TNF-α 

Cell populations 
receiving help 
from the Th 
subset 

Macrophages, 
CD8+ T cells, 
B cells (IgG1, 

IgG3 
production) 

Eosinophils, 
basophils, 

mast cells, B 
cells (IgE 

production) 

Neutrophils 
B cells (class 
switch, B-cell 

memory) 

Eosinophils, 
basophils, 

mast cells, B 
cells (IgE 

production) 

? 

Immune function 

Defense from 
intracellular 
microbes. 

Tumor 
surveillance.  

Defense from 
helminths and 

parasites. 

Defense from 
extracellular 

parasites and 
fungi. 

Effective 
antibody 

production. 

Defense from 
helminths and 

tumors. 
Wound 
healing. 

Immune 
dysregulation Autoimmunity. Asthma and 

allergy. Autoimmunity. Autoimmunity. 
Asthma, 

allergy and 
psoriasis. 

Atopic 
dermatitis 

and 
psoriasis. 

References 

Hsieh et al. 
1993; 

Lazarevic and 
Glimcher 

2011; Szabo 
et al. 2000 

Kaplan et al. 
1996; Liao et 

al. 2008; 
Walker and 
McKenzie 

2018 

Ivanov et al. 
2006; Loo et 

al. 2018; 
Stockinger and 
Omenetti 2017 

Crotty 2011; 
Vinuesa et al. 

2016 
Kaplan et al. 

2015 

Eyerich et al. 
2009; 

Mirshafiey et 
al. 2015 

Table 1. Th subclasses (aryl hydrocarbon receptor = AHR, antigen-presenting cell = APC, 
dendritic cell = DC, interferon = IFN, interleukin = IL, transforming growth factor = TGF, 
retinoic acid receptor-related orphan receptor-γt =RORγt, tumor necrosis factor = TNF). 
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5. Generation of immunological memory 

As the immune system succeeds to limit the infection, the pathogen is 
removed and the amount of antigenic material decreases. Lacking antigenic 
stimulation, most activated effector cells die by apoptosis – a phenomenon 
termed clonal contraction (Burnet and Others 1957). Additional signals that 
contribute to the increased sensitivity to apoptosis in activated cells are 
downregulation of CD25 and CD127, respective high-affinity receptors for 
pro-survival cytokines IL-2 and IL-7, and expression of death receptor CD95 
(Refaeli et al. 1998; Siegel 2006; Sprent and Surh 2011). The co-inhibitory 
immune checkpoint molecules, CTLA-4 and PD-1, become upregulated and 
further brake the function of activated cells. Yet, some primed cells persist 
after clearance of the pathogen and establish the immunological memory.  
 

5.1. Memory T-cell subsets 

The precedent view of memory generation suggested that the development 
of memory T cells is initiated at the contraction phase of the immune 
response. However, contemporary techniques tracking single cell fates have 
shown that features of memory phenotype are present in some cells shortly 
after priming and primed T cells display heterogeneous features giving rise 
to memory populations (Buchholz et al. 2016). Still, the precise mechanisms 
that define commitment to different memory phenotypes remain 
unestablished. The strength and duration of TCR signaling as well as signaling 
through co-stimulatory and cytokine receptors and the relative abundance 
of these receptors and their downstream signaling molecules per cell appear 
to play a role (Fazilleau et al. 2009; Feinerman et al. 2008; Schumacher et al. 
2010). Currently, T-cell memory is subdivided into distinct populations with 
differing capacities in terms of multipotency and self-renewal as well as 
tissue location (Table 2) (Gattinoni et al. 2017; Rahimi and Luster 2020; 
Thome and Farber 2015). 
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Table 2. Circulatory T-cell subsets. 
 
 CD45RA CCR7 CD62L CD95 

Naive + + + - 

Central memory (CM) - + + - 

Effector memory (EM) - - - - 
Terminally differentiated 
effector memory 
CD45RA+ (EMRA) 

+ - - - 

Stem cell memory 
(SCM) 

+ + + + 
 

5.1.1. Effector memory cells and central memory cells 

Originally, the antigen-experienced T cells in humans were defined by their 
expression of CD45RO instead of CD45RA which is characteristic of naive cells 
(Hermiston et al. 2003). In 1999 the CD45RA- memory population was shown 
to contain two separate subsets distinguished by CCR7 expression that allows 
cell trafficking to lymph nodes. The CCR7+ memory population was termed T 
central memory (CM) cells and the CCR7- population was termed T effector 
memory (EM) cells (Ebert et al. 2005; Sallusto et al. 1999). Similarly to the 
CCR7+ naive T cells, the CM population expresses other lymph node homing 
factors like CD62L, while EM expresses higher amounts of chemokine 
receptors like CCR5 associated with migration to inflamed tissues (Geginat et 
al. 2001). Upon restimulation CM cells proliferate and produce abundantly 
IL-2 but smaller amounts of effector cytokines, like IFN-γ, IL-4 and perforin, 
than EM cells. CM cells possess relatively long telomeres indicating high 
capacity of self-renewal. In contrast, EM cells respond rapidly to antigenic 
stimulation with production of high amounts of effector cytokines and 
perforin (Mueller et al. 2013). It was also early shown that stimulation of 
circulating naive cells can produce both CM and EM cells and restimulation 
of CM generates EM while restimulated EM retain their phenotype (Sallusto 
et al. 1999). Thus, it was hypothesized that EM form the first line of adaptive 
defense rapidly attacking the pathogen while CM with higher proliferative 
capacity represent a reservoir replenishing effector population at reinfection 
(Kaech et al. 2003; Lanzavecchia and Sallusto 2000; Mueller et al. 2013). 
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Simultaneously, the complexity of memory populations is recognized to 
reach beyond EM/CM dichotomy, as the classification with CD45RA and CCR7 
markers distinguished CD45RA+CCR7- subset in the CD8+ compartment 
(Farber et al. 2014). These cells showed particularly marked perforin 
production and were suggested to represent terminally differentiated CD8+ 
memory cells which had been earlier defined by high perforin production and 
CD45RA+CD27-CD62Llow phenotype (Hamann et al. 1997). Due to the re-
expression of CD45RA in this memory population, they are usually termed 
EMRA cells. During human life-span, in lymphoid sites and in blood, the 
frequency of EM and EMRA increases at the expense of naive cells while the 
frequency of CM is maintained largely stable (Saule et al. 2006; Thome et al. 
2014). In contrast, at mucosal sites, EM seem to predominate throughout life 
(Thome et al. 2014). 
 

5.1.2. Tissue-resident memory 

Another line of evidence for diversity in memory T-cell pool was derived from 
mouse work showing that memory cells present in nonlymphoid tissues 
showed quicker and more robust effector response upon restimulation 
compared to their phenotypically similar counterparts in lymphoid tissues 
(Masopust et al. 2001; Reinhardt et al. 2001). Subsequently, it was 
established that some memory cells reside permanently in the tissues 
instead of transient migration through tissues and were named tissue-
resident memory (TRM) cells (Gebhardt et al. 2009; Masopust and Soerens 
2019; Turner et al. 2014). TRM cells lack lymph node homing receptors CCR7 
and CD62L but express CD69 that promotes tissue retention. CD8+ TRM are 
also marked for their expression of integrin CD103 that is expected to 
mediate tissue entry (Mackay et al. 2012). The precise ontogeny of TRM 
remains unresolved but most likely they are induced from migrating EM 
and/or activated effector cells in the tissue site under specific local signals 
(Farber et al. 2014). TRM are suggested to detect pathogens at the barrier 
sites of the body and to be crucial in the recruitment of other 
effector/memory cells to the tissue (Gebhardt et al. 2009; Schenkel and 
Masopust 2014). 
  



 
 

45 

5.1.3. Stem cell memory 

While EM, TRM and CM cells as well present limited capacity of self-renewal 
and longevity, stem cell properties of T memory were first suggested in mice 
in the setting of sustained graft-versus-host-disease after serial allograft 
transplantations. A memory T-cell population with naive-like phenotype 
(CD45RA+CCR7+) was shown to be capable of sustaining production of all 
other memory cell types while maintaining its own pool through self-renewal 
(Zhang et al. 2005). Evidence for human T memory stem cells (SCM) 
persisting for years with naive-like phenotype was discovered in the context 
of vaccination with attenuated smallpox or yellow-fever viruses (YFV) and 
after Epstein-Barr virus (EBV) infection (Akondy et al. 2009; Long et al. 2013; 
Miller et al. 2008). Human SCM were shown to possess a naive-like 
phenotype (CD45RA+CCR7+CD27+) associated with the expression of CD95, 
CXCR3, IL-2Rβ (CD122) and CD58 (Gattinoni et al. 2011). SCM is a rare 
population representing only 2–3% of circulating T cells and their relative 
proportion seems maintained throughout life (Di Benedetto et al. 2015). 
They are generated directly from naive cells early after priming, maintain 
multipotency and express high telomerase activity and Ki-67 levels indicating 
self-sustained turnover (Ahmed et al. 2016; Cieri et al. 2015; Gattinoni et al. 
2017). 
 

5.2. Secondary immune response 

The phenomenon of immunological memory has been depicted as early as in 
ancient Greece as an ability of the human body to resist plague at the second 
encounter with the disease (Gattinoni et al. 2017). In the late 18th century 
Edward Jenner observed that milkmaids who had been exposed to cowpox 
were spared from epidemies of smallpox. He demonstrated that inoculation 
with cowpox extract provided protection from smallpox and called the 
procedure vaccination after “Variolae vaccinae” which was apparently 
Jenner’s own translation for “cow’s smallpox” (Baxby 1999; Jenner 1799). In 
general, when a pathogen is introduced to the body, either as a naturally 
occurring infection or in a vaccine, and the adaptive immunity becomes 
involved with generation of memory cells, the secondary immune response 
to the same agent is mounted more rapidly and can effectively prevent the 
infection or clinical disease. Since Jenner, vaccination against a multitude of 
pathogens has been successfully developed and the World Health 
Organization declared smallpox eradicated worldwide in 1979 (Piot et al. 
2019).  Advances in the understanding of immunological memory and 
vaccine vectors are crucial in the rational development of new vaccines 
against chronic pathogens like human immunodeficiency virus (HIV) or 
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emerging viral infections like severe-acute-respiratory-syndrome 
coronavirus 2 (SARS-CoV2) as well as against tumors (Jeyanathan et al. 2020; 
Piot et al. 2019).   
 

5.3. Specificity of memory T cells 

Though immunological memory has been recognized for centuries, the 
conditions required for an effective and long-lasting memory response 
remain only partially understood. The frequency of T cells specific to many 
common transiently present viral antigens, like influenza virus, or chronic 
persistent viruses, like cytomegalovirus (CMV) and EBV, is shown to be 
established in childhood and maintained practically stable for lifetime after 
the acute infection (Amyes et al. 2003; He et al. 2003; Pédron et al. 2011). 
Also, administration of live attenuated viruses, such as vaccinia and YFV, 
induced persistent antigen-specific memory cells in blood (Miller et al. 2008). 
In contrast, common childhood infections with gastrointestinal rotavirus or 
with respiratory syncytial virus failed to induce virus-specific T-cell clones 
detectable in the circulation (Bont et al. 2002; Jaimes et al. 2002). However, 
it is possible that the antigen-specific memory cells reside 
compartmentalized in peripheral tissues and thus remain inaccessible by 
sampling of blood (Farber et al. 2014). Further evidence for memory cell 
compartmentalization particularly for CD4+ cells is provided by a study 
where TCRβ chains in EM populations were sequenced at multiple tissue 
locations (Thome et al. 2014). The authors detected higher clonality and 
clonal overlap between tissues in CD8+ than CD4+ EM cells. They suggested 
that high CD8+ EM clonality may be a result of ongoing response to chronic 
viruses while CD4+ EM would preferably function in defense of acute tissue-
specific infections.  
 
Furthermore, a remarkable feature of TCRs is their cross-reactivity that also 
concerns antigen-experienced memory cells (Farber et al. 2014; Sewell 
2012). Memory T cells specific to HIV as well as to H5N1-influenza strain have 
been detected in individuals without prior exposure to HIV or H5N1-influenza 
strain and seronegative for these pathogens (Lee et al. 2008; Roti et al. 2008; 
Su et al. 2013). Virus-specific memory T cells can show cross-reactivity 
against the same antigenic peptide presented in different HLA type, 
autoantigens or unrelated pathogen antigens (Farber et al. 2014). Thus, 
memory T cells that are derived from previous antigenic encounters may 
provide protection from unrelated pathogens but also convey a risk for 
autoimmunity (Welsh and Selin 2002). 
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Genetic diversity of T-cell immunity 

6. Clinical observations 

Heritable susceptibility to both immunological conditions and infectious 
diseases has been recognized long before the establishment of modern 
concepts of genetics and immunology. Clinical observations already in 1889 
suggested that family history of rheumatic fever augments the risk for the 
disease fivefold (Cheadle 1889). This apprehension was supported in a meta-
analysis comprising six observational studies of acute rheumatic fever in 
twins from years 1933 to 1964 indicating 60% heritability for acute rheumatic 
fever (Engel et al. 2011). As another example, the association between 
protection from fatal forms of malaria and heritable variance in red blood 
cell morphology or glucose-6-phosphate dehydrogenase-deficiency were 
also reported relatively early (Allison 1954; Bienzle et al. 1972). Genetic 
predisposition to infections was highlighted in the 1940s with tuberculosis 
studies on twins. Monozygotic twins showed an 80% concordance rate in 
developing tuberculosis infection whereas dizygotic twins had a concordance 
rate of only 20% (Kallmann and Reisner 1943; Puffer 1944). Altogether, 
observational reports on heritable disease susceptibility reflect the genetic 
effects on disease pathogenesis. Still today, clinical observations and 
associations on inherited susceptibility to infections or autoimmunity breed 
investigations on pathogenetic mechanisms both with polygenic and 
Mendelian patterns of inheritance (Bonvalet et al. 2017; Casanova 2015; 
Pöyhönen et al. 2019). 
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7. Era of molecular biology 

Advances in medical practices and experimental approaches from the 1950s 
and onwards reared new questions on tolerance and reactivity to tissues 
other than self. Murine transplantation experiments showed that a 
transplanted tumor could only survive when the donor and the recipient had 
matching backgrounds resulting in the conceptualization of murine 
histocompatibility antigens (Gorer et al. 1948; Snell 1948). Leukocyte 
agglutination in the context of blood transfusions and in females with 
previous pregnancies provided evidence for antibodies against alloantigens 
and generated the idea of genetically determined HLA system (Van Rood et 
al. 1958). The HLA locus was found to be extremely polymorphic and as more 
patients were tested, the association between HLA locus and multiple 
immunological conditions was established (Ryder et al. 1981). Yet, the actual 
function of HLA molecules in antigen presentation was only discovered  in 
1973-1974 (Zinkernagel and Doherty 1997). Meanwhile, gradual progress in 
molecular biology started to disclose more precise structure and function of 
individual gene products allowing identification of monogenic etiology for 
some immunological diseases as well as more subtle genetic predisposition 
in multifactorial diseases (Astbury 1961). 
 

7.1. HLA-associated immunological diseases 

Heritable risk of many autoimmune diseases was mapped to the HLA locus 
relatively soon after its discovery. The pinpointing of risk alleles was first 
approached with serological assays and restriction fragment length 
polymorphism analyses until the development of gene cloning and 
inexpensive sequencing methodology (Trowsdale and Knight 2013). The first 
observations of HLA antigens and disease associations were for uveitis, 
systemic lupus erythematosus and type 1 diabetes mellitus (T1D) (Brewerton 
et al. 1973; Grumet et al. 1971; Singal and Blajchman 1973). Detailed 
characterization of HLA risk phenotypes and underlying mutations was 
expected to uncover the precise disease mechanisms, particularly in organ-
specific autoimmune diseases like T1D (Erlich et al. 1990; Sheehy et al. 1989; 
Todd et al. 1987; Zhao et al. 2020). However, several decades after HLA 
discovery, the definite mechanisms launching T-cell mediated immunity 
remain unknown (Trowsdale and Knight 2013). For instance, in T1D the islet-
infiltrating T cells are shown to be restricted to the associated HLA risk types 
but the actual trigger for T-cell activation and tissue infiltration is unclear. In 
infectious diseases and cancer protection the role HLA is even less certain; 
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some HLA types are associated with more severe outcomes or sometimes 
protection from overt disease (Trowsdale and  
Knight 2013).  
 

7.2. Monogenic T-cell diseases 

While many immunological diseases have a multifactorial etiology, some are 
caused by mutations in specific genes affecting principally T-cell 
development and function. Both immunodeficiency and autoimmune 
syndromes have been described already decades ago and the causative 
molecular defects have been demonstrated for many of them (Table 3) 
(Buckley 2002).  
 
One of the most serious immunological conditions is SCID syndrome 
characterized by completely lacking T cells that lead to defects in T-cell 
dependent antibody responses and T-cell responses including generation of 
immunological memory. Often B cells are also lacking. Affected infants suffer 
from diarrhea, failure to thrive and recurrent infections causing death by the 
first or second year of life if the condition remains untreated. The thymus 
volume is typically reduced but the tissue supports normal thymocyte 
development when healthy stem cells are provided (Myers et al. 2002). 
Defects in more than ten different genes causing SCID have currently been 
characterized but the underlying genetic defect is still missing for 7% of 
patients in the United States and Canada (Dvorak et al. 2019; Picard et al. 
2018).  
 
The crucial role of MHC molecules in thymocyte development and positive 
selections is highlighted in the deficiency of MHC I or MHC II molecules 
leading to absent or very low numbers of CD8+ or CD4+ T cells, respectively. 
While the lack of CD8+ cells predisposes to recurrent infections and 
vasculitis, the missing CD4+ population causes a more severe 
immunodeficiency syndrome (Hanalioglu et al. 2017; Steimle et al. 1993).  
 
Monogenic causes of T-cell diseases likewise include thymic disorders where 
the thymus can be completely lacking like in DiGeorge syndrome, or the 
thymic epithelium fails to develop like in FOXN1-deficiency, or the thymic 
microarchitecture is disrupted like in AIRE-deficiency causing APECED (Arstila 
and Jarva 2013; Rota and Dhalla 2017; Sullivan 2019). Other specified 
monogenic causes of T-cell deficiencies include defects in T-cell regulation: 
FoxP3 mutations causing IPEX (immune dysregulation, polyendocrinopathy, 
enteropathy, and X-linked) syndrome, heterozygotic CTLA-4 mutations 
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causing immunodeficiency with variable penetrance, and defects in the 
apoptotic Fas-FasL pathway causing autoimmune lymphoproliferative 
syndrome (Mitsuiki et al. 2019; Powell et al. 1982; Rieux-Laucat 2017). Lastly, 
monogenic causes of T-cell deficiency are not limited to pathways or 
molecules that are restricted to T cells. Wiskott-Aldrich syndrome was first 
described as a blood-clotting disorder but the causative mutations also lead 
to impaired T-cell function causing recurrent infections and autoimmunity 
(Candotti 2018). A more limited T-cell deficiency is caused by the lack of the 
complement protein C3 implicated in Th1 differentiation (Ghannam et al. 
2014; Pekkarinen et al. 2015). 
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Condition and the underlying genetic defect Pathogenesis and symptoms Reference 

Severe combined immunodeficiencies (SCID) 

Adenosine deaminase deficiency  Accumulation of adenosine metabolites that 
are toxic to developing T cells. Rapidly 
progressive lymphopenia after birth. 
 

Ferrua and Aiuti 
2017; Giblett et al. 
1975 Purine nucleoside phosphorylase deficiency 

Common gamma chain deficiency 
Disrupted IL-7 signaling due to mutations in 
IL-7 receptor or its downstream signaling 
molecule Jak3 abrogates thymocyte 
development. 

Noguchi et al. 
1993; Sugamura 
et al. 1996 

Interleukin-7 receptor alpha deficiency Roifman et al. 
2000 

Jak3 deficiency Russell et al. 1995 

CD3γ, CD3δ or CD3ε deficiency 
Disrupted TCR signaling due to mutations in 
CD3 or TCR accessory molecule CD45 or 
the TCR downstream signaling molecule 
Zap-70 abrogates thymocyte development. 

Dadi et al. 2003; 
Soudais et al. 
1993 

CD45 deficiency  Kung et al. 2000 

Zap-70 deficiency Elder et al. 1994 

Complete deficiency of RAG1 or RAG2 function Complete loss of T and B cells due to non-
functional V(D)J recombination 

Schwarz et al. 
1996 

Partial deficiency of RAG function (Omenn 
syndrome) 

Loss of B cells and few oligoclonal T cells 
that are activated in the periphery Corneo et al. 2001 

Deficiencies in a DNA-repair enzyme: Artemis, 
DNA-PKc or DNA ligase IV (RS-SCID) 

Deficient V(D)J recombination leading to 
defective numbers of T and B cells. As the 
same enzymes are involved in repairing DNA 
damage, the patients are susceptible to 
malignancies and sensitive to irradiation the 
condition being entitled radiation-sensitive 
SCID (RS-SCID). 

Gennery et al. 
2000 

Table 3. Monogenic T-cell diseases 
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MHC deficiencies (Bare lymphocyte syndrome) 

MHC I deficiency due to defects in proteins 
loading peptides to MHC I 

Lack of CD8+ T cells due to a failure to 
positively select them in the thymus. Patients 
suffer from chronic respiratory tract infections 
and cutaneous vasculitis. 

de la Salle et al. 
1994; Hanalioglu 
et al. 2017 

MHC II deficiency due to defects in transcription 
factors regulating MHC II expression 

Lack of CD4+ T cells due to a failure to 
positively select them in the thymus. 
Dysfunctional CD8+ T cells and B cells 
because of lacking CD4+ T cell help. Patients 
display a severe immunodeficiency 
syndrome. 

Steimle et al. 1993 

Thymic disorders 

Microdeletions of chromosome 22q11.2 
(DiGeorge syndrome, Catch 22) 

A broad developmental disorder affecting the 
development of the head and neck region 
including the thymus. The lack of transcription 
factor T box 1 abrogates the development of 
the thymic epithelium impairing T cell 
maturation. 

Sullivan 2019 

FOXN1 deficiency (Nude-SCID) 

The transcription factor FOXN1 is involved in 
the development of the skin and the thymic 
epithelium. Carriers of homozygous 
mutations have no body hair and display a 
SCID phenotype and thus the condition is 
called nude-SCID. 

Frank et al. 1999; 
Rota and Dhalla 
2017 

AIRE deficiency (APECED) 

The transcription factor AIRE is expressed in 
mTECs regulating the thymic expression of 
tissue antigens and negative selection. 
Homozygous AIRE mutations lead to leakage 
of autoreactive T cells into the periphery and 
dysregulated Treg function. Patients display 
multiple autoimmune components targeting 
endocrine organs, mucocutaneous 
candidiasis and hair and nail dystrophies. 
Autoantibodies against type 1 interferons are 
pathognomonic. 

Aaltonen et al. 
1997; Arstila and 
Jarva 2013; 
Nagamine et al. 
1997  
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Other monogenic T cell deficiencies 

FOXP3 deficiency (IPEX) 

Lack of Treg cells. The X-chromosomal 
syndrome is featured by the clinical triad of 
chronic diarrhea, autoimmune diabetes and 
skin disease but other autoimmune 
manifestations can also ensue. 

Powell et al. 1982 

CTLA-4 deficiency 

Dysfunctional suppressive signaling of T cell 
activation due to CTLA-4 mutations. 
Heterozygous carriers display a complex 
immunodeficiency syndrome manifested as 
hypogammaglobulinemia, recurrent infections 
and autoimmunity. 

Kuehn et al. 2014; 
Schubert et al. 
2014 

Deficiency of Fas-FasL pathway 

Dysfunctional regulation of immune 
responses due to defects in the apoptotic 
pathway in T and B cells. Patients suffer from 
systemic autoimmunity including 
pancytopenias, dermatitis, arthritis and 
nephritis. 

Rieux-Laucat 2017 

WAS protein deficiency 

Deficiency of WAS protein abrogates the 
signal transduction and the reorganization of 
the cytoskeleton affecting the formation of 
immunological synapse and polarized 
cytokine release in T cells. The X-
chromosomal syndrome is featured by blood 
clotting disorder, recurrent infections and 
autoimmunity. 

Candotti 2018 

Complement factor C3 deficiency 

Besides the defects in the activation of the 
extracellular complement cascade, 
intracellular C3 production is indispensable in 
activated T cells for Th1 differentiation and 
help to B cells. Some immunoglobulin classes 
are missing. Patients suffer from recurrent 
bacterial infections and autoimmunity caused 
by the accumulation of immune complexes. 

Ghannam et al. 
2014; Pekkarinen 
et al. 2015 
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7.3. Other inherited variations associated with T-cell mediated diseases 

Besides monogenic syndromes and HLA diversity, an array of other genetic 
variants is associated with a risk of T-cell mediated diseases. Typically, these 
variants are identified in immune pathways but also in non-immune genes. 
The influence of innate responses on T-cell immunity is illustrated in Crohn’s 
disease. In this inflammatory bowel disease, some patients have defective 
innate responses to normal gut microbiota leading to chronic T-cell mediated 
inflammation in the gut (Eckmann and Karin 2005). An example of a T-cell 
restricted failure is susceptibility to mycobacterial diseases caused by 
defective Th1 responses due to inborn errors on in the IFN-γ signaling 
pathway (Bustamante et al. 2014). However, T-cell mediated diseases can 
also be triggered by genetic variants with no direct immune function. As an 
example, variable numbers of tandem repeats upstream of proinsulin gene 
are a risk factor for autoimmune diabetes. These polymorphisms are 
supposed to modulate the proinsulin expression in the thymus and affect the 
negative selection of developing thymocytes (Bennett et al. 1995; Durinovic-
Belló et al. 2010). 
 
Yet, genetic studies have also proved the importance of non-heritable factors 
in explaining the variation in the immune system. A large-scale twin study 
measuring 204 immune parameters including cell population frequencies, 
cellular responses and serum protein levels in 201 twins showed inheritable 
contribution only in a minority of the measured parameters. Moreover, a 
network analysis indicated that the features with a high heritable 
contribution were typically surrounded by other features of a more 
stochastic nature (Brodin et al. 2015). In contrast, the individual genetic 
factors influencing the immune system were highlighted in another study of 
669 twins where immunophenotyping and tracking of genetic variants 
identified 279 single nucleotide polymorphisms affecting the measured 
immune variables (Roederer et al. 2015).   
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8. Era of high-throughput TCR sequencing 

While labor-intensive traditional sequencing methods were forced to focus 
on sequencing of preselected regions of the genome, the development of 
massively parallel next-generation sequencing approaches have provided an 
unsupervised fashion to discover genetic predisposition to diseases during 
the last 15 years (Petersen et al. 2017). In addition, the inexpensive next-
generation sequencing permits detailed profiling of TCR repertoire 
heterogeneity and evolution in healthy and diseased individuals. Detailed 
repertoire characterization has also allowed estimating the genetic impact 
on TCR repertoire composition (Rubelt et al. 2016; Zvyagin et al. 2014). 
Despite the theoretically astronomical TCR diversity, a remarkable fraction 
of TCRs has been found to be public, i.e. shared between multiple individuals 
(Shugay et al. 2013; Venturi et al. 2011). Repertoire diversity and assessing 
or predicting TCR epitope-specificities has raised both clinical and theoretical 
interest. Yet, definitive conclusions on the relationship of TCR repertoire and 
immunological diseases have been difficult to draw. Partly, this is hampered 
by the lack of effective sequencing of paired TCRαβ repertoires. The typical 
sequencing depth of current TCRαβ sequencing assays of approximately 
100 000–200 000 cells remains insufficient to detect disease-associated TCR 
clones in the pool of 100 million cells (Carter et al. 2019).  
 

8.1. Inheritable components in TCR repertoire 

Despite the essentially stochastic nature of the TCR repertoire generation, 
genetic factors influence the generation at multiple levels. The enzymatic 
machinery responsible for the recombination regulates the choice of the 
gene segments, favoring some combinations, and also affecting the non-
germline encoded variation in the gene junctions (Bogue et al. 1992; Hou et 
al. 2016; Quiros Roldan et al. 1995). The selection steps are likewise 
controlled by genes encoding proteins involved in antigen presentation, and 
so is the assortment of self-antigens presented to the developing thymocytes 
(Klein et al. 2009; Starr et al. 2003). In addition, certain gene segments are 
favored in all individuals independent of their genetic relationship (Quiros 
Roldan et al. 1995). The biased segment usage is shown to originate already 
in the thymic recombination (Melenhorst et al. 2008; Park et al. 2020). 
Further bias is created by thymic and peripheral selections when the 
germline encoded parts of V genes interact with HLA molecules (Huseby et 
al. 2005; Park et al. 2020; Rudolph et al. 2006; Wu et al. 2002).  
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Yet, the usage of V and J gene segments and VJ combinations is even more 
similar in genetically related individuals. Zvyagin et al. studied peripheral 
blood TCR repertoire in three pairs of monozygous twins detecting more 
similar TRAV, TRBV and TRBJ gene usage in inframe and nonproductive 
repertoires in twins than in unrelated individuals while for TRAJ the twins 
were more similar only in the inframe repertoire (Zvyagin et al. 2014). The 
out-of-frame repertoire is not translated to protein level and thus reflects 
the TCR recombination without influence of antigenic selections. The authors 
suggested that the genetic background influences the thymic selections of 
TRAJ segments, while for other segments the genetics seemed to influence 
both recombination and selections (Zvyagin et al. 2014). Rubelt et al. studied 
peripheral repertoires in five pairs of monozygous twins and showed similar 
V and J gene usage for naive and memory populations both for TCRα and 
TCRβ chains (Rubelt et al. 2016). However, a report of TCRβ repertoire in 
mother and child pairs emphasized the universal bias in gene segment usage 
with only minor impact from the genetic background (Putintseva et al. 2013).  
 
The generation of the junctional CDR3 regions with deletion and insertion of 
nucleotides at the gene segment ends is a further source of repertoire 
diversity and an even more stochastic process than V(D)J recombination. 
Still, inheritable influence has also been detected in the CDR3 regions. In an 
inbred laboratory mouse strain as much as 30% of the CDR3 sequences of 
TCRβ repertoire were shared between animals (Bousso et al. 1998; 
Furmanski et al. 2008). In humans, twin studies have indicated genetic 
impact in the CDR3 region length but also a small but detectable impact in 
the CDR3 amino acid composition (Pogorelyy et al. 2017; Rosati et al. 2019; 
Rubelt et al. 2016; Zvyagin et al. 2014). Zvyagin et al. found higher sharing of 
high-frequency clones in monozygous twins and attributed this to the 
inherited impact in the antigen-specific clonal selection of memory cells 
(Zvyagin et al. 2014). Another study suggested excess sharing of peripheral 
blood CDR3 sequences in twins due to the persistence of fetal clones 
generated by one twin and physically shared via the common placental 
circulation during gestation (Pogorelyy et al. 2017). 
 
Furthermore, inheritable elements in TCR responses both in infections and 
in autoimmunity have been assessed with high-throughput repertoire 
sequencing. Qi et al. used varicella-zoster virus (VZV) responsive cells and 
their restimulation with VZV vaccination to study TCR responses in a latent 
viral infection (Qi et al. 2016). TCRβ chains were sequenced in naive, memory 
and VZV-reactive T-cell populations in three pairs of identical twins and three 
unrelated controls showing more similar TRBV and TRBJ usage as well as 
more overlapping junctional sequences in naive and memory populations in 
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twins than in unrelated individuals. Among VZV-specific clones no inherited 
bias in the gene segment usage was detected but the sharing of VZV-specific 
clones was higher in twins than in unrelated individuals. However, the 
genetic influence was observed only in some of the virus-responsive clones 
while the most abundant virus-specific clones were largely private, i.e. 
present in only one individual, and no higher sharing was observed between 
twins (Qi et al. 2016). Pogorelyy et al. studied TCRβ responses to YFV 
vaccination at five time points in three pairs of monozygous twins as a model 
of acute primary virus infection. The YFV-reactive TCRβ clonotypes were 
largely private but still slightly more often shared in twins than in unrelated 
individuals (Pogorelyy et al. 2018). Rosati et al. studied the genetic influence 
on TCR repertoire in autoimmunity with deep sequencing of TCRα and TCRβ 
repertoires in 28 monozygous twin pairs of whom four were concordant and 
24 discordant for inflammatory bowel disease (Rosati et al. 2019). The 
analysis confirmed the previous result by Zvyagin et al. on higher sharing of 
TCR sequences among high abundance clonotypes in twins. However, no 
higher sharing was observed in twins concordant than discordant for 
inflammatory bowel disease, though this might be due to the weak statistical 
power obtained with only four concordant twin pairs (Rosati et al. 2019). In 
summary, despite the widely recognized role of HLA types in immune 
responses, otherwise genetics seem to play a relatively minor part in the 
clonal selection of specific TCRs in in vivo immune responses.   
 

8.2. Public TCR responses 

While the genetic signal in TCR repertoires seems minute albeit distinct, a 
surprisingly high fraction of clones is shown to be widely shared across 
unrelated individuals. Originally, considering the gigantic theoretical 
diversity of TCR repertoire, identical clones were expected to appear only 
coincidentally in a population. However, public TCRs were first discovered in 
the early 1990s in the context of infections, where few dominant TCR clones 
against a common epitope were shown to dominate the immune response 
in unrelated individuals (Argaet et al. 1994; Moss et al. 1991). Ever since, the 
phenomenon of public responses towards evolutionary conserved, 
persistent viruses like CMV and EBV has been confirmed in multiple studies 
(Khan et al. 2002; Rius et al. 2018). Also, public clones have been detected 
against viruses that are antigenically more variable like HIV and influenza as 
well as tumor epitopes and autoimmune epitopes (Gillespie et al. 2006; Miles 
et al. 2011; Venturi et al. 2006; Yu et al. 2007). Further, public clones are also 
observed among naive T-cell repertoires (Quigley et al. 2010; Robins et al. 
2010). 
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The theories explaining the origin of public TCRs still remain inconclusive. 
According to structural explanations some TCRs are favorably selected due 
to a markedly prominent or flat TCR conformation, or because TCR binding 
to peptide-MHC complex is more promiscuous or induces changes in TCR 
conformation (Gavin and Bevan 1995; Kjer-Nielsen et al. 2003; Turner et al. 
2006). Yet, structural factors fail to explain how identical TCRs arise in the 
first place in unrelated individuals. Sequence-related explanations suggest 
that public sequences contain few non-templated nucleotide insertions or 
deletions and thus, being closer to the germline, they would be easier to 
generate (Argaet et al. 1994). However, many public TCRs include several 
non-templated insertions that are encoded by multiple different non-
germline nucleotide sequences in different individuals. As an alternate 
explanation, Venturi et al. suggested a theory of convergent recombination, 
after showing that the public TCR chains can be generated by multiple 
different nucleotide sequences “converging” to the same amino acid chain 
(Venturi et al. 2006; Venturi et al. 2008c). The cause for the biased TCR 
generation has been suggested to have an evolutionary basis. Public TCRs 
would have evolved in parallel with common virus infections providing a first 
line of defense with high precursor frequency and perhaps possessing a 
highly promiscuous binding capacity to provide maximal coverage towards 
many antigens (Miles et al. 2011). The TCR recombination bias has been 
assessed by calculating the generation probabilities of TCRs using actual 
peripheral TCR repertoires as a model for the algorithm (Marcou et al. 2018; 
Murugan et al. 2012; Sethna et al. 2019). Another model focusing on thymic 
selections suggested that the recombination machinery is biased to generate 
sequences that are more likely to survive selections (Elhanati et al. 2014). 
Madi et al. studied public TCRβ chains in 28 mice and found that clones 
shared across multiple (or even all) individuals had two orders of magnitude 
higher clonal abundance than private clones, expressed a restricted set of V/J 
combinations and were encoded by multiple convergent nucleotide 
sequences (Madi et al. 2014). Still, the actual mechanisms that steer the 
biased TCR recombination and positive and negative selections remain 
unresolved. Also, the concept of truly public paired TCRαβ clones has been 
contested in murine studies, where few TCRαβ pairs were observed across 
individuals. Curiously though, many of these virus-specific TCRs still carried a 
public TCRα or TCRβ chain that seemed to convey epitope-specificity 
independent of their TCR partner (Cukalac et al. 2015). 
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8.3. Identifying TCR epitope-specificity 

As sequencing of TCRs has become inexpensive and wide-spread, more and 
more epitope-specific TCRs in various immunological conditions are 
identified. Currently, three databases listing TCRs according to disease-
association or epitope-specificity are published (Bagaev et al. 2020; Tickotsky 
et al. 2017; Vita et al. 2019). In addition, various computational approaches 
are developed to assess the specificity of an immune repertoire to a 
particular pathogen or to predict the specificity of a singular TCR chain or 
TCRαβ pair (Bradley and Thomas 2019).  
 
The pathologic conditions where TCR-specificities have been recognized 
range from infections to autoimmunity, allergy and tumor defense. Despite 
the high number of virus-specific TCRs, exploiting them in vaccine-design or 
in other therapeutic purposes remains a challenge. A particular problem with 
retroviruses, including HIV, is the high mutational rate of the organism and 
the following escape variants (Hemelaar 2013). Presently, TCR sequencing is 
wished to benefit the diagnostics and vaccine development in the outbreak 
of the SARS-CoV-2 (Gutierrez et al. 2020). The freely available curated 
collection of epitope-specific TCRs (VDJdb) contains already 739 TCR 
clonotypes recognizing SARS-CoV-2 (Bagaev et al. 2020). In the context of 
autoimmune diseases (e.g. multiple sclerosis and T1D) various autoimmune 
targets and TCR clones specific to them have been defined without a 
definitive therapeutic breakthrough (Eugster et al. 2015; Ihantola et al. 2020; 
Oksenberg et al. 1993; Pathiraja et al. 2015). The epitope targets typically 
also expand along the progressing disease that causes tissue damage - a 
phenomenon termed “epitope spreading” (Davies et al. 2005). Concerns with 
TCRs specific to tumor-antigens include their possible low reactivity to the 
tumor due to competent self-tolerance or potential reactivity to self instead 
of the tumor.  
 
A further aspect in TCR-specificity relates to TCR-promiscuity or cross-
reactivity (Sewell 2012). An experimental setting suggested that a single TCR 
is able to bind over million decamer peptides (Wooldridge et al. 2012). An 
indirect in vivo example of cross-reactivity are the frequently detected HIV-
specific memory T cells in individuals without previous HIV exposure (Su et 
al. 2013). Experimental scanning of TCR cross-reactivity with all possible 
peptide ligands remains impossible with the current methodologies typically 
based on flow cytometric sorting of TCRs binding to a complex of four or 
more HLA molecules bound to the peptide of interest called peptide-
multimers (Bradley and Thomas 2019). Furthermore, the TCR binding to a 
peptide-tetramer does not imply TCR reactivity to the antigen but additional 
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stimulation experiments are required to assure the reactivity. Also, our 
current knowledge on TCR specificities remains partial as long as the epitope-
specificities are principally based on one chain of the TCR heterodimer (De 
Simone et al. 2018). 
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Aims of the Study 

This study aims to understand the T-cell diversity deriving from the TCR 
recombination in the thymus and from the peripheral T-cell maturation in 
humans. More specifically the aims are: 
 
 
I  To measure and estimate the TCR diversity in the thymus 

II  To study the features of TCRα and TCRβ clonotypes in the 

thymus 

III  To map the inheritable component in the generation of thymic 

TCR repertoire 

IV To assess the epitope-specificity of thymic TCR clonotypes 

V To describe the peripheral maturation trajectories of CD4+ and 

CD8+ T cell subsets 
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Summary of materials and methods 

1. Samples 

1.1. Thymus donors (I-IV) 

Thymus samples were obtained from 11 otherwise healthy infants 
undergoing open cardiac surgery for congenital heart defects (Table 4). Two 
of the thymus donors were monozygous twins operated on consecutive days 
(Thymus donors 2 and 5). Thymocytes were released from the resects within 
six hours from the operation with mechanical homogenization using a 
plunger and a 40 µm filter. A volume of 0.5–1 mL of peripheral blood was 
drawn into an EDTA tube from four infants during the surgery. Blood samples 
were treated with Gibco™ACK Lysing Buffer (Thermo Fisher Scientific, USA) 
according to the manufacturer’s instructions to remove red blood cells. 
Extracted thymocytes and white blood cells were stored as dry pellets in –70 
°C prior to the DNA extraction and TCR sequencing.  

1.2. Organ donors (V) 

Tissue samples including peripheral blood and resects of spleen and ileum 
were obtained from 13 brain-dead organ donors (Table 5). We excluded 
donors with immunological diseases (e.g. rheumatoid arthritis), a death 
cause related to infection and those who were current smokers. The spleen 
and ileal resects were wrapped in cloths dampened with cold saline solution 
and kept on ice. The research samples were collected within 2–6 hours of 
their removal and the immune cells were extracted immediately. Peripheral 
blood mononuclear cells (PBMCs) were extracted from the blood with Ficoll 
Paque Plus (GE Healthcare, USA) according to the manufacturer’s 
instructions. The splenocytes were extracted mechanically using a 40 µm 
filter and a plunger and a subsequent gradient centrifugation with Ficoll 
Paque Plus. The lymph nodes were visually identified in the mesenterial 
adipose tissue. The excess fat was ripped with scissors and the lymph node 
was rinsed with phosphate buffered saline (PBS) solution. The lymphocytes 
were mechanically extracted using a 40 µm filter and a plunger. The mucosal 
surface of ileal samples was removed and cut into small pieces with scissors, 
rinsed with PBS and incubated in 5–10 mL of enzyme solution (RPMI 
containing 15 mM HEPES, 0.25 mg/mL of DNase I and 0.25 mg/mL of 
collagenase II) on a magnetic shaker in +37°C water bath for 20–30 min. The 
tissue digest was filtered with a 100 µm filter and washed first with cold PBS 
containing 10% fetal calf serum (FCS) and then with PBS containing 2% FCS 
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and 2 mM EDTA. The organ donor samples were immediately analyzed or 
sorted with a flow cytometer. 
 

1.3. Blood samples from healthy controls (IV and V) 

Peripheral blood samples were obtained from three separate cohorts: ten 
healthy children derived from the Finnish Pediatric Diabetes Register (Blood 
donors 1–10; IV), six healthy adult volunteers (Blood donors 11–13; IV, Blood 
donors 26–28; V) and from twelve immunologically healthy children 
undergoing cardiac surgery and associated partial thymectomy (Blood 
donors 14–25; V) (Table 5). The Finnish Pediatric Diabetes Register collects 
data and biological samples from children with newly diagnosed T1D as well 
as their first-degree relatives. The blood donors 1–10 were healthy siblings 
of T1D patients with a heterozygous HLA-DR3/DR4 genotype that confers a 
high risk for T1D. They tested negative for five T1D-associated 
autoantibodies (islet cell antibodies, insulin autoantibodies and antibodies to 
glutamic acid decarboxylase 65 (GAD65), islet-antigen 2, and zinc transporter 
8 (Zn-T8)) and remained free of clinical symptoms of diabetes 2–4 years after 
sampling. PBMCs were isolated with Ficoll Paque Plus gradient centrifugation 
according to the manufacturer’s instructions. For blood donors 1–10 the 
PBMCs were frozen with freezing media containing dimethyl sulphoxide and 
FCS and stored in –140 °C prior to the DNA extraction and TCR sequencing. 
For blood donors 11–29 the PBMCs were stained and sorted or analyzed with 
flow cytometry immediately without a freezing step.  
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Table 4. Thymus donors. 
 

  

Thymus 
donor 

Age 
(days) Sex Tissues Analyses 

Original 
publication(s) 

Name in 
original 
publication 
I 

Name in 
original 
publication 
II 

Name in 
original 
publication 
III 

Name in 
original 
publication 
IV 

Donor 1 26 male thymus TCRβ 
sequencing I thymus 1 . . . 

Donor 2* 244 male thymus 
TCRα and 

TCRβ 
sequencing 

I, II, III, IV thymus 2 donor B Twin B sample B 

Donor 3 225 female thymus 
TCRα and 

TCRβ 
sequencing 

I, II, III, IV thymus 3 donor C Control A sample C 

Donor 4 126 male thymus 
TCRα and 

TCRβ 
sequencing 

I, II, III, IV thymus 4 donor D Control B sample D 

Donor 5* 243 male thymus 
TCRα and 

TCRβ 
sequencing 

I, II, III, IV  donor A Twin A sample A 

Donor 6 7 male thymus and 
blood 

TCRα and 
TCRβ 

sequencing 
II  donor 1 . . 

Donor 7 52 male thymus and 
blood 

TCRα and 
TCRβ 

sequencing 
II  donor 2 . . 

Donor 8 107 male thymus and 
blood 

TCRα and 
TCRβ 

sequencing 
II  donor 3 . . 

Donor 9 156 female thymus and 
blood 

TCRα and 
TCRβ 

sequencing 
II  donor 4 . . 

Donor 10 167 female thymus 
TCRα and 

TCRβ 
sequencing 

IV  . . sample E 

Donor 11 232 male thymus 
TCRα and 

TCRβ 
sequencing 

IV  . Control D sample F 

* Thymus donors 2 and 5 were monozygous twins     
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Table 5. Organ donors and blood donors. (Abbreviations: mesenteric lymph 
node = MLN, regulatory T cell = Treg, conventional T cell = Tconv) 

 

 
Donor Age  Sex Tissues Analyses Original 

publication 

Organ donor 1 35 years  female MLN Cell sorting and TCRα 
sequencing V 

Organ donor 2 37 years male blood, spleen, MLN Flow cytometry, cell sorting 
and TCRα sequencing V 

Organ donor 3 55 years male blood, spleen, MLN, ileum 

Flow cytometry 

V 
Organ donor 4 33 years male blood, spleen, MLN, ileum V 
Organ donor 5 44 years female blood, spleen, MLN, ileum V 
Organ donor 6 63 years female blood, spleen, MLN, ileum V 
Organ donor 7 39 years male blood, spleen, MLN, ileum V 
Organ donor 8 20 years male blood, spleen, MLN, ileum V 
Organ donor 9 24 years male blood, spleen, MLN, ileum V 
Organ donor 10 67 years male blood, spleen, MLN V 
Organ donor 11 41 years male blood, MLN, ileum V 
Organ donor 12 58 years male blood, spleen, MLN V 
Organ donor 13 67 years female blood, spleen, ileum V 
Blood donor 1 12 years male blood 

TCRα sequencing 

IV 
Blood donor 2 10 years male blood IV 
Blood donor 3 3.6 years female blood IV 
Blood donor 4 5 years female blood IV 
Blood donor 5 9.4 years female blood IV 
Blood donor 6 3.1 years female blood IV 
Blood donor 7 14.3 years male blood IV 
Blood donor 8 5.3 years female blood IV 
Blood donor 9 6.6 years male blood IV 
Blood donor 10 5.4 years male blood IV 
Blood donor 11 21 years male blood 

Treg/Tconv sort and TCRα 
sequencing 

IV 
Blood donor 12 30 years female blood IV 
Blood donor 13 23 years male blood IV 
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Donor Age  Sex Tissues Analyses Original 
publication 

Blood donor 14 2.6 years female blood 

Flow cytometry 

V 
Blood donor 15 15 years female blood V 
Blood donor 16 1.1 years female blood V 
Blood donor 17 4.3 years male blood V 
Blood donor 18 5 days male blood V 
Blood donor 19 7.8 years male blood V 
Blood donor 20 1.7 years male blood V 
Blood donor 21 8.2 months male blood V 
Blood donor 22 6 days female blood V 
Blood donor 23 17 days male blood V 
Blood donor 24 4.9 years female blood V 
Blood donor 25 4.6 months female blood V 
Blood donor 26 21 years male blood V 
Blood donor 27 29 years female blood V 
Blood donor 28 29 years male blood V 
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2. Flow cytometric analysis and sorting  

2.1. Analysis (V) 

One to five million cells in single cell suspension were stained with LIVE/DEAD 
Fixable Green Dead Cell Stain in 1:1000 concentration (Thermo Fisher 
Scientific, USA) and fluorescent-labelled anti-human antibodies (Table 6) for 
30 min in dark and +4°C. For intracellular staining of Ki67, the cells were 
permeabilized with FoxP3 permeabilization kit (eBioscience, USA) before 
adding of the intracellular antibodies. For fluorescence compensation single 
stained cells or compensation beads (BD Biosciences, USA) were used. The 
flow cytometric analysis was performed on LSRII Fortessa (BD Biosciences, 
USA) and the obtained data analyzed with FlowJo software (BD Biosciences, 
USA).  
 

2.2. Sorting (IV and V) 

For sorting of Treg and conventional T cell (Tconv) populations, freshly 
isolated PBMCs were stained for 30 min in +4°C with the following cell 
surface markers: LIVE/DEAD Fixable Green Dead Cell Stain (DCM) in 1:1000 
concentration and fluorescent-labelled anti-human antibodies (Table 6). The 
sorted populations were defined as DCM-CD4+CD25high for Tregs and DCM-
CD4+CD25- for Tconvs. 
 
For sorting of CD4+ and CD8+ naive and various memory populations the 
lymphocytes obtained from lymph nodes were stained for 30 min in +4°C 
with DCM in 1:1000 concentration (Thermo Fisher Scientific, USA) and 
fluorescent-labelled anti-human antibodies (Table 6). The definitions of 
sorted T-cell subsets are shown in Table 7.  
 
Compensation beads (BD Biosciences, USA) were used for the fluorescence 
compensation. The sorting was performed using BD FACSAria II instrument 
(BD Biosciences, USA). Sorted cells were stored as dry pellets in –70°C before 
DNA extraction and TCR sequencing. 
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Table 6. Fluorescent-labelled antibodies used in experiments. 
 
Fluorescent 
label Antigen Clone Host Producer Publication 

FITC CD14 18D11 Mouse 
Immunotools, 
Germany V analysis 

FITC CD19 LT19 Mouse 
Immunotools, 
Germany V analysis 

Pe CD8 MEM-31 Mouse 
Immunotools, 
Germany 

V analysis and 
sort 

PeCF594 CCR7 3D12 Rat 
BD Biosciences, 
USA 

V analysis and 
sort 

APC CD27 LT27 Mouse 
Immunotools, 
Germany V analysis 

APC-R700 CD28 CD28.2 Mouse 
BD Biosciences, 
USA V analysis 

AlexaFluor700 CD62L DREG-56 Mouse BioLegend, USA V sort 

APC-H7 CD3 SK7 Mouse 
BD Biosciences, 
USA 

V analysis and 
sort 

BV421 CD95 DX2 Mouse 
BD Biosciences, 
USA 

V analysis and 
sort 

BV510 CD4 SK3 Mouse 
BD Biosciences, 
USA 

IV sort, V 
analysis and 
sort 

BV711 CD45RA HI100 Mouse 
BD Biosciences, 
USA 

V analysis and 
sort 

BV786 Ki67 Human Ki-67 Mouse 
BD Biosciences, 
USA V analysis 

Pe-Cy7 CD25 BC96 Mouse eBioscience, USA IV sort 
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Table 7. Definitions of sorted T-cell subsets. (Abbreviations: effector memory 
= EM, central memory = CM, effector memory RA+ = EMRA, stem cell 
memory = SCM) 
 
Population Definition 

CD4+ and CD8+ naive CD45RA+CCR7highCD62L+CD95- 

CD4+ and CD8+ EM CD45RA-CCR7-CD62L- 

CD4+ CM CD45RA-CCR7+CD62L+ 

CD8+ EMRA CD45RA+CCR7-CD62L- 

CD4+ and CD8+ SCM CD45RA+CCR7highCD62L+CD95+ 
 
 

3. TCR sequencing (I-V) 

 
The genomic DNA was extracted using DNeasy or QIAsymphony kits (both 
from Qiagen, Germany) according to the manufacturer’s instructions. The 
TCRα and TCRβ sequencing was performed with ImmunoSEQ assay from 
quality controlled standardized quantity of genomic DNA at Adaptive 
Biotechnologies facilities (USA). The assay exploits a multiplex PCR system 
that spans the CDR3α and CDR3β regions at a length that is sufficient to cover 
the rearranged V and J segments. The amplicon sequencing was performed 
on the Illumina platform. The V, D and J definitions were obtained from IMGT 
database (www.imgt.org). The PCR and sequencing errors were managed 
using barcoded spiked-in templates that allow measuring the degree of 
sequence coverage and residual PCR bias. In addition, a synthetic repertoire  
of TCRs was included in the sequencing to establish an amplification baseline 
that permits the template quantitation. The obtained data was filtered and 
clustered using the relative frequency ratio between similar clones and a 
modified nearest-neighbor algorithm. Using genomic DNA as starting 
material provides an opportunity to quantitatively estimate the number of 
total genomes with rearranged TCR segments in the sample.  
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4. TCR repertoire analysis  

 
The TCR repertoire data was downloaded in ImmunoSEQ format v2 from the 
Adaptive Biotechnologies user account. The TCR repertoire analysis was 
performed using ImmunoSEQ ANALYZER toolset versions 2.0 and 3.0 as well 
as programming tools published by other authors or developed in-house as 
described below.  
 

4.1. Extrapolation of TCR diversity (I) 

To extrapolate the total diversity of TCR repertoires, we applied three 
different computational estimators: Preseq, DivE and Chao2. Preseq and DivE 
are based on rarefaction curves that depict the number of unique TCR 
sequences as a function of observed cells (Daley and Smith 2013). The 
rarefaction curves for each repertoire were first constructed from the 
obtained sequence data by generating a vector of TCR sequences that 
consists of the observed entries per each sequence in the data, random 
reordering of the elements of the vector, and finally reading the single 
elements while keeping track of the number of unique sequences. Then, the 
resulting curves were extrapolated to the total number of the cells in the 
sample using C++ package preseq (Daley and Smith 2013) and R package DivE 
(Laydon et al. 2014; Laydon et al. 2015). 
 
The estimator Chao2 was originally developed to estimate the species 
diversity and the population size from ecological capture-recapture data 
(Chao 1987). In our approach each unique TCR is considered as a species. The 
estimate of the total species diversity is based on incidence data and overlap 
between two samples. To implement Chao2, we used R package fossil 
(Vavrek 2011) and to verify the robustness of the tool, we performed 
bootstrapping with half of each dataset which was repeated 100 times. 
 

4.2. Analyzing repertoire characteristics, sharing and clonality (II-V) 

The basic characteristics of TCR sequences, including the fraction of 
productive and nonproductive sequences, CDR3 length, the number of non-
templated inserts and V gene and J gene usage, were analyzed using the 
ImmunoSEQ ANALYZER 3.0 (Adaptive Biotechnologies, USA) , VDJTools 
software (Shugay et al. 2015) and in-house scripts written with computing 
languages R (www.r-project.org) and python 2.7 (www.python.org). The 
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generation probabilities were calculated with OLGA software separately for 
the inframe and nonproductive CDR3 sequences (Sethna et al. 2019). 
 
The overlap of unique clonotypes was calculated using Jaccard index (JI) 
defined as the size of the intersection of two datasets (A and B) divided by 
their union 𝐽𝐽(𝐴𝐴,𝐵𝐵) = �𝐴𝐴∩𝐵𝐵

𝐴𝐴∪𝐵𝐵
�. Two completely identical datasets produce JI 

value 1. Additionally, to estimate the overlap between the total number of 
TCR sequences we calculated the abundance based JI, which is defined as 
𝐽𝐽𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑈𝑈𝑈𝑈

𝑈𝑈+𝑈𝑈−𝑈𝑈𝑈𝑈
 , where U and V are the total relative abundances of the 

overlapping sequences in the sample A and B, respectively (Chao et al. 2006). 
The repertoire sizes of different samples were unequal which may influence 
the overlap calculations, so we resampled the larger repertoires to the size 
of the smaller repertoires (II, V). For thymic repertoires (II), the resampling 
was done in a way that conserves the size distributions of the clonotypes. For 
the sorted T memory populations, the resampling was performed with 
random sampling using the Python random package repeated 100 000 times 
and the average of JIs calculated with resampled repertoires were used in 
comparisons (V). 
 
To measure the clonality of a repertoire we calculated Simpson’s clonality 
index, which is the square root of the Simpson’s diversity index 𝐷𝐷 =
∑  𝑅𝑅
𝑖𝑖=1   𝑎𝑎𝑖𝑖(𝑎𝑎𝑖𝑖−1)
𝑁𝑁(𝑁𝑁−1)

, where 𝑅𝑅 is the total number of unique clonotypes in the 

dataset, 𝑛𝑛𝑖𝑖is the number of cells bearing a certain clonotype and 𝑁𝑁is the total 
number of cells in the dataset. Very diverse samples have a clonality close to 
zero, whereas more oligoclonal samples have higher clonality values. As the 
clonality values may depend on the sample size and the obtained sequencing 
depth, we repeated the clonality calculations resampling the larger 
repertoires 100 000 times to the size of the smallest samples. The sampling 
was performed with the Python random package (V). 
 

4.3. Nucleotide motif analysis (III) 

The similarity of the junctional CDR3 sequences was assessed calculating the 
occurrence of every possible combination of four nucleotides (44=256) i.e. 

tetranucleotide motifs. The tetranucleotide motif analysis was considered to 
show similarity of the repertoires beyond the analysis of nucleotide triplets 
encoding for actual amino acids in the TCR chains. The tetranucleotide counts 
were treated as a 256-dimensional vector where each dimension 
corresponds to one motif and the coordinate along the dimension to the 
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count. The similarity of two vectors representing two samples were 
calculated using cosine distance with the Python 
scipy.spatial.distance.cosine of the SciPy package.  
 

4.4. Search of epitope-specific TCRs (IV) 

We collected a database of epitope-specific TCRs from the literature. A major 
fraction of TCRs were issued from previously published databases McPAS-
TCR (Tickotsky et al. 2017) and VDJdb (Bagaev et al. 2020) but a few manually 
collected TCRs were also included (Beringer et al. 2015; Cerosaletti et al. 
2017; Ihantola et al. 2020; So et al. 2018). We required the TCR specificity to 
be established with HLA-multimer-staining or in stimulation assays with a 
purified peptide. When matching searching the epitope-specific TCRs 
between the database and our TCRs repertoire samples, we required exactly 
matching CDR3 region as well as matching V and J genes.  

5. Statistical analysis (IV) 

 
The sample means in paired material were compared by applying the two-
sided Wilcoxon signed rank test. The statistical analyses were performed 
using SPSS Statistics Software version 24. The p value < 0.05 was considered 
statistically significant.  

6. Ethical considerations (I-V) 

 
The studies were designed and  conducted according to the principles of the 
Declaration of Helsinki. The collection of pediatric samples and adult blood 
donors was approved by the Pediatric Ethics Committee of the Hospital 
District of Helsinki and Uusimaa. A written informed consent was obtained 
from the healthy adult blood donors and from the legal guardians of the 
involved children. The collection of the samples from organ donors was 
performed in compliance with the Finnish legislation on organ removal and 
approved by the Surgical Ethics Committee of the Hospital District of Helsinki 
and Uusimaa. 
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Results and discussion 

1. Distinct diversities of TCRα and TCRβ chains (I) 

 
The human TCR diversity has been principally assessed in the circulation 
which displays only a fraction of total lymphocytes in the body (Ganusov and 
De Boer 2007). The current estimates of TCR diversity suggest a lower limit 
of 100 million for unique TCRβ clonotypes (Qi et al. 2014). We used high-
throughput sequencing (HTS) methodology to sequence human thymic TCR 
repertoire obtained from four immunologically healthy infants undergoing 
cardiac surgery (thymus donors 1-4, aged from 24 days to 8 months, 1/4 
female; Table 8). For donor 1, the entire thymus resect was mechanically 
homogenized yielding 1.3x109 thymocytes from which three aliquots of 12 
million thymocytes were used for the sequencing of TCRβ repertoire. For 
donors 2–4, an aliquot of 10 million thymocytes were used for the 
sequencing of both TCRα and TCRβ loci. An additional replicate sample of 10 
million thymocytes was simultaneously sequenced from donor 2.  
 

1.1. HTS approach covers only a fraction of the total thymic diversity 

The obtained number of unique TCR clonotypes provides a lower boundary 
for TCR diversity, while computational estimators were used to extrapolate 
the total diversity. When combining the number of unique TCRβ clonotypes 
in the three replicate samples from donor 1, we obtained a total of 10.3 
million unique TCRβ nucleotide sequences. To estimate the quantity of the 
unsequenced clonotypes, we calculated the fraction of overlapping 
sequences in the three replicate samples from the donor 1 using the Jaccard 
index (JI). JI is defined as the intersection of two samples divided by their 
union and produces a value 1 for fully overlapping samples. For the three 
replicates from donor 1, the average JI was only 0.07 indicating that only a 
small fraction of the total diversity had been sequenced. For donors 2–4, a 
lower number of cells were sequenced yielding fewer unique clonotypes 
than for donor 1. In donors 2–4, the measured repertoire diversity was on 
average 1.5 million for TCRβ and 6.6 million for TCRα with the average JIs 
being 0.0011 and 0.056, respectively (Table 8). To our knowledge, these are 
the highest directly measured TCRα and TCRβ diversities so far.  
 
In the context of total thymectomy, the thymic TCR repertoire can in theory 
be entirely sampled and analyzed whereas sampling the entire circulation 
and other locations of T cells is ethically and practically unachievable. Still, as 
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our sequencing approach indicates, the  available sequencing methodology 
remain insufficient to directly measure the extremely high thymic diversity 
and forces us to rely on modelling to estimate the total diversity.  
 
 
Table 8. Measured TCR diversities. 

 

  

 TCRβ measured diversity TCRα measured diversity 

Thymus donor 1A 5 088 477 NA 

Thymus donor 1B 4 872 574 NA 

Thymus donor 1C 4 805 233 NA 

Thymus donor 2A 1 540 161 7 578 104 

Thymus donor 2B 2 207 428 4 871 931 

Thymus donor 3 1 568 528 5 347 824 

Thymus donor 4 1 462 150 6 743 495 

Thymus donor 5 1 254 760 6 907 422 

Thymus donor 6 223 725 2 089 557 

Thymus donor 7 173 368 1 262 845 

Thymus donor 8 138 544 1 289 728 

Thymus donor 9 122 195 1 419 013 

Thymus donor 10 119 129 1 068 080 

Thymus donor 11 645 369 7 671 527 
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1.2. The diversity estimators unanimously show higher diversity for 
TCRα than for TCRβ 

We applied three computational estimators, Preseq, DivE and Chao2, to 
calculate the total TCR diversity (Chao 1987; Daley and Smith 2013; Laydon 
et al. 2015). The estimators Preseq and DivE use rarefaction curves which 
measure the number of observed unique TCR clonotypes as a function of the 
number of sequenced cells and saturate when the complete diversity has 
been achieved. As the sequencing assay is based on genomic DNA, the 
number of sequenced cells can be inferred from the total number of 
sequenced genomes. The rarefaction curves were first extrapolated to reach 
the saturation level as the obtained sampling depth was far below the 
saturation. Estimating the TCRβ diversity of donor 1 with Preseq and DivE 
produced respective total diversities of 73.1 million and 42.5 million 
clonotypes (Table 9). The estimator Chao2 is based on principles developed 
to estimate the species diversity in population ecology treating each unique 
TCR clonotype as a species. Chao2 uses incidence data and the measured 
overlap between two samples. For donor 1, the total TCRβ diversity 
estimated with Chao2 was 46.4 million clonotypes. With lower sample sizes 
for donors 2–4 the extrapolations produced lower diversity measures than 
for donor 1 (Table 9). It is notable that our estimate of the thymic TCRβ 
diversity, 40–70 million unique clonotypes, is lower than a previous estimate 
from peripheral blood of at least 100 million unique clonotypes (Qi et al. 
2014). The difference may reflect the transitory nature of the thymocyte 
populations that seed the peripheral locations over time.  
 
The TCRα diversity was measured and estimated for donors 2–4. For donor 
3 the TCRα diversity estimation failed with Preseq. Otherwise, the average 
diversity estimates for Preseq, DivE and Chao2 were respectively 60.6, 23.4 
and 46.5 million clonotypes (Table 9). Despite the potential confounding 
factors related to computational tools, all estimators consistently produced 
higher diversity for TCRα than for TCRβ repertoire. Depending on the 
estimator and the individual repertoires, the estimated diversity was 
approximately twice as high (range 1.7–3.4) for TCRα than for TCRβ. 
However, because the TCRβ repertoire was studied in greater detail, the 
numerical estimate of diversity is much more solid for TCRβ than for TCRα. 
 
The previous data from peripheral samples have displayed lower diversity for 
TCRα than for TCRβ opposing our measurements in the thymus (Arstila et al. 
1999). Likewise, noticing the order of TCRα and TCRβ locus recombinations 
in the thymus, it is surprising to find higher thymic diversity for TCRα than 
TCRβ. Since the TCRβ chain is rearranged before the TCRα, a substantial 
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fraction of thymocytes in our analysis should only have rearrangements in 
TCRβ loci, but even so, the TCRα diversity exceeded the TCRβ diversity. 
Thereafter, the dynamics of thymocyte maturation start favoring TCRα over 
TCRβ diversity. Once the TCRβ locus is rearranged successfully and before 
the TCRα rearrangement starts, thymocytes proliferate extensively. Thus, 
each TCRβ is expressed by a large number of cells that will all independently 
start rearranging TCRα loci and pair with a large number of different TCRα 
chains. Furthermore, the two junctional sites in TCRβ chain will increase the 
risk of a nonproductive rearrangement and the cells bearing two 
nonproductive TCRβ rearrangements, which cannot pair with the pTα chain, 
will go to apoptosis. After the surface expression of TCRαβ heterodimer, a 
large fraction of thymocytes are deleted in the selection steps which may 
explain the higher diversity for TCRα in the thymus than in the periphery. 
Accordingly, the TCRα chain appears as a more sensitive indicator of the 
clonal changes in thymic selections than the TCRβ chain. 
 
 
Table 9. Estimated TCR diversities. 
 
 TCRβ diversity estimates 

 Preseq DivE Chao2 

Thymus donor 1 73.1 million 42.5 million 43.0 million 

Thymus donor 2 37.6 million 10.5 million 28.1 million 

Thymus donor 3 18.7 million 9.6 million 9.7 million 

Thymus donor 4 13.9 million 9.2 million 9.0 million 

 
 TCRα diversity estimates 

 Preseq DivE Chao2 

Thymus donor 2 83.4 million 18.8 million 62.3 million 

Thymus donor 3 NA 18.6 million 14.0 million 

Thymus donor 4 37.7 million 22.7 million 16.3 million 
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2. Chromosomal organization of TCR loci is reflected in the 
recombination products (II, III) 

Besides the diversity measurements, HTS of human thymic TCR repertoire 
offered us an opportunity for a detailed analysis of repertoire characteristics. 
We used thymus samples from eight pediatric donors (thymus donors 2–9) 
for characterization of thymic TCR repertoires. From four of the donors a 
small aliquot of peripheral blood was also available for TCR sequencing 
(thymus donors 6–9). Our study reports the basic characteristics of thymic 
TCRα and TCRβ repertoires making comparisons with their peripheral 
counterparts and notify that most of the repertoire features are directly 
explained by the chromosomal organization of TCRα and TCRβ loci.  
 

2.1. TCRα and TCRβ repertoires differ in their productivity (II) 

A considerable fraction of TCR recombinations will end up with 
nonproductive rearrangements, i.e. containing a premature stop codon or a 
truncating out-of-frame recombination. Our sequencing assay used genomic 
DNA as starting material which provides a more reliable view of the 
nonproductive rearrangements than would be available with RNA-based 
methods since the nonproductive RNA transcripts are prone to destruction 
by nonsense-mediated RNA decay (Chang et al. 2007). Also, the TCR loci with 
nonproductive rearrangements can become epigenetically silenced and 
remain untranscribed to RNA (Brady et al. 2010).  
 
In the thymic TCRβ repertoire 79% of the unique sequences were inframe, 
19% were out-of-frame and 2% contained a premature stop codon (Fig. 7). 
We observed similar percentages in the peripheral blood TCRβ repertoires 
(Fig. 7). In the thymic TCRα repertoire the fraction of inframe sequences was 
lower, on average only 31%. Of the unique TCRα clonotypes 66% were out-
of-frame and 7% contained a premature stop (Fig. 7). In the peripheral TCRα 
repertoire the fraction of inframe sequences increased slightly, being on 
average 38%. The average fractions for out-of-frame and premature-stop 
TCRα sequences in the periphery were respectively 59% and 3% (Fig. 7). 
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The lower productivity rate of TCRα repertoire reflects the difference in 
allelic exclusion between the TCRα and TCRβ locus. The allelic exclusion in 
TCRβ locus is strict and a successful rearrangement in the first allele will stop 
the recombination activity resulting in a cell with only one rearranged allele. 
In contrast, in the TCRα locus the recombination starts simultaneously in 
both alleles and many cells will end up with a nonproductive TCRα 
rearrangement in the other allele (Borgulya et al. 1992; Casanova et al. 
1991). 
 
However, it remains unclear why the fraction of productive TCRα sequences 
remained lower than 50% even in the peripheral samples. To complete the 
thymic maturation, an αβ T cell needs to express a functional TCRαβ complex 
and thus all maturated peripheral T cells should carry a functional inframe 
TCRα recombination at least in one of the alleles. We had sequenced TCRs 
from an unsorted bulk of thymocytes. We speculate that the original cell 
population may have contained cells, where occasional TCRα recombination 
occurs but these cells are later destined to other lineages than αβ T cells, e.g. 
B cells or NK cells. Also, we cannot fully exclude the possibility of a 
sequencing error influencing the observation. 

Figure 7. Productivity of TCR repertoires. 
 
Fractions of inframe, out-of-frame or containing a premature stop codon 
among unique TCRα (A) and TCRβ (B) clonotypes in the thymus and in 
blood. 
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2.2. VJ-usage bias results from universal recombination mechanisms (II) 

Preferred usage of certain V- and J- gene segments has been recognized in 
the circulating repertoire for a long time (Quiros Roldan et al. 1995) but it 
has been unclear whether this bias results from the recombination itself, 
from thymic selections or from peripheral clonal pressure. We analyzed V- 
and J-gene usage in the inframe and nonproductive thymic repertoires. Since 
the nonproductive sequences are not translated to the protein level, they are 
not subjected to the thymic selections and thus represent the preselection 
repertoire.  
 
We noted a clear bias of V- and J-gene usage already in the nonproductive 
repertoire implying that the recombination events favor some gene 
segments (Fig. 8). Mechanistically, the fractal organization of the TCR loci and 
the resulting differential locus accessibility during thymocyte development 
have been shown to explain this (Ndifon et al. 2012; Toor et al. 2016). 
However, a recent study of thymic TCR repertoires indicated that the 
segment bias is generated in the recombinations but further shaped in the 
selection steps (Park et al. 2020). In our analysis, the same gene segments 
were preferred both in the nonproductive and in the inframe repertoires as 
well as in the peripheral repertoires, but our approach does not allow 
estimating the relative importance of the recombination and the selection 
steps (Fig. 8).  
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Figure 8. V-gene usage. 
 
The heatmaps show the relative frequencies of the V-gene usage in inframe 
and nonproductive TCRα and TCRβ repertoires and the attached 
dendrograms show the clustering of the individual samples according to the 
V-gene usage. Thymus 2 and thymus 5 samples are from monozygous twins. 
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2.3. VJ usage bias is influenced by the individual genetic background (III) 

In our thymic data the same gene segments were preferentially used across 
all genetically unrelated individuals, but in peripheral repertoires the V-gene 
bias has been clearly associated with inheritable factors and the selection by 
highly polymorphic HLA molecules interacting with the germline encoded 
protein loops of V genes (Huseby et al. 2005; Rudolph et al. 2006; Wu et al. 
2002; Zvyagin et al. 2014). In the thymus, the samples of monozygous twins 
were clustered together both in inframe and in nonproductive repertoires 
(thymus donors 2 and 5) (Fig. 8 and III, Supplement Fig. 2). Thus, the genetic 
background seems to influence the repertoire generation and the gene 
segment bias beyond the HLA and the selections. This implies that the 
genetic factors influence the actual gene segment recombination. A 
comparable recombination bias has been confirmed in studies on peripheral 
TCR repertoires of monozygous twins except that Zvyagin et al. found the Jα 
segment usage to be more influenced by selections than by recombination 
(Rubelt et al. 2016; Tanno et al. 2020; Zvyagin et al. 2014).  
 

2.4. Different features of junctional regions for TCRα and TCRβ chains 
(II) 

The most variable part of TCR is the CDR3 region at the gene segment 
junction that is further diversified with junctional non-templated nucleotide 
inserts (Bogue et al. 1992; Komori et al. 1993). The TCRβ chain undergoes 
two recombination events, first D to J and then V to DJ allowing inserts at 
both locations, while the TCRα chain has only one junction, V to J (Davis and 
Bjorkman 1988). The difference between the two chains was reflected in our 
data by the higher number of non-templated inserts in the TCRβ than in the 
TCRα repertoire both in the thymus (mean 9.3 vs. 3.9) and in the periphery 
(mean 7.0 vs. 3.7; Fig. 9A). Also, the average CDR3 length was higher in the 
TCRβ than in the TCRα repertoire (Fig. 9B).  
 
The average CDR3 region length has been shown to shorten in thymic 
selections (Matsutani et al. 2011; Niemi et al. 2015; Yassai and Gorski 2000). 
Consistently, we observed shortening of the CDR3 length from the 
nonproductive thymic sequences representing preselection repertoire to the 
inframe thymic sequences and still further shortening in the peripheral 
inframe sequences that have undergone both positive and negative 
selections in the thymus. In the TCRβ repertoire the shortening was more 
marked than in the TCRα repertoire (Fig. 9B). 
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The recombination machinery favors some V(D)J recombinations but the 
probability of a certain TCR to be generated further depends on CDR3 region 
complexity such as the number of non-templated junctional nucleotide 
deletions and insertions. Computational tools have been developed to 
calculate discrete TCR generation probabilities. We applied OLGA (Optimized 
Likelihood estimate of immunoGlobulin Amino-acid sequences) software 
that calculates the generation probability of a given amino acid CDR3 
sequence to determine the probability distributions in our repertoires 
(Sethna et al. 2018). As the CDR3 amino acid regions cannot be reliably 
defined for out-of-frame sequences and a major fraction of nonproductive 
nucleotide sequences had a generation probability of zero, we deemed 
biologically irrelevant to calculate the generation probabilities for them. In 
the inframe repertoire the average generation probability was higher in the 
TCRα than in the TCRβ repertoire (1.57e-7 vs. 1.34e-9). The difference is likely 
explained by the single recombination event in the TCRα chain compared to 
two in the TCRβ chain. Another difference between TCRα and TCRβ chains 
was the difference in the generation probability distributions in the thymus 
and in the periphery. While the distribution of generation probabilities in the 
TCRα repertoire was almost similar in the thymus and in the periphery, in the 
TCRβ repertoire the generation probability clearly increased from the 
thymus to the periphery (II, Fig. 4). This hints that in the TCRβ repertoire the 
sequences with low generation probabilities are at a risk to be non-functional 
and become easily deleted in the selection steps.  
 

 
Figure 9. Non-templated nucleotide inserts and CDR3 lengths. 
 
The diagrams show the average and the individual values of the number of 
non-templated inserts (A) and the CDR3 lengths in thymic and peripheral 
blood inframe and nonproductive TCRα and TCRβ repertoires (B).  
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2.5. The occurrence of TCRα segments recombined to TCRδ segments 
(II) 

The TCRαδ locus contains TCRδ segments interspersed among TCRα 
segments and some αβ T cells may use Vδ or Jδ segments in their TCRα chain, 
or respectively γδ T cells use Vα or Jα in their TCRδ chain (Satyanarayana et 
al. 1988; Verschuren et al. 1998). Thus, as our approach used unsorted 
thymocytes, we were unable to reliably distinguish whether the TCRαδ 
recombinations were derived from αβ or γδ T cells. Altogether, 
approximately 1.1 % of the unique thymic TCRαδ recombinations used a 
combination of Vδ-Jδ (II, Table 2). The recombination of Vδ to Jα occurred in 
2.4 % of unique TCRαδ recombinations while the combination of Vα to Jδ 
seemed largely prevented with a frequency of 0.36 % (II, Table 2). Less than 
6% of the total TCRαδ sequences were using either Vδ or Jδ segments 
suggesting that the fraction of developing γδ T cells was relatively low in the 
thymi and unlikely to interfere with the conclusions drawn here about the αβ 
T-cell development.  
 

3. Interindividual repertoire sharing relies on both convergent 
recombination and selections (II) 

 
Given the enormous potential diversity of TCR repertoire, the expected 
probability to detect exactly matching TCRs in two individuals is extremely 
low. Still, public repertoire, i.e. TCRs shared between two or multiple 
individuals, is a well-recognized phenomenon both in mouse and in human. 
In inbred mouse strains roughly 30% of the peripheral TCRβ repertoire has 
been reported to be shared between individuals (Bousso et al. 1998; 
Furmanski et al. 2008). Human studies have suggested the interindividual 
overlap in the circulating TCR repertoire to be 10–27% for TCRα chain and 3–
10% for TCRβ chain (Zvyagin et al. 2014). Another study estimated that if the 
peripheral TCRβ repertoire was sequenced entirely, the interindividual CDR3 
overlap would reach 44% at the amino acid chain level and 4% at the 
nucleotide sequence level (Shugay et al. 2013). 
 
We estimated the overlap in thymic repertoires obtained from eight 
pediatric thymus samples (thymus donors 2–9; Table 4). We noted 
considerable variation in the sequencing depth between the samples, which 
could affect the overlap analyses with JI calculation (Table 8). The fraction of 
overlapping sequences has been shown to increase as a function of the 
number of obtained sequences (Campregher et al. 2010; Putintseva et al. 
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2013; Shugay et al. 2013; Venturi et al. 2011). Some authors have suggested 
correcting this by using an approach where the number of intersecting 
sequences in two samples is normalized by dividing it with the product of the 
two sample sizes (Bradley and Thomas 2019; Zvyagin et al. 2014). In our data, 
we noticed no significant differences in the overlap analyses when using 
normalization with the product or JI. Consequently, and because of its more 
intuitive interpretation, we opted to use JI in the repertoire overlap analyses.  
 

3.1. Interindividual repertoire overlap is higher in TCRα than TCRβ 
repertoire 

A substantial fraction of thymic TCR sequences was shared between two 
individuals both for TCRα and TCRβ repertoires. In addition, some sequences 
were shared even between multiple individuals (Fig. 10). However, the effect 
of the shallow sequencing depth was manifested in the TCRβ repertoire of 
thymus donors 6–9, where no sequences were shared between all of them 
(Fig. 10). Here, we note that the thymus donors 2 and 5 were monozygous 
twins and the effects of genetic factors in the generation of the junctional 
TCR diversity are analyzed in the section 4 of the Results and Discussion of 
this thesis. 
 
The calculation of JI showed higher repertoire sharing for TCRα than for TCRβ 
with respective average JI values 0.032 and 0.00046 for unique inframe 
sequences. Despite the markedly lower sequencing depth in the TCRβ 
repertoire, the difference is clearly biological and consistent with previous 
findings in peripheral repertoires as well (Khosravi-Maharlooei et al. 2019; 
Zvyagin et al. 2014).  
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3.2. Shared clonotypes are favored in the recombination 

Peripheral repertoire studies have shown that the shared clonotypes 
typically contain relatively few non-templated nucleotide inserts being close 
to germline sequences (Pogorelyy et al. 2017; Quigley et al. 2010; Venturi et 
al. 2006; Venturi et al. 2008a). This was confirmed in our thymus samples 
where we observed a lower number of non-templated inserts in the shared 
than the entire repertoire with an average of 1.4 vs. 3.9 for inframe TCRα and 
1.4 vs. 9.3 for inframe TCRβ sequences. The fewer non-templated inserts a 
TCR sequence contains, the easier it is to generate and more likely to occur 
across different individuals. Further support of the facilitated generation of 
shared clonotypes was provided by the higher generation probability values 
in the shared than in the total clonotypes both for inframe TCRα (2.38e-7 vs. 
1.57e-7) and inframe TCRβ (4.71e-8 vs. 1.34e-9) repertoires. Consequently, 
our data support the notion that the generation of public repertoire is not 

Figure 10. TCRα and TCRβ clonotypes shared between individual thymi. 
 
The Venn diagrams show the numbers of overlapping unique inframe TCRα and TCRβ 
clonotypes between thymus donors 2–5 and between thymus donors 6–9. 
 
 



 
 
86 

driven by peripheral antigenic pressure but originates from convergent 
recombination (Venturi et al. 2008b). 
 

3.3. Shared clonotypes are favored in thymic selections 

While a notable fraction of preselection repertoire is readily shared between 
individuals, one of our key observations on public clonotypes in the thymus 
is that the thymic selections shape the repertoire towards a more uniform 
direction across individuals. The sharing was lowest in the nonproductive 
repertoire (average JI TCRα 0.029 and TCRβ 0.000063), increased slightly but 
consistently for inframe TCRα repertoire (JI 0.032) and more markedly for 
inframe TCRβ repertoire (JI 0.00046). In the CDR3 amino acid repertoire the 
increase in clonotype sharing was even more substantial (average TCRα JI 
0.10, TCRβ JI 0.013; II, Fig. 5B). Overall, we observed an increase of JI by a 
factor of ~10 for TCRα and by a factor of ~400 for TCRβ from the 
nonproductive sequences to the CDR3 amino acid sequences, or in other 
terms, the further the sequences receded from the recombination process 
and became subject to thymic antigen-driven selections.  
 
As our sequencing method uses genomic DNA as starting material, it can be 
used to estimate the number of total genomes encoding for each unique TCR 
clonotype (Robins et al. 2009). Thus, we were able to calculate the repertoire 
overlap taking into consideration the clonal abundances and estimate the 
actual size of the repertoire that is common to different individuals. We 
observed a similar increasing trend in the JI from nonproductive to inframe 
sequences and further to amino acid chains for total genomes as was seen 
with unique clonotypes concerning both TCRα and TCRβ repertoires (II, Fig. 
5C). At the level of amino acid repertoires, the JI for total genomes was as 
high as 0.30 for TCRα and 0.026 for TCRβ. In addition, we calculated the 
fractions of overlapping repertoires expressed in percentages. Of the total 
TCRβ amino acid repertoire of any given thymus donor on average 6.1% 
(range 1.6-11.4%) was found in another donor. In the TCRα repertoire the 
fraction of shared repertoire expressed in percentages was extremely high 
with an average of 46.7% (range 32.6-62.7%). By extension, the high degree 
of sharing implies that even though our samples only display a snapshot of 
the transitory thymic repertoires, a given thymus produces similar clones at 
different time points. Consequently, the thymic TCR composition seems 
surprisingly stable over time. 
 
We also analyzed the relationship between the clone size and sharing. The 
thymus samples 6–9 with a relatively shallow sequencing depth were 
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excluded from this analysis, as we saw very little overlap in the top 1–5 % 
most abundant clonotypes. The analysis of thymus samples 2–5 showed a 
clear correlation with the clone size and sharing in the TCRα repertoire with 
the highest sharing observed among the top 1–2 % most abundant TCRα 
clonotypes (II, Fig. 6A). In contrast, no clear correlation between the clone 
sizes and sharing was observed in the TCRβ repertoire. The variation of the 
JI among the top 1–2 % most abundant TCRβ clonotypes was high between 
individual comparisons (II, Fig. 6A).  
 
The overlap analyses showed high repertoire sharing between individual 
thymi and some sequences were shared between all individuals (Fig. 10). 
Though the generation of the public clonotypes originates from the 
recombination itself, it is accentuated by thymic selections. Particularly for 
the TCRβ repertoire, the fraction of shared clonotypes was increased in 
selections, while for the TCRα repertoire remarkable sharing was observed 
already in the preselection repertoire. Yet, it should be noted that the true 
sharing of a TCR is defined by α-β pairings which our data cannot address. 
Nascent evidence from paired repertoire studies suggests that the actual 
specificity of TCRs is defined by both chains and interindividually shared 
TCRαβ pairs only appear infrequently (Carter et al. 2019; Tanno et al. 2020). 
However, as the maximal sequencing depth of current TCRαβ repertoire 
sequencing techniques allows 100 000–200 000 unique clonotypes per 
individual, the determination of the truly shared fraction of paired TCRαβ 
repertoires remains unachievable. 
 

4. Heritable factors influence the junctional TCR sequences (III) 

 
Two of the thymus donors were monozygous twins (thymus donors 2 and 5) 
and this provided us with a unique opportunity to analyze the heritable factors 
in the generation of TCR hemichains. Thymus donors 3, 4 and 11 were used as 
controls and two replicate samples from thymus donor 5 were sequenced 
(Table 4). The gene segment usage showed a heritable bias both in the 
nonproductive and inframe repertoires as noted above. Here, we describe the 
genetic input in the junctional CDR3 regions analyzing clonotype sharing, CDR3 
region tetranucleotide motifs and clone size correlations. 
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4.1. Genetic input is detected in the preselection repertoire 

As previously, JI was calculated to assess the similarity of junctional CDR3 
sequences between monozygous twins and unrelated individuals. In the 
TCRβ repertoire the JI between the two replicate samples from the other 
twin was clearly higher than the JI between any other samples for 
nonproductive, inframe and amino acid sequences (III, Fig. 1A). In contrast, 
in the TCRα repertoire the replicate samples had a similar JI as other 
comparisons (III, Fig. 1A). In general, thymic repertoire diversity and the 
interindividual sequence sharing was much higher for TCRα than for TCRβ 
chain. Possibly, a deeper sequencing level of the TCRα repertoire would have 
been needed to clearly distinguish the two replicate samples from the other 
ones.  
 
Among the nonproductive TCRβ sequences that reflect the preselection 
repertoire, the sharing was clearly higher between twins than unrelated 
individuals (JI 0.00032 vs. 0.00014; III, Fig. 1A). In the inframe TCRβ 
repertoire, the sharing between the twins was marginally higher than 
between unrelated individuals (JI 0.0014 vs. 0.0011) as well as in the TCRβ 
amino acid repertoire (JI 0.031 vs. 0.026) but the JI value distributions 
between the two groups were overlapping. In the TCRα repertoire the twins 
showed on average slightly higher sharing than unrelated individuals among 
nonproductive sequences (JI 0.057 vs. 0.047), inframe sequences (JI 0.064 vs. 
0.054) and amino acid chains (JI 0.16 vs. 0.14), but again the JI value 
distributions were overlapping between the twins and unrelated individuals 
(III, Fig. 1A).  
 
As the number of obtained sequences varied in our thymus samples and the 
sequencing depth may considerably affect the clonotype overlap analysis 
(Murugan et al. 2012; Shugay et al. 2013; Zvyagin et al. 2014), we repeated 
the JI calculations with the TCR datasets resampled to the size of the smallest 
dataset. The resampling was repeated 100 times and the average JI from 
resampled repertoires calculated. After resampling, the twins showed higher 
sharing in the nonproductive TCRβ repertoire (JI 0.0002 vs. 0.000093) but 
also in the inframe TCRβ repertoire (JI 0.00076 vs. 0.00065; III, Fig. 1B). Yet, 
at the TCRβ amino acid level, the overlap values were only marginally 
different between the twins (JI range 0.0218-0.0221) and between unrelated 
donors (JI range 0.0180–0.0214; III, Fig. 1B). In the resampled TCRα 
repertoire, the twin samples clustered together in both nonproductive (JI 
0.057 vs. 0.048) and inframe repertoires (JI 0.065 vs. 0.054; III, Fig. 1B). 
Moreover, also at the amino acid level the twins had a slightly higher JI than 
the comparison of the unrelated samples, although the difference was small 
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(JI 0.15 vs. 0.14; III, Fig. 1B). In conclusion, as the repertoire similarity in the 
twins was higher in the nonproductive than in the inframe repertoire, the 
genetic input is clearly detectable in the preselection repertoire but then 
seems to be diluted in the thymic selections. 
 

4.2. Tetranucleotide analysis shows genetic input at junctional regions 

The inheritable factors have been reported to impact the CDR3 length and 
the number of non-templated inserts in peripheral TCR repertoires (Rubelt 
et al. 2016). In our data we detected no genetic effect in these features, but 
it should be noted that our dataset contained only one twin pair. However, 
to further test the similarity of inframe junctional sequences, we analyzed 
the composition of tetranucleotide motif patterns in the CDR3 regions. The 
frequency of all possible four nucleotide motifs within the CDR3 was 
calculated, producing a tetranucleotide frequency distribution for each 
inframe TCRα and TCRβ repertoire. The interindividual similarity of the 
frequency distributions was then measured with cosine distance. Both in the 
TCRβ and the TCRα repertoires the similarity of tetranucleotide frequency 
distributions was higher between twins than between unrelated samples (III, 
Fig. 2A). Because both ends of the CDR3 are often germline encoded, the 
results might have been skewed by the higher sharing of gene elements 
found in the twins. To exclude this possibility, we randomly selected six VJ 
combinations for tetranucleotide motif analysis. Again, the twins clustered 
together both in TCRβ and TCRα repertoires (III, Fig. 2A). 
 

4.3. Sampling size and other limitations  

Our current analysis on genetic factors in TCR generation is limited by the 
relatively low sampling depth noting the extremely high diversity in postnatal 
thymus. Moreover, we only had access to thymus samples from a single twin 
pair. Even though quantitative analyses are thus unattainable, the data allow 
us to track when and where the genetic factors appear to have effect or start 
to disappear in stochastic variation. 
 
The genetic imprint was most clearly visible in the gene segment usage both 
in the preselection repertoire and the inframe repertoire as also previously 
shown in peripheral blood T cells (Rubelt et al. 2016; Tanno et al. 2020; 
Zvyagin et al. 2014). In the peripheral blood higher sharing of junctional 
sequences has been shown among the high frequency clonotypes but not in 
the entire repertoire. In contrast, our results from the thymus indicated a 
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subtle genetic impact in the generation of junctional sequences in the entire 
repertoire but no genetic signal among the highly abundant clonotypes. Yet, 
these seemingly contradictory results are not fully incompatible as the higher 
sharing among the high abundance clonotypes in peripheral blood has been 
attributed to the generation of immunological memory (Zvyagin et al. 2014). 
The memory repertoires cannot be evaluated with thymic samples as the 
thymus principally contains immature thymocytes and the peripheral 
memory T cells only occasionally recirculate back to the thymus (Hale and 
Fink 2009). Furthermore, in our thymus data, the clonotype overlap was 
particularly high among the most abundant clonotypes independent of the 
donor relationship; the obtained sequencing depth might be insufficient to 
show the genetic influence in this part of the repertoire (II, Fig. 6A). 
 
Previous studies on peripheral blood repertoires of monozygous twins have 
suggested that the increased number of identical clonotypes in twins would 
derive from the transfer via common placental circulation during gestation 
from one twin to another (Pogorelyy et al. 2017; Tanno et al. 2020). Although 
we cannot fully exclude the possibility of mature T cells recirculating to the 
thymus and contaminating our analysis, all our data derived from unsorted 
thymocytes with the majority of them representing an immature phenotype 
and far from egress-ready.  
 
Recently, the sequencing of paired TCRαβ receptors has become available in 
larger scale reaching up to 1 million unique TCRαβ pairs per study and 
100 000–200 000 TCRαβ pairs per individual (Carter et al. 2019; Park et al. 
2020; Tanno et al. 2020). Tanno et al. analyzed the sharing of actual TCRαβ 
pairs in monozygous twins reporting that the detection of identical TCRαβ 
clones in unrelated individuals was extremely rare compared to sharing of 
single TCRα or TCRβ clonotypes. Yet, the sharing of TCRαβ pairs was 
markedly more common in twins and the authors attributed this to the 
genetic effect in the thymic selections (Tanno et al. 2020). As a conclusion on 
the sharing of junctional sequences, our data suggest a subtle but detectable 
genetic input in their recombination, but the effect of thymic selections is 
dependent on TCRαβ pairings which is itself governed by the genetic 
background as shown by Tanno and colleagues.  
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5. Extracting the epitope-specificity of highly abundant TCRα 
clonotypes (IV) 

Since we had noticed that a substantial fraction of thymic TCR clonotypes 
was present in multiple individuals, we aspired to interrogate the identity of 
their target epitopes exploiting the existing literature. We collected a 
reference database of TCR clonotypes with known epitope-specificities and 
searched for matching TCR clonotypes in our sequenced thymic repertoires 
(thymus donors 2–5, 10 and 11; Table 4). Most of the epitope-specific TCRs 
in our reference TCR set were issued from two previously published 
databases, Mc-PAS-TCR and VDJdb, but some manually collected TCRs were 
included too (Bagaev et al. 2020; Beringer et al. 2015; Cerosaletti et al. 2017; 
Ihantola et al. 2020; So et al. 2018; Tickotsky et al. 2017).  
 
The obtained reference database contained TCRs associated with antigens 
related to either self or nonself. The self-reactive TCRs were limited to those 
recognizing pancreatic islet antigens (insulin/proinsulin, GAD65, islet-specific 
glucose-6-phosphatase catalytic subunit-related protein (IGRP) and Zn-T8) as 
TCRα chains associated with other self-antigens were relatively scarce in the 
literature. For a representative nonself-antigen we selected HIV because our 
HIV-negative study subjects were naive for its antigens which could not be 
assumed for ubiquitous herpesvirus and influenza antigens. Furthermore, we 
only included TCRs where epitope-specificity was established either with 
HLA-multimer-staining or with rigorous peptide-stimulation assays. Finally, 
our reference database consisted of 546 unique TCRα chains and 2407 
unique TCRβ chains. We further divided the TCR chains to CD4+ and CD8+ 
categories according to the surface marker expression or HLA class I/II 
restriction of the T cells from which the TCRs were originally derived  
(Table 10).  
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Table 10. Numbers of unique epitope-specific TCR clonotypes.  
 
  T1D HIV 
  Insulin/ 

proinsulin GAD65 IGRP Zn-T8  

TCRα 
CD4 46 83 1 0 184 
CD8 0 0 44 36 152 

TCRβ 
CD4 52 19 1 0 409 
CD8 0 0 74 34 1819 

 
 
With the recent advances in sequencing methodology the existing TCR 
repertoire data is growing and rapidly complemented with the development 
of computational analysis tools. Several approaches now allow predicting the 
epitope-specificity or disease associations of TCR repertoires (Bradley and 
Thomas 2019; Jokinen et al. 2019). Typically, the predictions are related to 
public receptor chains with high generation probabilities and TCR clustering 
according to shared amino acid motifs. Instead of using computational 
modelling in epitope-prediction, we applied a plain comparison of 
experimentally well-validated epitope-specific TCR chains with unselected 
thymic TCR repertoires. When searching the epitope-specific TCR chains in 
our repertoire data, we required exactly matching CDR3 amino acid 
sequence as well as matching V and J gene segments. 
 

5.1. The thymus preferentially generates self-reactive TCRα chains 

Our reference database consisted of 130 T1D-associated and 184 HIV-
associated CD4+ TCRα chains. Unexpectedly, a clearly higher fraction of T1D- 
than HIV-associated CD4+ TCRα chains was detected in our thymus samples 
with respective detection rates of 32.8% and 24.1% (Wilcoxon signed rank 
test p < 0.05; IV, Fig. 2A). Due to the nucleotide codon redundancy, we 
observed multiple unique nucleotide clonotypes encoding for the same TCRα 
amino acid chain in all thymus samples. Also, in terms of unique clonotype 
numbers, the thymus favored the generation of self-related TCRs over 
nonself-related TCRs with the average number of unique nucleotide 
clonotypes per amino acid chain being 2.5 for T1D-associated and 2.1 for HIV-
associated CD4+ TCRα chains (p < 0.05; IV, Fig. 2B). Furthermore, as our 
sequencing method is based on genomic DNA, it provides a reasonable 
estimate of the clonotype copy numbers. In addition, the clone sizes were 
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greater for T1D-associated than for HIV-associated CD4+ TCRα chains (12.4 
vs. 9.9, p < 0.05; IV, Fig. 2C). 
 
In contrast, for CD8+ TCRα amino acid chains the HIV-associated chains were 
detected more frequently than the T1D-associated chains in the thymus 
samples (37.2% of 152 HIV-associated vs. 25.2% of 80 T1D-associated chains 
in the database, p < 0.05; IV, Fig. 2A). We observed no difference in the 
average number of unique nucleotide clonotypes encoding them or in their 
average clonal sizes (IV, Fig. 2B-C).  
 
To reduce the possibility that the observed difference in the detection rates 
of T1D- and HIV-associated chains were skewed by the differences in the 
dataset sizes of our reference database, we repeated the sequence searches 
with five randomly drawn subsets of HIV-associated sequences scaled to the 
size of T1D-associated sequence sets. Again, for CD4+ TCRα the T1D-
associated chains were detected more frequently than the HIV-associated 
chains while for the CD8+ TCRα the HIV-associated chains were more 
frequent than the T1D-associated chains (Fig. 11A). The number of unique 
nucleotide clonotypes and the clone sizes were also higher for CD4+ T1D- 
than for HIV-associated chains in the resampled datasets (Fig. 11B-C). For the 
CD8+ TCRα chains there were no differences in the number of unique 
clonotypes or the clone sizes between T1D- and HIV-associated chains (Fig. 
11B-C). 
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Figure 11. Detection of epitope-specific TCRα chains in thymic 
samples. 
 
Comparison of the frequencies of T1D-associated CD4+ and CD8+ 
TCRα chains with the five subsets of HIV-associated CD4+ and CD8+ 
TCRα chains resampled randomly to the size of T1D-associated TCRα 
set (A) in the six thymus samples. The average number of unique 
nucleotide sequences encoding each identified amino acid chain (B), and 
their average clone sizes (C) are shown for T1D-associated TCRα chains 
and the same sets of randomly drawn HIV-associated TCRα chains in 
the six thymus samples. The horizontal lines show median values, the 
box indicates 25–75% percentiles, the whiskers minimum and maximum 
values, and the black dots indicate the individual values.  
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Our reference database contained a high number of epitope-specific TCRβ 
chains associated with T1D or HIV. Yet, we observed very few matches 
between the reference database and the thymic TCRβ repertoires in either 
of the epitope categories. The reference database contained 71 CD4+ and 
108 CD8+ T1D-associated chains but only 1–2 chains were observed in four 
out of the six analyzed thymic repertoires. Correspondingly, in two thymus 
samples no matching T1D-associated TCRβ chains were observed. Each of the 
matching chains was encoded by a single clonotype and had a clone size of 
one. Also, the 409 CD4+ HIV-associated reference chains were rarely 
detected in the thymus samples with 1–3 matching chains in four of the six 
thymus samples. The matching HIV-associated CD4+ chains were encoded on 
the average by 1.3 nucleotide clonotypes and with an average clone size of 
1.4. The detection rate of HIV-associated CD8+ chains was slightly higher; of 
the 1819 HIV-associated reference chains on average 1.8% was detected in 
the thymic repertoires and the found sequences were encoded on average 
by 1.3 nucleotide clonotypes and had an average clone size of 1.8. 
Consequently, we decided not to analyze further the TCRβ repertoire. 
 
In all, in the CD4+ compartment the TCRα chains associated with the 
recognition of T1D self-antigens were more frequently detected in the 
thymus than the TCRαs associated with the recognition of HIV. Moreover, 
they were produced with a higher number of distinct convergent 
recombination strategies and displayed higher average clone sizes. Although 
the differences between T1D- and HIV-associated CD4+ TCRα chains were 
not notably large, they were very consistent and faithfully repeated in each 
of the six thymus samples. In addition, their production seemed to be 
independent of the HLA type since the sequences were obtained from 
unrelated individuals with distinct HLA background except for the thymus 
donors 2 and 5, who were identical twins. This may be partly attributed to 
the fact that the HLA actually interacts with the V gene encoded parts of the 
TCR and mostly affects the V gene usage patterns and not the actual antigen 
binding (Rubelt et al. 2016; Rudolph et al. 2006; Zvyagin et al. 2014). 
  

5.2. The public self-reactive TCRα chains survive negative selection and 
are carried on conventional T cells 

Since we had detected the elevated frequency T1D-associated TCRα chains 
in the thymocyte population containing also preselection chains, we 
speculated that these chains may be lost in the negative selection and never 
egress from the thymus. Hence, we studied the presence of the T1D- and 
HIV-associated TCRα chains in peripheral blood samples obtained from ten 
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healthy children with high T1D-risk HLA-DR3 and DR4 haplotypes but no 
autoantibodies against islet antigens nor clinical signs of T1D (Blood donors 
1–10; Table 5).   
 
Similarly to the thymic repertoires, both T1D- and HIV-associated TCRα 
chains were detected in the peripheral blood samples with a clear preference 
for the T1D-associated CD4+ chains. A markedly higher fraction of the T1D-
associated CD4+ reference chains was detected in the peripheral samples 
compared with the HIV-associated chains (15.7% of the 130 T1D chains vs. 
8.4% of 184 HIV chains in the database, p < 0.01; IV, Fig. 3A). The T1D-
associated chains were also represented by a higher number of encoding 
nucleotide clonotypes than the HIV-associated chains, but the average clone 
sizes were equal for T1D and HIV (IV, Fig. 3B-C). For the CD8+ subset the HIV-
associated chains were again more frequently detected than the T1D-
associated chains (18.2% vs. 10.8%, p < 0.01; IV, Fig. 3A). The number of 
unique clonotypes encoding for the CD8+ TCRα chains was similar for T1D- 
and HIV-associated chains but some of the HIV-associated clones showed 
expanded clone sizes. Thus, the average clone size was higher for HIV- than 
for T1D-associated sequences (17.7 vs. 3.4, p < 0.01; IV, Fig. 3B-C). However, 
all participating donors were seronegative for HIV, so these clonotypes are 
unlikely to originate from memory T-cell clones reactive to HIV. Similarly to 
the thymus samples, we repeated the clonotype searches for peripheral 
samples with five randomly drawn subsets of HIV-associated sequences 
scaled to the size of T1D-associated sequence sets. For the peripheral 
samples as well, the analysis with resampled datasets confirmed the results 
obtained without sampling (Fig. 12). 
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  Figure 12. Detection of epitope-specific TCRα chains in peripheral blood 

samples. 
 
Comparison of the frequencies of T1D-associated CD4+ and CD8+ TCRα chains 
with the five subsets of HIV-associated CD4+ and CD8+ TCRα chains resampled 
randomly to the size of T1D-associated TCRα set (A) in the ten peripheral blood 
samples. The average number of unique nucleotide sequences encoding each 
identified amino acid chain (B), and their average clone sizes (C) are shown for 
T1D-associated TCRα chains and the same sets of randomly drawn HIV-associated 
TCRα chains in the ten peripheral blood samples. The horizontal lines show median 
values, the box indicates 25–75% percentiles, the whiskers minimum and maximum 
values, and the black dots indicate the individual values.  
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We further speculated that the cells expressing T1D-associated TCRα chains 
could be converted to Treg lineage in the thymus or in the periphery. Thus, 
we sorted conventional T cells (Tconv; CD3+CD4+CD25high) and Tregs 
(CD3+CD4+CD25-) from peripheral blood samples obtained from three 
immunologically healthy adults for TCRα sequencing (Blood donor 11–13; 
Table 5). We obtained on average 308 000 total TCRα genomes and 247 000 
unique TCRα clonotypes for the Tconv population and respectively for Treg 
53 000 total genomes and 39 000 unique clonotypes. On average only 2.6% 
of the 130 T1D-associated CD4+ TCRα chains were observed in the Treg 
samples. The number of unique nucleotide clonotypes encoding each 
detected T1D-associated chain was 1.3 and their average clone size was 1.2. 
Among the sorted Tconv repertoires the average detection rate of T1D-
associated chains was 11.8%, which is well within the range of the detection 
rate for the unsorted peripheral samples (10.0-20.8%). Also, the number of 
unique nucleotide sequences encoding the T1D-associated amino acid chains 
as well as the average clone size were similar for the sorted Tconv and the 
unsorted peripheral blood samples (IV, Fig. 4). It should be noted that the 
lower number of sequenced TCRα chains in Treg than in Tconv populations 
affects the observed number of T1D-associated CD4+ TCRα chains. 
Consequently, deeper sequencing of the Treg population might increase the 
fraction of T1D-associated CD4+ TCRα chains among Treg cells. Nevertheless, 
our results clearly indicate that these self-associated chains are not depleted 
from the Tconv population and thus may participate in immune reactions 
targeting self. 
 
The HIV-associated CD4+ TCRα chains were rare among Tregs: in each sorted 
Treg repertoire only one of the reference database TCRα chains was 
observed and these chains were encoded by a single nucleotide clonotype 
with an average clone size of 3.7. In the Tconv samples the frequency of HIV-
associated TCRα chains, their encoding nucleotide numbers, and the average 
clone sizes were similar to those observed for the unsorted peripheral blood 
samples.  
 
To conclude, the T1D-associated CD4+ TCRα chains were not subjected to 
negative selection as they persisted in the periphery. Furthermore, they 
were not particularly enriched among Tregs and, more importantly, they 
were found in the peripheral Tconv population.  
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5.3. The self-reactive CD4+ TCRα chains target multiple T1D islet-
antigens  

As the thymus showed preference to produce CD4+ TCRα chains associated 
with T1D, we contemplated the different islet antigens separately. Our 
reference database contained 46 CD4+ TCRα chains associated with 
insulin/proinsulin and 83 associated with GAD65. One chain was associated 
with IGRP, but it was not analyzed separately.  
 
Moreover, the separate analysis of insulin/proinsulin- and GAD65-associated 
chains entailed broader interest as they might be differently involved in the 
negative selection in thymus. To have an effect on negative selection, a tissue 
antigen needs to be present in the thymus, either through its ectopic 
expression or through import by immigrating phagocytic cells. 
Insulin/proinsulin epitopes have been shown to be expressed by the thymic 
medullary cells while ambivalent results have been published for the thymic 
expression of GAD65 (Gotter et al. 2004; Pugliese et al. 2001; Sospedra et al. 
1998). In thymus samples the detection rate of CD4+ TCRα chains associated 
with insulin/proinsulin was 29.5% and with GAD65 37.7%, but the difference 
was statistically non-significant (IV, Fig. 5A). The average number of 
clonotypes encoding for insulin/proinsulin-associated chains was 2.1 and for 
GAD65-associated chains 2.8 (p < 0.05) but the average clone sizes were not 
statistically significantly different for the two antigens (11.9 vs 14.1, p 0.17; 
IV, Fig. 5B-C). In peripheral blood samples the detection rate, the number of 
unique clonotypes and the average clone sizes were similar for the two 
antigens (IV, Fig. 5D-F). Resampling of the GAD65-associated reference TCRs 
to the size of insulin/proinsulin TCR dataset produced similar results (data 
not shown).  
 
In conclusion, though insulin/proinsulin- and GAD65-epitopes might have 
differential effects in thymic selections, this seems to have no effect in the 
production of the public component of the self-reactive TCRα chains. 
Whether this concerns only islet-antigens or self-antigens more generally 
remains unresolved due to the low number of well-defined autoreactive 
TCRα chains in the literature. 
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5.4. Limitations of single-chain TCR data 

The major limitation in determining the epitope-specificity of the highly 
abundant public TCRα chains in our data is the missing information about 
their TCRβ partners. However, sequencing of a sufficient number of epitope-
specific chains remains a challenge. Even with the relatively high frequency 
of the epitope-specific TCRα chains in the thymus (on average 0.006%), they 
are so rare that even the maximal throughput of the current sequencing 
techniques of paired TCRαβ repertoires reaching 20 000 unique clonotypes 
per individual or cell subset remains insufficient to repeatedly detect them 
(Carter et al. 2019; Park et al. 2020) 
 
Moreover, the relative importance of the two chains in mediating the 
antigen-recognition remains undetermined. It has been shown that a public 
TCRα or TCRβ chain can promiscuously pair with multiple different partners 
without losing the antigen-specificity. This is clearly visible in our reference 
database where a single TCRα chain can pair with diverse TCRβ partners and 
vice versa while the antigenic target remains constant (Table 11). 
Furthermore, it has been directly shown that the TCRα chain can confer 
specificity, while its TCRβ partner modifies the TCR affinity over a range of 
two orders of magnitude (Nakatsugawa et al. 2015). Another study showed 
that two conserved TCRβ chains, differing by a single amino acid, recognized 
the same antigen but the first permitted promiscuous TCRα pairing whereas 
the latter required an exact TCRα partner to convey the recognition 
(Bowerman et al. 2014). In addition, many TCRs possess remarkable 
structural plasticity that allows them to adjust and bind a range of slightly 
variable epitopes (Sewell 2012; Welsh and Selin 2002).  
 
In our data, the high number of TCRα sequences shared between individuals 
and their association with recognition of self-antigens suggests TCRα to have 
a specific role in T-cell development. Why would the thymus predispose a 
tendency to abundantly generate public TCRα clonotypes if they conveyed 
no benefit in the recognition and further advantage to survive and 
proliferate? Also, the higher abundance of TCRα chains recognizing self than 
those recognizing non-self hints that the TCRα production is somehow 
hardwired to recognize self beyond the HLA restriction. In all cases, the 
existence of highly-abundant self-reactive TCRα chains pairing 
promiscuously with TCRβ chains can be considered as a new potential risk 
factor for autoimmunity and, furthermore, a potential target for therapeutic 
interventions.  
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Identical TCRα chains

Table 11. Examples of TCR chains with promiscuous pairing while 
conserving specificity. 
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6. Phenotypic diversity of peripheral T-cell subsets (V) 

While a TCR is the individual fingerprint of a T-cell clone, the T-cell diversity 
is further demonstrated in the phenotypic features of T-cell populations. In 
humans T-cell subsets from the peripheral blood have been studied 
extensively due to their easy and relatively  non-invasive accessibility. Yet, 
the circulation is principally a route of transfer for T cells and only a surrogate 
of the phenotypic diversity of T cells in tissues. In tissues, where T cells are 
activated and perform their effector functions, their phenotypes differ from 
the blood (Sathaliyawala et al. 2013). We studied human T-cell maturation in 
multiple peripheral tissues obtained from 12 organ donors, aged 20–67 years 
using multi-parameter flow cytometric characterization (Organ donors 2–13; 
Table 5). For the characterization of the SCM population, peripheral blood 
samples were also obtained from 15 immunologically healthy children and 
three young adults (Blood donors 14–28; Table 5). To further track the 
maturation trajectories, we analyzed the T-cell clonotype distributions of 
naive and memory populations in lymph nodes (Organ donors 1–2; Table 5).  
 

6.1. T-cell subsets in tissues 

We identified T-cell memory subsets with flow cytometry using CD45RA and 
CCR7 in a customary fashion; naive cells being CD45RA+CCR7+, effector 
memory (EM) CD45RA-CCR7-, central memory (CM) CD45RA-CCR7+ and 
terminally differentiated effector memory (EMRA) CD45RA+CCR7-. For 
augmented precision, we included CD28 and CD27 to mark naive and CM 
cells (Gattinoni et al. 2017). Furthermore, we included CD95 to identify the T 
stem cell memory (SCM) population displaying a CD27+CD28+CD45RAhigh 
CCR7+CD95+ phenotype (Table 7) (Gattinoni et al. 2017). 
 
In the peripheral blood of the organ-donors the majority of both CD4+ and 
CD8+ T cells displayed a naive phenotype with respective mean frequencies 
of 50.7±24.4% and 36.4±25.9%. The frequency of naive cells declined 
gradually along aging accompanied with a corresponding increase of 
memory phenotypes (Fig. 13A). The fractions of different memory 
phenotype subsets were markedly different in CD4+ and CD8+ populations. 
Among CD4+ cells the CM subset formed the largest memory fraction (mean 
21.9 ± 9.5 %) followed by the EM subset (mean 14.2 ± 8.2 %). The CD4+ EMRA 
subset was very small except in one donor, where its frequency reached 
47.9%. The exceptionally high EMRA fraction was observed in a 63-year-old 
female donor who tested positive for CMV, which could explain the skewed 
memory subset distribution as CMV has been suggested to drive EMRA 
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differentiation at least in the CD8+ compartment. However, as many as eight 
out of the twelve donors included in the flow cytometric analysis tested 
positive for CMV and in most of them the fraction of EMRA cells was only 
modest. Among CD8+ cells the CM population was small, and the largest 
memory population was CD8+ EMRA (mean 31.5 ± 20.6 %) followed by CD8+ 
EM (9.3 ± 8.1 %). The frequency of SCM cells has been reported to be 2-3% 
in the peripheral blood being slightly larger than our SCM fractions of 1.4 ± 
0.53 % in CD4+ and 1.4 ± 0.99 % in CD8+ compartments (V, Fig. 4C) (Di 
Benedetto et al. 2015). Previously, the frequency of SCM had been reported 
to stay stable along aging in individuals aged 21–85 years (Di Benedetto et al. 
2015). This result was repeated in our organ donors aged 20–67 years. 
However, when we included an analysis of SCM cells in blood samples drawn 
from 12 immunologically healthy children aged from 5 days to 15 years and 
three healthy young adults, we observed a clear age-related decrease in the 
frequency of SCM cells (V, Fig. 4C). Otherwise, our findings largely conformed 
with the previous reports on peripheral blood T-cell subset distributions 
although the definition of the naive and CM populations was more accurate 
than previously with the inclusion of CD27 and CD28 (Sathaliyawala et al. 
2013; Thome et al. 2014). 
 
 

Figure 13. The frequencies of T-cell maturation stages in the different 
locations of the body. 
 
The diagrams show the frequencies of naive, CM, EM and EMRA subsets of 
CD4+ and CD8+ T cells in PBMC (A), in MLN (B), in spleen (C) and in ileum 
(D) in individuals aged 20–67 years. The naive, CM, EM and EMRA 
populations are indicated respectively in green circles, blue squares, yellow 
upward triangles and red downward triangles. The interpolation lines are 
indicated with respective colors for naive, CM, EM and EMRA populations.  
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After establishing the frequencies of circulatory T-cell populations, we 
turned to other tissues analyzing T-cell distributions in mesenteric lymph 
nodes (MLN), spleen and ileum. The T-cell subset distributions in MLNs 
resembled those in the circulation with the naive subset being the most 
frequent population both in CD4+ and CD8+ compartments with respective 
average frequencies of 47.5 ± 18.1 % and 40.8 ± 15.6 %. In contrast to the 
blood, only a weak age-related decline in the frequency of naive cells could 
be traced in MLN. In the MLN CD4+ compartment the CM (mean 21.9 ± 12.6 
%) and EM (mean 22.9 ± 12.3 %) subsets were frequently observed whereas 
the EMRA frequency was close to zero including the donor in whom a high 
frequency of CD4+ EMRA cells was detected in blood (Fig. 13B). In the CD8+ 
compartment a considerable fraction of EM cells was detected (mean 37.3 ± 
14.0 %) but CM and EMRA cells were relatively scant (Fig. 13B). The average 
fraction of SCM in lymph nodes was 1.2 ± 0.58 % for CD4+ and 1.1 ± 0.77 % 
for CD8+ compartment in accordance with Hong et al. who reported a 
frequency of 1-5% SCM in lung-draining lymph nodes (V, Fig. 4D) (Hong et al. 
2016). In MLN the SCM subset showed a slight age-related decrease, which 
was obvious even in the individuals aged 20–67 years (V, Fig. 4D). No MLN 
samples from infants or children were available. Despite the age-related 
decrease of frequency, the SCM cells remained present also in the oldest 
donors we analyzed.  
 
While the naive T-cell subset dominated in blood and in MLN, more mature 
phenotypes were prevalent in the spleen and in the ileum. In spleen the 
largest T-cell subsets were formed by CM and EM cells in the CD4+ 
compartment with respective mean frequencies of 31.8 ± 11.2 % and 39.2 ± 
14.1 %, and by EM cells in the CD8+ compartment with a mean frequency of 
42.2 ± 14.3 % (Fig. 13C). The frequency of naive cells was low in spleen and 
decreased to <10% in the oldest donors. Generally, the CD4+ EMRA cells 
were very few in the spleen except in the outlier donor where 12.8 % of the 
CD4+ T cells presented EMRA phenotype. The fraction of EMRA cells in CD8+ 
population in the spleen was slightly smaller than in the blood with an 
average frequency of 16.2 ± 7.9 %. In comparison to the spleen, at the 
mucosal site an even higher fraction of memory phenotypes was observed. 
In ileum EM cells formed 63.0 ± 19.1 % and 63.3 ± 19.8 % of CD4+ and CD8+ 
compartments, respectively (Fig. 13D). In the oldest donors the fraction of 
ileal EM cells reached >90% and the naive cell fraction diminished close to 
zero. Both in the spleen and in the ileum, very few SCM cells were observed.  
 
In summary, our flow cytometric phenotype analysis indicates that the 
heterogeneity of T-cell memory populations operates on at least three levels. 
First, distinct tissues host tissue-specific distributions of naive and memory T 
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cells. The principal T-cell populations in the circulation are naive and long-
lived memory phenotypes, whereas lymph nodes and spleen host a slightly 
higher fraction of memory T cells and the gut hosts a large fraction of T 
effector memory cells. Additionally, even though not assessed with our 
research approach, actual effector T cells also reside in various tissues and 
particularly in the gut even in a steady homeostatic state (Rahimi and Luster 
2020). Second, the CD4+ and CD8+ compartments show some clearly distinct 
features. The CM population was practically absent in the CD8+ 
compartment in the spleen and mucosal tissue, while the EMRA cells were 
altogether rare in the CD4+ compartment (Fig. 13). In addition, the CD8+ 
population appeared less naive than the CD4+ population and in some 
tissues like spleen and ileum the naive CD8+ cells were scant especially at 
older age. In contrast, naive CD4+ cells were constantly observed in all 
studied tissues at all ages. Third, the distribution of the memory subsets 
showed age-related heterogeneity with decreasing naive and increasing 
memory phenotypes along aging. In addition, the immune system, including 
T-cell subset distributions, is subject to considerable individual variation that 
reflects both the genetic background and the environmental influences of 
the individual (Brodin and Davis 2017). 
 
The SCM population has been studied relatively little in humans. Our data on 
the human SCM subset confirm the previous results in non-human primates 
which indicated the SCM to be mostly distributed in blood and lymph nodes 
but rarely detected in spleen and mucosal tissue (Lugli et al. 2013). Thus, it 
seems that SCM do not directly circulate into the mucosal tissue or they 
immediately give rise to other phenotypes once reaching the mucosa. 
However, it is possible that only a fraction of the cells analyzed in our 
approach are true long-lived memory stem-cells. The SCM population, 
defined with the help of CD95, has recently been suggested to consist of a 
subpopulation with a half-life of less than one year and another 
subpopulation with a half-life of almost a decade (Costa Del Amo et al. 2018). 
Nevertheless, our data clearly indicate that the number of SCM cells declines 
along aging both in blood and in lymph nodes. The factors contributing to the 
abundant SCM population in children and whether this too includes two 
populations with a variable longevity requires more investigation. However, 
even though the number of SCM declines with aging, they seem to contribute 
to the maintenance of peripheral T-cell memory throughout life as they were 
detected at all analyzed ages (V, Fig. 4B-D).  
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6.2. Maintenance of peripheral T-cell subsets 

The various effector/memory subsets differ in their proliferative capacity and 
the population maintenance, which we measured analyzing the cell cycle 
marker Ki-67 expression. Both in CD4+ and CD8+ compartments the fraction 
of Ki-67 expressing naive cells was low in all tissues suggesting a low 
turnover. In memory subsets the proliferation rates were generally higher (V, 
Fig. 5). In the CM subset, the fraction of Ki-67 expressing cells was only a little 
higher than in the naive subset. In the EM subset the highest fractions of 
proliferating cells were observed in blood and ileum. This suggests higher 
activation status of EM cells in ileum as well as those in transit in the 
circulation than in lymphoid tissues. In EMRA and SCM subsets the Ki-67 
expression behaved differently in the CD4+ and CD8+ compartments. 
Similarly to the EM cells, the few cells displaying CD4+ EMRA phenotype had 
high Ki-67 expression in ileum and in blood. In contrast, in the CD8+ EMRA 
subset the Ki-67 expression was elevated only in the ileum and low in the 
other tissues. It is likely that the dividing EM and EMRA cells will give rise to 
activated effector T cells. A relatively high fraction of SCM cells expressed Ki-
67 in MLN whereas in blood the Ki-67 expression was lower. In other tissues 
the SCM frequencies were low and variation in their Ki-67 expression was 
high. 
 
While Ki-67 indicates the cells in cell cycle, the TCR repertoire clonality can 
be used as a measure of the proliferative history in a T-cell population. Low 
clonality indicates more polyclonal TCR repertoire without strong pressure 
of clonal selections whereas high clonality indicates more oligoclonal TCR 
repertoires with expansion of selected clones. Typically, clonality increases 
with age due to the selective pressure of encountered antigens. We 
performed TCR sequencing of naive and memory subsets obtained from MLN 
from two individuals, a 35-year-old female and a 37-year-old male (Organ 
donors 1–2; Table 5). As previous studies including our own results had 
shown CD4+ EMRA and CD8+ CM to form relatively small populations in 
MLNs, we sorted naive, CM, EM and SCM subsets for the CD4+ compartment 
and naive, EM, EMRA and SCM subsets for the CD8+ compartment (Thome 
et al. 2014). Since our previous analyses had shown lower peripheral 
diversity and higher clonotype overlap for TCRα than TCRβ suggesting better 
resolution to track clonal changes for the former, we opted to analyze TCRα 
repertoire (I and II).  Sequencing of the sorted populations yielded variable 
numbers of unique TCRα clonotypes for each population; the highest number 
of unique productive clonotypes was obtained in the naive population and 
the lowest number in the SCM population both for the CD4+ and the CD8+ 
compartments (Table 12).  
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Table 12. The numbers of obtained unique clonotypes and total sequences. 
 

  Unique clonotypes Total sequences 
    Organ donor 1 Organ donor 2 Organ donor 1 Organ donor 2 
CD4+ naive 44428 42064 55392 55815 

CM 25385 39684 39019 53072 
EM 30973 14363 43183 21287 
SCM 629 468 815 614 

CD8+ naive 38021 27632 51877 38737 
EM 10631 2402 45789 8422 
EMRA 4537 735 14437 1374 
SCM 433 164 582 245 

 
 
To reduce the influence of different sample sizes on clonality estimates, we 
resampled the larger samples 100 000 times to the size of the smallest 
repertoires, i.e. to the size of SCM repertoires, calculated Simpson’s clonality 
indexes and used the average clonality values of the samplings. Both in the 
CD4+ and the CD8+ compartments the clonality was the highest in the EM 
and the lowest in the naive population (V, Fig. 6A). Yet, the difference was 
much more pronounced in the CD8+ than in the CD4+ compartment. The 
higher clonality in the EM compared to the naive subset had been reported 
also previously but on the TCRβ repertoire and the largest clonotype was 
used as an approximate of the clonality (Thome et al. 2016). In the CD4+ 
compartment the CM population was less clonal than the EM population and 
the clonality of the SCM was similar to the naive population (V, Fig. 6A). In 
the CD8+ compartment the EMRA had lower clonality than EM even though 
they are supposed to represent a terminally differentiated population which 
could theoretically be associated with higher clonality. In the CD8+ SCM the 
clonality was again close to the clonality of the naive cells (V, Fig. 6A).  
 
In conclusion, naive cells divide slowly and remain polyclonal, SCM and CM 
cells show moderately high proliferation rates which will not lead to 
expansion of particular clonotypes, and finally EM show the highest 
proliferation rates and the highest clonality index. Consequently, the 
populations associated with stem cell properties seem to be maintained 
through a moderate rate of homeostatic proliferation that maintains a 
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largely polyclonal population. Yet, the maintenance of stem cell populations 
further requires maintenance of telomere lengths with telomerase activity.  
 

6.3. Maturation trajectories of peripheral T-cell subsets  

In order to analyze the relatedness and maturation trajectories of various 
memory populations, we calculated the TCRα repertoire overlaps using JI of 
productive nucleotide repertoires at different maturation stages. Because 
the number of unique TCRα clonotypes varied widely from 164–629 in the 
SCM populations to over 44 000 in the naive populations, and the variable 
sampling sizes can affect the overlap analyses, we resampled the larger 
populations to the size of the SCM populations and repeated the sampling 
step 100 000 times with replacement (Table 12). Then, the average value 
from the samplings was used in the comparisons. The overlap values were 
largely comparable in the two analyzed individuals even though a lower 
number of TCRα sequences was obtained for the male subject.  
 
In general, the clonal overlap values between more mature subsets were 
higher than the overlap values between naive and memory subsets. In the 
CD4+ compartment the highest clonal overlap was observed between EM-
CM (average JI 0.00030) and the comparison of the naive subset against 
memory subsets produced somewhat lower JI values (range 0.000085–
0.00019; V, Fig. 6B). In the CD8+ compartment the difference in clonotype 
sharing when comparing naive subsets against memory subsets and among 
memory subsets was particularly robust. The JI values between the three 
different CD8+ memory subsets were approximately one to two orders of 
magnitude higher (range 0.0022–0.0060) than the JI values when comparing 
the CD8+ naive subset against any of the CD8+ memory subsets (range 0–
0.00017; V, Fig. 6B). Thus, in the absence of an acute infection, the MLN 
seems to host a crew of clonally related memory subsets. While certain 
overlap between naive and memory subsets was observed in the CD4+ 
compartment, in the CD8+ compartment the naive cells seemed more 
distinct from the memory subsets. Possibly, the CD8+ naive cells convert 
their surface markers from naive to memory at such an early time point of 
the activation that the transient snapshot we obtain from the lymph node 
fails to capture the clonotypes in transformation. Moreover, as indicated by 
the high clonality in the CD8+ memory subsets, the CD8+ memory subsets 
contain larger clones than the other subsets which may explain the higher 
overlap between these subsets as well. 
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Our data allowed some statements on the relationship between the memory 
and the naive subsets, but the results concerning the relationships of 
different memory subsets remained less conclusive. This was partly because 
of the more subtle differences between the memory subsets and partly 
because of the discrepancies between the two donors. In the CD4+ 
compartment the highest overlap was observed in EM-CM followed by SCM-
CM and the lowest average sharing in SCM-EM. A particularly discrepant 
observation was that in the male donor no shared TCRα clonotypes were 
detected between CD4+ EM and SCM populations, whereas in the female 
donor the JI between CD4+ SCM-EM was relatively high (V, Fig. 6B). However, 
the difference could be explained by the viral infection status of the organ 
donors. The female subject was a carrier of CMV while the male subject 
tested negative for it. Thus, the larger overlap between SCM-EM in the 
female donor could be due to CMV-specific SCM constantly feeding new cells 
into the EM pool to control this persistent virus. In the CD8+ compartment 
the highest overlap values were detected in the EMRA-SCM comparison 
(average JI 0.00540) closely followed by the EMRA-EM comparison (average 
JI 0.00535; V, Fig. 6B).   
 
Altogether, our results support the previous notions on the development of 
T-cell memory subsets. The close relatedness of CD4+ CM with other 
memory subsets provides direct ex vivo evidence that the SCM and CM 
subsets are capable of giving rise to CM and EM, respectively (Kaech 2014; 
Lanzavecchia and Sallusto 2000). As noted, for CD4+ SCM-EM the overlap 
results from our two donors were discrepant, so whether SCM cells directly 
develop to both CM and EM or gradually first to CM and then to EM needs 
to be studied in more extensive settings. Besides, these two developmental 
trajectories are not mutually exclusive. In the CD8+ compartment the SCM 
was closely related to EM and EMRA supporting the role of SCM as a 
multipotent precursor population. Moreover, the observed higher clonal 
overlap between naive and memory subsets in the CD4+ than in the CD8+ 
compartment fits to the previously suggested scenario by Farber and 
colleagues where the naive CD4+ cells progressively differentiate to CM and 
then to EM while the naive CD8+ cells divergently generate EM and EMRA 
(Thome and Farber 2015). 
 
Our analysis of TCRα repertoires from infant thymus and blood samples had 
shown that the interindividual clonotype sharing increases along the T-cell 
maturation from the unselected thymocytes to the selected thymocytes and 
finally to the circulatory T-cell population (II). Though we only had TCRα 
repertoires from two adult organ donors, we measured the TCRα clonotype 
sharing between them at each different maturation stage in CD4+ and CD8+ 
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compartments. Again, to reduce the influence of different sampling depths, 
we repeated the JI calculations 100 000 times with repertoire subsets 
resampled to size of the smallest repertoire in the comparison. The more 
immature subsets had lower interindividual clonotype sharing than the more 
mature subsets. The sharing was low in the naive cells and no TCRα 
clonotypes were shared in the SCM cells in the CD4+ or CD8+ compartments, 
but this might be affected by the low number of SCM cells in the analysis. 
Between the other memory subsets, the sharing was higher and gradually 
increased from CD4+ CM to EM and the highest JI was observed in the CD8+ 
EMRA subset (Fig. 14). Consequently, analogously to the thymic maturation, 
the fraction of shared TCR clonotypes seems to increase along the peripheral 
T-cell maturation gradient. On the contrary, Britanova et al. had previously 
shown that the fraction of shared TCRβ clonotypes is higher in early life than 
later (Britanova et al. 2016). However, the higher sharing was mostly 
observed in the umbilical cord blood and not later in blood samples between 
different age groups. Yet, our results remain largely tentative, as they were 
only based on two individuals.  
 

 
 

 
  

Figure 14. Interindividual TCRα clonotype sharing in different subsets. 
 
Sharing of TCRα clonotype repertoires in  naive, SCM, CM, EM and EMRA 
subsets between two adult organ donors in CD4+ (A) and CD8+ (B) 
compartments.  
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Concluding remarks and future prospects 
 
In this thesis I have studied various aspects of T-cell diversity. The basis of T-
cell diversity lies in the TCR recombination through which an astronomical 
number of unique TCRs can theoretically be generated (1015–1020). At the 
present, the limitations of sequencing methodology impede the exhaustive 
sequencing of individual repertoires. To our knowledge, we measured the 
highest directly observed TCR diversity thus far with 10.3 million unique TCRβ 
and 3.7 million unique TCRα sequences and estimated the diversity to range 
from 40 to 70 million unique sequences for TCRβ and from 60 to 100 million 
unique sequences for TCRα chain. Moreover, the pairing of individual TCRα 
and TCRβ chains will further augment the actual repertoire diversity. 
Despite the vast potential TCR diversity, our results showed that a 
surprisingly high fraction of the TCR repertoire was shared between 
unrelated individuals. The interindividual repertoire sharing was obvious in 
the thymic preselection clonotypes but it was further accentuated by the 
thymic selections. The analysis of a monozygous twin pair identified a genetic 
input in the V and J segment usage as well as in the generation of junctional 
CDR3 sequences. However, the genetic signal was diminished in the thymic 
selections suggesting the dominance of stochastic or universal factors in the 
selection process. Actually, the TCR repertoire generation from 
recombination to repertoire shaping selections appeared so convergent 
across the studied individuals that some TCRs are putatively detected in 
most, if not all, individuals in the human population. These public TCRs had 
fewer non-templated insertions, shorter CDR3 regions and lower generation 
probabilities compared to the entire repertoire. It remains unclear if these 
public TCRs are conserved across unrelated individuals because they have 
conveyed survival benefits in human evolution or do they appear repeatedly 
simply because they are easily generated. 
 
Curiously, many of the highly abundant public TCRα chains were associated 
with the recognition of pancreatic islet autoantigens. These autoreactive 
TCRα clonotypes were abundantly produced in the thymus and escaped 
negative selection remaining abundant in the peripheral blood too. 
Moreover, they were not converted to the Treg subset but were mainly 
detected among conventional T cells in the peripheral blood. For now, it 
remains impossible to determine whether the pancreatic islet antigens are 
more likely to be targeted by autoreactive TCRs than other self-antigens due 
to the scarce number of well-defined TCR chains associated with other 
autoimmune conditions. However, it is fascinating to contemplate the 
possibility that we could target the widely present autoreactive clonotypes 
to treat autoimmune diabetes or even other autoimmune diseases. Could 
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the autoreactive TCR chains recur sufficiently often in a sufficiently large 
number of people to provide a target for the prevention of autoimmunity? 
 
Nevertheless, profound understanding on the long-term dynamics of the 
peripheral T-cell subsets is required in order to design safe medical TCR 
interventions. Besides the diversity assigned to the TCR repertoire, this thesis 
studied the diversity of peripheral T-cell populations. The naive and stem cell 
memory T-cell populations are implicated in the maintenance of other 
functional T-cell subsets as well as in versatile immune responses. 
Accordingly, we observed low clonality indexes implying broad TCR 
diversities in these populations but also a clear age-related decrease in their 
frequencies. The clonal overlap between naive and memory populations 
suggested closer relatedness of naive and memory populations in CD4+ than 
in CD8+ compartments, which could be attributed to the larger clone size in 
CD8+ than in CD4+ memory subsets. Consequently, targeting a specific clone 
or a maturation stage may have a different influence on the dynamics of the 
cell populations in CD4+ and CD8+ compartments. Particularly, preventing 
the maturation of highly abundant CD8+ memory subsets that could have 
low activation threshold might prove useful in preventing harmful reactions 
and autoimmunity (Maschmeyer et al. 2021). Yet, more studies are needed 
to establish the precise relationships and roles of naive and memory subsets. 
 
In conclusion, it seems that despite the extremely high potential TCR 
diversity that could be generated in the thymus, the full diversity is never 
attained in a single person or even in the entire human population. Since the 
repertoire generation is highly convergent, a notable clonal overlap is 
detected already in the T-cell populations of unrelated individuals. As the 
thymic output of new T cells ceases around 50 years of age, the TCR diversity 
ultimately starts contracting and the contribution of memory populations in 
the maintenance of T-cell homeostasis increases. Curiously though, even a 
relatively narrow TCR diversity seems sufficient to provide protection from 
pathogenic insults (Bousso et al. 2000). Yet, lower TCR diversity compromises 
the immunosurveillance of malignant transformation as indicated by the 
increased incidence of cancer in thymectomized children or simply along 
thymic senescence caused by aging (Granadier et al. 2021). New large-scale 
laboratory techniques, such as single-cell RNA sequencing allowing the 
simultaneous analysis of cell function and paired TCRαβ repertoires, are 
needed to define the clinically relevant TCR repertoire and the optimal T-cell 
subset composition carrying this diversity. Detailed understanding of T-cell 
heterogeneity will eventually allow the design of new T-cell based 
therapeutic interventions. 
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