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Summary 

T-cell development is a highly dynamic and stepwise process comprimising 

T-lineage commitment, T-cell receptor (TCR) gene rearrangements and subsequent 

selection. From a quantitative point of view, only a few hundred progenitor cells migrate 

from the bone marrow into the thymus. Developing thymocytes (termed double 

negative (DN), CD4-CD8-) can be further divided into DN1-4 cells based on the 

expression of CD25 and CD44. These developmental events are interspersed by 

proliferative bursts which ultimately lead to the generation of millions of double positive 

(DP, CD4+CD8+) thymocytes that then undergo selection. As a consequence, a 

proportion of naïve T cells evolves to ensure adaptive, but not autoreactive immunity. 

Previous studies of our lab focused on the quantification of thymus colonization 

and identified thymus entry to be dependent on expression of the chemokine receptors 

CCR7 and CCR9 (Krueger et al., 2010; Ziętara et al., 2015). CCR7/9 double knockout 

(DKO) mice are almost completely devoid of the most immature thymocyte populations 

(DN1 and DN2), but show near normal DN3 cellularity. Interestingly, a similar defect 

during early development but a virtually complete recovery of later stages and total 

thymocyte numbers was also observed in thymi of miR-17~92-deficient mice. Here, a 

failure of prethymic IL-7 signaling dampens early T-cell development (Regelin et al., 

2015). For this reason, we hypothesized a tight regulation of thymocyte population size 

through alterations in the underlying cell cycle kinetics.  

In this thesis, we employed in vivo single- and dual-nucleoside pulse labeling 

combined with determination of DNA replication over time in different WT thymocyte 

subsets at steady-state. Based on this, we assessed alterations in cell cycle kinetics 

of CCR7/9- and miR-17~92-defcicient mice and identified compensatory mechanisms 

of thymocytes on the level of cell cycle phase distribution and cell cycle speed. In 

addition, single-cell RNA sequencing helped to obtain information on cell cycle 

dynamics of early thymocyte subsets, exemplarily shown for WT and CCR7/9 DKO 

mice. Lastly, we performed cell cycle analyses in a model of endogenous thymic repair 

upon sublethal total body irradiation which provided insight into intrathymic cell cycle 

regulation as an adjustable system to re-establish normal thymus cellularity. 

In the second part of the thesis, we addressed the role of miR-21 in the thymus. 

In various studies, we and others identified miRNAs as key posttranscriptional 

regulators of the immune system and especially for T-cell development (Regelin et al. 

2015; Mildner et al. 2017; Li et al. 2007; Ebert et al. 2009; Ziętara et al. 2013; Schaffert 
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et al. 2015). The dynamic expression of miR-21 during T-cell development (Neilson et 

al. 2007; Kirigin et al. 2012; Kuchen et al. 2010) prompted us to hypothesize that 

miR-21 has a regulatory function in the thymus. A miR-21 knockout mouse model 

allowed us to study the role of this miRNA for the development of T cells in the thymus 

and the maintenance of T cells in the periphery. In addition, we performed competitive 

bone marrow chimera experiments in the context of miR-21 deficiency and 

overexpression. Further insights were provided by exploring the function of miR-21 in 

negative selection in vivo as well as in T-cell differentiation in coculture experiments in 

vitro. To unravel implications of miR-21 to regulate cellular stress responses, we 

assessed the contribution of miR-21 in a model of endogenous regeneration of the 

thymus after sublethal irradiation. We could not provide evidence for a prominent role 

for miR-21 during T-cell development. Together, our experiments revealed that miR-21 

is largely dispensable for physiologic T-cell development despite high and dynamic 

expression in the thymus (Kunze-Schumacher et al., 2018). The apparent discrepancy 

between dynamic expression but lack of a regulatory function in the thymus led us to 

conclude that miR-21 is rather fine-tuning T-cell responses than controlling a 

developmental event. 

  



IV  Deutsche Zusammenfassung 

 

Deutsche Zusammenfassung 

Das adaptive Immunsystem ist von elementarer Bedeutung für die Eliminierung 

von Infektionserregern. T-Zellen stellen dabei das zentrale Glied der erworbenen 

Immunantwort dar, da sie Effektormechanismen lenken, die zur Bekämpfung von 

verschiedenen Krankheitserregern beitragen. Insbesondere für die Regeneration nach 

einer hämatopoetischen Stammzelltransplantation sind T-Zellen von zentraler 

Bedeutung, denn durch die vorausgehende myeloablative Therapie (Chemotherapie 

und/oder Bestrahlung) werden nicht nur Tumorzellen, sondern auch das Immunsystem 

supprimiert. Dies zieht als Konsequenz eine langanhaltende Phase der 

Immundefizienz nach sich. Ein besseres Verständnis der molekularen und zellulären 

Prozesse, die die T-Zellentwicklung und -regeneration beeinflussen, ist daher dringend 

notwendig, um die Wiederherstellung des erworbenen Immunsystems weiter zu 

verbessern und zu beschleunigen. Die Entwicklung der T-Zellen findet in einem 

hochspezialisierten Organ, dem Thymus, statt (Miller, 1961) und beruht auf der 

regelmäßigen Einwanderung von Vorläuferzellen aus dem Knochenmark. Diese 

Vorläuferzellen reifen in einem mehrstufigen Entwicklungsprozess heran und 

durchlaufen schlussendlich Selektionsprozesse. In der frühen Entwicklung 

exprimieren die heranreifenden Thymozyten weder CD4 noch CD8 und werden daher 

als doppelt negativ (DN) bezeichnet. Diese frühen Stadien der T-Zellentwicklung 

lassen sich u.a. anhand der Oberflächenexpression von CD25 und CD44 in die 

Stadien DN1-4 sowie durch die Verwendung weiterer Marker wie z.B. CD28 in 

Substadien wie DN3a und DN3b einteilen. Das DN4-Stadium, charakterisiert durch die 

Abwesenheit von CD25 und CD44, geht final in ein doppelt positives (DP) Stadium 

über. An diesem Punkt exprimieren die Thymozyten sowohl CD4 als auch CD8 und 

durchlaufen Selektionsprozesse. Letztere stellen sicher, dass nur T-Zellen 

heranreifen, die einerseits in der Lage sind, mögliche Pathogene zu erkennen und 

damit effizient zu bekämpfen (positive Selektion) und andererseits verhindern, dass 

sich diese Zellen gegen körpereigene Strukturen richten (negative Selektion). Diese 

hoch komplexen Selektionsprozesse ermöglichen weiterhin, dass ein breites 

Spektrum an T-Zellen ausgebildet werden kann. Somit kommt es letztlich nicht nur zur 

Generierung sogenannter konventioneller T-Zellen (CD4 oder CD8 positive T-Zellen), 

sondern auch zur Entstehung von unkonventionellen T-Zellen mit z.B. regulatorischen 

Fähigkeiten (Treg). Kommt es jedoch zu Störungen dieses Systems, wird die 

Entstehung von Immunschwäche- oder Autoimmunerkrankungen begünstigt.  
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Vorarbeiten unserer Gruppe haben sich besonders auf die Identifizierung und 

Charakterisierung von Vorläuferzellen spezialisiert (Krueger und Boehmer, 2007; 

Saran et al., 2010; Saran et al., 2012). Insbesondere konnte dabei gezeigt werden, 

dass der Eintritt in den Thymus von zwei Chemokinrezeptoren, CCR7 und CCR9, 

abhängt (Krueger et al., 2010). Quantitative Untersuchungen ergaben, dass 

CCR7/9-defiziente Mäuse eine etwa 200fache Verringerung an kürzlich 

eingewanderten Vorläuferzellen im Thymus aufweisen, was in einer reduzierten 

Frequenz an Zellen in den sehr frühen Entwicklungsstadien resultiert (DN1 und DN2) 

(Krueger et al., 2010; Ziętara et al., 2015). Dennoch wird diese Beeinträchtigung in den 

sehr frühen Stadien der T-Zellentwicklung im Verlauf der Thymozytenreifung 

überwunden, denn spätere Entwicklungsstadien sowie die Gesamtgröße des Thymus 

sind unbeeinflusst. Ein sehr ähnliches Phänomen zeigte sich auch für das Fehlen von 

miR-17~92 im Thymus (Regelin et al., 2015). Eine Verminderung an frühen 

Entwicklungsstadien konnte ebenso beobachtet werden, welche aber auch folgenlos 

für die Entwicklung späterer T-Zellstadien war. Dies lässt die Vermutung zu, dass die 

Regulation des Zellzyklus in diesem Stadium der T-Zellentwicklung von fundamentaler 

Bedeutung ist und kompensatorische Mechanismen vorliegen müssen, die zur 

physiologischen Entwicklung der späteren Entwicklungsstadien beitragen. Zudem ist 

ein fehlregulierter Zellzyklus ein Schlüsselereignis in der Entstehung von Leukämien.  

Der erste Schwerpunkt der vorliegenden Arbeit war daher die Untersuchung der 

Zellzyklusdynamik in der Entwicklung von T-Lymphozyten. In einem ersten Schritt 

erfolgte eine Quantifizierung der Zellzyklusphasen der unterschiedlichen 

Thymozytenpopulationen auf dem Level der G0-, G1-, S- und G2M-Phase. Hierfür 

wurde der Zellzyklus basierend auf der in vivo Inkorporation des Nukleosidanalogons 

Bromdesoxyuridin (BrdU) in Verbindung mit einem DNA-interkalierenden Marker sowie 

der Bestimmung der Expressionslevel von Ki-67 analysiert. Hierbei konnten wir zeigen, 

dass sich die Mehrheit aller Thymozytensubpopulationen während der 

T-Zellentwicklung in der G1-Phase befindet. Zudem konnten wir deutliche 

Unterschiede im Anteil an S-Phase-Zellen in unterschiedlichen Stadien während der 

T-Zellentwicklung detektieren. Im Einklang mit früheren Studien zeigte sich besonders 

für die Population der DN2, DN3b und DN4 Thymozyten der größte Anteil an Zellen in 

der S-Phase (Penit et al., 1988; Baron und Pénit, 1990; Pénit et al., 1995; Vasseur et 

al., 2001). Im Verlauf dieser Arbeit haben wir anschließend gezielt die individuelle 

Zellzykluskinetik der Thymozytensubpopulationen während der T-Zellentwicklung 
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analysiert. Hierbei konnten wir durch den sequentiellen Einbau der Nukleosidanaloga 

EdU (5-Ethynyl-2'-desoxyuridin) und BrdU eine höhere Auflösung der S-Phase 

erreichen und u.a. S-Phaseneintritt sowie -austritt bestimmen (Gitlin et al., 2014; Gitlin 

et al., 2015). Dabei erfolgte in einem ersten Schritt eine EdU-Injektion, der sich exakt 

eine Stunde später eine BrdU-Injektion anschloss. Nach einer weiteren Stunde folgte 

der Nachweis der Inkorporationen. Die EdU-positive Fraktion repräsentierte dabei den 

Anteil an Zellen, die nur während der ersten Injektion in der S-Phase waren und diese 

damit vor der BrdU-Injektion bereits wieder verlassen hatten. Der Anteil an 

BrdU-positiven Zellen stellte wiederum die Fraktion dar, die erst kürzlich in die S-Phase 

eingetreten ist. Die EdU-BrdU-positiven Zellen befanden sich hingegen während der 

gesamten Dauer (> 2 Std.) in der S-Phase. Die gewonnenen Resultate spiegelten nicht 

nur die Ergebnisse unserer Zellzykluserstbeschreibung wider, sondern verschafften 

neue Erkenntnisse über die Dynamik der S-Phase in verschiedenen Stadien während 

der T-Zellentwicklung. So konnten wir große Unterschiede in Bezug auf den 

S-Phaseein- und -austritt sowie die Dauer der S-Phase innerhalb der 

Thymozytensubpopulationen detektieren. In einem weiteren Schritt haben wir die 

Analyse auf unterschiedliche Zeitpunkte nach Administration der Analoga ausgeweitet 

(1-6 Std.), sodass wir präzise Quantifizierungen des Wiedereintritts in die G1- und 

S-Phase sowie schlussendlich eine Berechnung der S- und 

G1-Phasengeschwindigkeit anbringen konnten. Diese Analysen haben wir in weiteren 

Versuchen auf CCR7/9-defiziente (Krueger et al., 2010) sowie miR-17~92-defiziente 

(Regelin et al., 2015) Mäuse ausgeweitet, um neue Erkenntnisse über das Vorliegen 

kompensatorischer Mechanismen zu erlangen. Hierbei konnten wir feststellen, dass 

es in Abwesenheit von CCR7/9 zu einer Änderung des Zellzyklusmusters, besonders 

ausgeprägt für DN2 und DN3a Thymozyten, kommt. Ferner konnten wir zeigen, dass 

alle untersuchten Thymozytensubpopulationen in CCR7/9-defizienten Mäusen eine 

verkürzte S-Phasendauer aufweisen. Diese Beobachtungen konnten weiter durch die 

Ergebnisse eines Einzelzell-RNA-Sequenzierungsexperiments bestätigt werden. Aus 

diesen Ergebnissen schlussfolgerten wir, dass in CCR7/9-defizienten Thymozyten der 

Defekt in der frühen T-Zellentwicklung durch eine Verkürzung der Zellzykluslänge 

kompensiert wird. Dieser kompensatorische Effekt zeigte sich besonders stark 

ausgeprägt für DN3a, aber auch für DN2, DN3b und DN4 Thymozyten. Für 

miR-17~92-defiziente Mäuse konnten im Rahmen dieser Arbeit erste Experimente 

durchgeführt werden, die darauf hindeuteten, dass eine Regulation auf 
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Zellzyklusebene für DN3b und DN4 Thymozyten besteht. Anhand dieser präliminären 

Daten lässt sich vermuten, dass nicht nur die Dauer der S-Phase, sondern vermutlich 

auch die der G1-Phase in Abwesenheit von miR-17~92 verändert ist.  

Darüber hinaus wurden in einem weiteren Experiment Zellzyklusveränderungen 

im Rahmen der Regeneration durch vorangegangene sublethale Bestrahlung 

untersucht (Kadish und Basch, 1975; Huiskamp und van Ewijk, 1985; Tomooka et al., 

1987; Penit und Ezine, 1989; Dudakov et al., 2012). Hierbei konnten wir durch den 

Vergleich von unbestrahlten und bestrahlten Versuchstieren neue Erkenntnisse über 

die Anpassung der Zellzykluskinetik gewinnen und insbesondere eine Verlängerung 

der S-Phase für alle untersuchten Thymozytenpopulationen nach vorangegangener 

Bestrahlung feststellen. Die Einbettung dieser Daten zur Generierung einer 

biomathematischen, agentenbasierten Modellierung ist nicht Teil dieser Arbeit, aber 

Gegenstand einer Publikation, die derzeit angefertigt wird.  

Im zweiten Abschnitt der vorliegenden Arbeit wurde die Rolle von miR-21 in der 

T-Zellentwicklung untersucht. MicroRNAs sind etwa 18-22 Nukleotide lange, 

nicht-kodierende RNAs, deren Einfluss auf die Entwicklung und Funktion von 

Lymphozyten bereits seit einigen Jahren beschrieben wird (Baumjohann und Ansel, 

2013, 2014). Arbeiten aus unserer Gruppe konnten zur Aufklärung der Funktion 

etlicher miRNAs beitragen und deutlich aufzeigen, wie mannigfaltig miRNAs 

Immunzellen beeinflussen (Haas et al., 2011; Surdziel et al., 2011; Ziętara et al., 2013; 

Regelin et al., 2015; Sandrock et al., 2015; Blume et al., 2016; Lee et al., 2016; 

Glaesener et al., 2018; Kunze-Schumacher et al., 2018; Blume et al., 2019; 

Łyszkiewicz et al., 2019; Winter et al., 2019; Winter und Krueger, 2019; Amado et al., 

2020; Grewers und Krueger, 2020; Kunze-Schumacher und Krueger, 2020; Meyer et 

al., 2020; Witkowski et al., 2020). Generell unterscheiden sich miRNAs in ihrem 

Expressionsprofil während der T-Zellentwicklung stark. Expressionsanalysen von 

miR-21 zeigten deutlich, dass miR-21 während der intrathymischen T-Zellentwicklung 

differentiell exprimiert wird (Kirigin et al., 2012). Diese dynamische Expression führte 

zu der Annahme, dass miR-21 eine fundamentale Rolle in der T-Zellentwicklung 

innehat. In der vorliegenden Arbeit konnten wir das dynamische Expressionsmuster 

von miR-21 bestätigen und um Expressionsanalysen in weiteren 

Thymozytensubpopulationen erweitern. Anhand einer miR-21-defizienten Mauslinie 

war es uns zudem möglich zu zeigen, dass miR-21 keine deutliche regulatorische 

Funktion während der T-Zellentwicklung einnimmt. Zudem konnten wir in kompetitiven 
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Knochenmarkchimären keinen Hinweis auf eine tragende Rolle von miR-21 finden. 

Auch Überexpressionsstudien untermauerten unsere Ergebnisse und zeigten auf, 

dass miR-21 für die physiologische T-Zellentwicklung obsolet ist. Funktionelle in vivo 

Studien bestätigten, dass miR-21 die intrathymischen Selektionsprozesse nicht 

beeinflusst. Ferner konnten wir in der in vitro T-Zelldifferenzierung keinen Einfluss 

durch miR-21 feststellen. Das onkogene Potential von miR-21 ist in der Fachliteratur 

häufig beschrieben (Chan et al., 2005; Iorio et al., 2005; Si et al., 2007; Schetter et al., 

2008; Hatley et al., 2010; Ma et al., 2011). Die Ursache dafür liegt in der 

tumorsuppressiven Wirkungsweise dieser miRNA. Basierend auf Analysen der 

Apoptosemarker Annexin V und Caspase-3, konnten wir in der vorliegenden Arbeit nur 

bedingt Hinweise auf die anti-apoptotische Wirkungsweise dieser miRNA finden. In 

weiteren Experimenten zeigte sich außerdem, dass miR-21 an der thymischen 

Geweberegeneration nach Auslösung von zellulärem Stress durch sublethale 

Bestrahlung (Kadish und Basch, 1975; Tomooka et al., 1987; Penit und Ezine, 1989; 

Dudakov et al., 2012) nicht maßgeblich beteiligt ist. 

Unsere Ergebnisse machten deutlich, dass miR-21 trotz dynamischer Expression 

während der T-Zellentwicklung kaum Einfluss auf diese hat (Kunze-Schumacher et al., 

2018). Weitere Erklärungen für diese Diskrepanz wurden in dieser Arbeit experimentell 

nicht weiter adressiert. Unsere Ergebnisse lassen den Schluss zu, dass miR-21 

vermutlich intrathymische Prozesse vielmehr feinreguliert, anstatt einen spezifischen 

Aspekt der T-Zellentwicklung zu beeinflussen. Diese Schlussfolgerung konnte auch 

durch die jüngsten Arbeiten von Fedeli et al. bestätigt werden, die unsere Arbeiten 

reproduzieren konnten (Fedeli et al., 2021). Eine weitere Studie, die die Rolle von 

miR-21 in der Leber untersucht, konnte aufzeigen, dass miR-21 ihre Zielgene nur in 

kanzerösen Zellen effektiv unterdrückt, nicht aber im gesunden Gewebe. Unter 

physiologischen Bedingungen scheint eine Assoziation der miR-21 mit Polysomen 

nahezu abwesend zu sein, welche aber wiederum stark ausgeprägt in einer 

Tumorzelllinie vorliegt (Androsavich et al., 2012). Weitere Studien zeigten zudem eine 

primäre Häufung von miR-21 in sogenannten ‚low molecular weight 

RNA-induced-silencing-complex (RISC)s‘. Diese hat wiederum eine verminderte 

Assoziation mit der Ziel-mRNA zur Folge (La Rocca et al., 2015; Toivakka et al., 2020), 

da nur eine Bindung an Argonautenproteine besteht, nicht aber mit Komponenten des 

RISCs. Denkbar wäre auch das Fehlen der endständigen 5‘-Phosphorylierung der 

miR-21, die für die Inkorporation in den RISC notwendig ist (Salzman et al., 2016). 
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Weitere Modifizierungen der mRNA durch alternatives Splicen oder Polyadenylierung 

sowie eine Kürzung der 3’ untranslatierten Region (UTR) (Sandberg et al., 2008) oder 

aber Adenosinmethylierung (Ke et al., 2015) könnten zudem die Funktion der miR-21 

einschränken. Eine Untersuchung dieser Mechanismen könnte Gegenstand weiterer 

Experimente sein.  

Insgesamt wurde in dieser Arbeit eine detaillierte in vivo Charakterisierung des 

Zellzyklus während der murinen T-Zellentwicklung etabliert, mit Hilfe derer 

regulatorische Mechanismen auf Zellzyklusebene in CCR7/9- und 

miR17~92-defizienten Mäusen entschlüsselt werden konnten. Ferner konnten neue 

Erkenntnisse über die Anpassung des Zellzyklus in einem Modell der endogenen 

thymischen Regeneration gewonnen werden. Darüber hinaus wurde in der 

vorliegenden Arbeit die Rolle von miR-21 während der T-Zellentwicklung 

charakterisiert. 
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1 Introduction 

The mammalian immune system established a regulatory network of different cells 

and mechanisms to protect the body against pathogens but also to hinder 

transformation of healthy into malignant cells. This highly complex system is divided 

into two co-existing arms: innate and adaptive immunity. Together, both arms ensure 

protection throughout the life of an organism by innate rapid recognition as a first line 

of defense and long-lasting adaptive immunity based on the formation of a specific 

memory response. Besides B cells, T cells form a central part of adaptive immunity. A 

special feature of T cells is their unique development in a highly dynamic process 

embedded in an organ located in front of the heart, the thymus. Many aspects of the 

sophisticated developmental process of T-cell development in the thymus remain 

elusive. 

 

1.1 T-cell development: A journey through the thymus 

In contrast to all other cells of the immune system that complete their development 

in the bone marrow (BM), T cells undergo a highly dynamic process of development in 

a specialized organ, called thymus (Miller, 1961). Bone-marrow derived progenitor 

cells with the capacity to colonize the thymus were studied intensively over the past 

years in human and mouse. Interestingly, these so-called thymus seeding progenitors 

(TSPs) represent a heterogenous mixture of cells with different characteristics 

including multipotent progenitors (MPPs), common lymphoid progenitors (CLPs) and 

CLP-like cells as well as T-lineage pre-committed progenitors (Igarashi et al., 2002; 

Perry et al., 2004; Adolfsson et al., 2005; Rossi et al., 2005; Scimone et al., 2006; 

Bhandoola et al., 2007; Krueger and Boehmer, 2007; Bell and Bhandoola, 2008; Wada 

et al., 2008; Serwold et al., 2009; Schlenner et al., 2010; Krueger, 2011; Saran et al., 

2012; Luis et al., 2016; Lavaert et al., 2020). These TSPs circulate in the blood and 

enter the thymus via large venules.  

On the molecular level, thymus entry was found to be dependent on the chemokine 

receptors CCR7 and CCR9. Interestingly, deficiency in one of those chemokine 

receptors only mildly affected thymus colonization (Uehara et al., 2002; Benz et al., 

2004; Misslitz et al., 2004; Liu et al., 2006b; Liu et al., 2006a) whereas the lack of both 

results in a virtual abrogation of seeding by progenitors (Veerman et al., 2007; 

Svensson et al., 2008; Krueger et al., 2010; Zlotoff et al., 2010). Thymocyte entry is 
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located at the corticomedullary junction, the anatomical border between two different 

thymic architectural structures (Penit and Vasseur, 1988) (Figure 1). Upon entry, early 

T-lineage progenitors (ETPs, CD25-CD44+c-kit+), the most immature detectable 

thymocytes, migrate towards the subcapsular region in the cortex in response to 

chemokine gradients and interactions with other cells such as thymic epithelial cells 

(TECs) and stromal cells (Lind et al., 2001; Prockop et al., 2002). Here, further 

differentiation into different double-negative (DN, CD4-CD8-) stages occurs that can be 

phenotypically distinguished based on the differential expression of CD44 and the IL-2 

receptor alpha chain CD25 (Ceredig et al., 1985; Pearse et al., 1989; Godfrey et al., 

1993; Godfrey et al., 1994). Until the DN2 stage, thymocytes still have the ability to 

adopt alternative lineage fate indicated by B, myeloid, natural killer (NK) and dendritic 

cell potential (Wu et al., 1991; Matsuzaki et al., 1993; Radtke et al., 1999; Martin et al., 

2003; Porritt et al., 2004; Yui et al., 2010). Expression of the transcription factor Bcl11b 

marks ultimate commitment to the T lineage at the DN2 stage (Ikawa et al., 2010; Li et 

al., 2010b; Li et al., 2010a; Kueh et al., 2016). Additionally, T-lineage commitment is 

transcriptionally further supported by Notch signals mediated by the expression of 

delta-like ligands (DL, mostly DL4) by epithelial cells (Krueger et al., 2006; Besseyrias 

et al., 2007; Petrie and Zúñiga-Pflücker, 2007; Hozumi et al., 2008; Koch et al., 2008). 

Moreover, a recent study suggests that Notch signaling is required already in a 

prethymic setting before the ETP stage (Chen et al., 2019). Additionally, the c-kit ligand 

stem cell factor (SCF), IL-7, or lymphotoxin β contribute to thymocyte survival and/or 

proliferation at these early developmental stages (Freeden-Jeffry et al., 1997; 

Rodewald et al., 1997; Allman et al., 2003; Massa et al., 2006; Lucas et al., 2016; Zhao 

et al., 2019).  

Upon T-lineage commitment at the DN2 stage, somatic recombination of the Trb, 

Trg and Trd T-cell receptor (TCR) genes is initiated, proceeding into the DN3 stage. 

Successful Trb rearrangement allows for the formation of the pre-TCR comprising a 

rearranged TCRβ in conjunction with a generic pTα chain (Groettrup et al., 1993). 

Signaling through the pre-TCR induces β-selection. The DN3 stage can be 

phenotypically distinguished by CD28 expression into a DN3a and b stage to 

discriminate between thymocytes that have successfully passed β selection (Teague 

et al., 2010). Moreover, thymocytes with productively rearranged TCRγ and δ chain 

undergo further γδT-lineage maturation (Rodewald and Fehling, 1998; Hayday and 

Pennington, 2007). DN3b stage thymocytes undergo allelic exclusion as well as 
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proliferation. In line with this, they lose expression of CD25 and CD44 (DN4 stage) but 

start to express the CD4 and CD8 co-receptors on their surface (double positive (DP) 

stage, CD4+CD8+) coinciding with massive proliferation (Penit, 1988; Pénit et al., 1995; 

Stritesky et al., 2012). DP thymocytes start rearrangement of their Tra locus encoding 

the TCRα chain to ensure the assembly of a complete αβTCR (Petrie et al., 1995; 

Schatz and Ji, 2011). V(D)J recombination to generate a diverse repertoire of TCRs is 

mediated by expression of recombination-activating gene 1 (RAG1) and RAG2 

proteins (Turka et al., 1991; Pénit et al., 1995; Schatz, 2004; Schatz and Ji, 2011; Ru 

et al., 2015; Carmona et al., 2016). This event is accompanied by a pause in 

proliferation and cells are found to be transcriptionally quiescent (Mingueneau et al., 

2013). Subsequently, positive selection of these TCRs is mediated by cortical thymic 

epithelial cells (cTEC) and ensures the survival of cells capable of recognizing 

self-peptide:major histocompatibility complex ligands (pMHC). This selection step 

induces death by neglect of T cells with a non-functional TCR (Huesmann et al., 1991). 

Negative selection ensures clonal deletion of T cells with high-affinity TCRs to 

awld-pMHC beginning in the cortex (Nossal, 1994). In a spatio-temporal context, 

positive and negative selection can proceed (a) in parallel in the cortex or (b) by 

induction of migration to the medulla upon positive selection, where then negative 

selection continues (McCaughtry et al., 2008). Additionally, agonist-selection induces 

the survival of T cells with slightly weaker signals towards self-pMHC than those 

inducing negative selection (Stritesky et al., 2012). Regulatory T cells as well as 

TCR-restricted innate-like T cells such as invariant natural killer T cells (iNKT) and 

mucosal-associated invariant T cells (MAIT) belong to the group of so-called 

agonist-selected T-cells.  

Upon selection, mature CD4 and CD8 single-positive (SP) T cells (SP4 and SP8, 

respectively) evolve by downregulating a single co-receptor through a developmental 

progression through an immature CD4+CD8int stage and finally MHC restriction (Singer 

et al., 2008). SP4 and SP8 T cells finally egress through post-capillary venules in the 

medulla to enter the pool of naïve CD4 and CD8 T cells in the periphery. 
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Figure 1: A thymocyte journey in, through and out of the thymus. 
The corticomedullary junction is the place of thymus entry. Here, bone marrow (BM)-derived thymus 
seeding progenitors (TSPs) enter the thymus through afferent blood vessels. TSPs then give rise to 
early T-lineage progenitors (ETPs), the most immature detectable thymocyte population. Migration 
towards the outer cortex is initiated through interaction with the thymic microenvironment. ETPs then 
differentiate through CD4-CD8- double negative (DN) stages. The DN2 stage reflects the point of 
T-lineage commitment followed by β-selection at the DN3 stage. Absence of CD25 and CD44 
characterizes the DN4 stage which leads to upregulation of CD4 and CD8, the double positive (DP) 
stage. Upon completion of TCRα gene rearrangement, these pre-selection DP thymocytes then interact 
with peptide:MHC (pMHC) presented by cortical thymic epithelial cells (cTECs). Non-responsiveness 
induces death by neglect of these cells, whereas positive selection leads to the survival of cells with a 
functional, pMHC-recognizing TCR. Negative selection ensures cell death of thymocytes that interacted 
strongly with cTECs (clonal deletion). Additionally, negative selection can also happen in the medulla. 
At the end, surviving cells mature into CD4 or CD8 single-positive (SP) thymocytes and emigrate through 
post-capillary venules in the medulla. Adapted from (Winter, 2020). 
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1.2 A quantitative view of T-cell development 

Murine blood contains less than 1000 circulating TSPs. To be more precise, 

approximately 180 MPPs, 180 CLPs and 600 T lineage-committed cells (Schwarz and 

Bhandoola, 2004; Krueger and Boehmer, 2007; Lai and Kondo, 2007; Umland et al., 

2007). First studies that quantitatively addressed thymus colonization were based on 

irradiation of host mice and subsequent reconstitution with different numbers of 

syngeneic but chromosomally distinguishable BM cells. Based on this approach, 

10-200 thymus-colonizing cells per day were proposed as a first estimate (Wallis et al., 

1975; Scollay et al., 1986). Further studies suggested higher cell numbers that initially 

entered the thymus and interpreted colonization as a periodic, gated event limiting 

thymic seeding (Mori et al., 2001; Gossens et al., 2009). Studies by our group 

employed retroviral barcoding and multicongenic fate mapping (Łyszkiewicz et al., 

2015; Ziętara et al., 2015) to quantitate thymus colonization and the number of niches 

available for BM-derived progenitors. This approach revealed that a non-irradiated 

mouse WT thymus is colonized on average by 10 TSPs at a given time. Taking 

advantage of the near absence of ETPs while at the same time maintaining normal 

overall thymic cellularity, CCR7/9-deficient mice were used as recipients. These 

experiments further highlight that a thymus contains approximately 160 niches 

available for seeding by TSPs (Figure 2). Additionally, these experiments suggested 

that niches remain closed for re-occupation by TSPs over a period of 9-12 days. This 

is consistent with the average lifetime of an ETP before it progresses to the next 

developmental stage (Porritt et al., 2003; Ziętara et al., 2015). In contrast to ETPs, the 

DN2 phase as well as the DN3 stage are short (2-3 days), but the transition from DN2 

to DN3 cells is characterized by massive proliferation resulting in a 40fold expansion 

from 2.5x104 DN2 to 1x106 DN3 thymocytes. After 4 days at the DN3 stage, another 

proliferative burst initiated by successful β-selection leads to the generation of 100 

million DP thymocytes. Whereas the pre-selection DP stage lasts for around 60 hrs, 

post-selection seems to be rather short (16 hrs). Moreover, determination of thymic 

selection rates unraveled that 5.5-6-times more cells go through negative selection 

than positive selection (Stritesky et al., 2013). As a consequence of selection, more 

than 90% of DP thymocytes die (Egerton et al., 1990; Stritesky et al., 2013; Sawicka 

et al., 2014). Ultimately, 1-4x106 SP4 and SP8 cells egress which represents 

approximately 1% of all thymocytes at steady state (Scollay et al., 1980; Scollay and 

Shortman, 1985).  
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Figure 2: Quantitative T-cell development at a glance. 
The thymus contains approximately 160 niches for seeding by TSPs (thymus seeding progenitor) in the 
cortex. Upon entry, ETPs (early T-lineage progenitor) ‘sit and wait’ for up to 12 days before differentiation 
and T-lineage commitment at the DN2 (double negative) stage is completed. Following a first 
proliferative burst (red arrow), DN3 thymocytes undergo β selection. Upon successful formation of a 
pre-TCR (T-cell receptor), a second proliferative event (red arrow) occurs that leads to the generation 
of 100 million of DP (double positive) thymocytes that undergo selection. Ultimately, SP (single positive) 
thymocytes further mature and leave the thymus. In sum, from entry to egress, the journey through the 
murine thymus takes approximately 3.5 weeks (Krueger et al., 2017).  
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Up to now, it remains elusive whether the different cell types comprising the TSP 

population contribute equally to T-cell development. At least CLPs and MPPs exhibit 

different kinetics in terms of the developmental progression in the thymus (Schwarz et 

al., 2007; Serwold et al., 2009; Saran et al., 2010), but the underlying mechanisms are 

not fully understood: Whereas CLPs seem to differentiate faster into DP thymocytes 

(within approx. 7 days), they only generate one single wave of T-cells that complete 

thymic egress latest after 42 days. For MPPs, T-cell development takes longer due to 

an enhanced lifetime of MPP-derived ETPs. Regarding the fact that TSPs not only 

consist of CLPs and MPPs, further studies should address the kinetic and proliferative 

profile of different TSPs (Krueger, 2018).  
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1.3 Cell cycle  

The cell cycle is divided into four distinct phases termed growth/gap 1 (G1, cell 

growth), S (DNA synthesis), growth/gap 2 (G2) and M (mitosis) (Figure 3). Progression 

through these phases is tightly controlled to ensure DNA replication of the genome 

(S phase) and subsequent distribution of the genetic and epigenetic information to both 

daughter cells during mitosis. Multiple cell cycle checkpoints were described that 

ensure the power and accuracy of this fundamental process by either inducing or 

restricting the transition between cell cycle phases (Howard and Pelc, 1986; Hartwell 

and Weinert, 1989; Jackson, 2008; Pennycook and Barr, 2020; Rubin et al., 2020). 

Progression through the cell cycle and regulation of the rate of cell division are 

kinetically flexible in order to meet an organism’s demand to ensure tissue 

homeostasis, stem cell maintenance, wound healing and immunity. The role of cell 

cycle control during immune system development and function is still not fully 

understood. For myeloid differentiation, it has been observed that the interdependence 

of protein production and cell cycle duration determines PU.1 transcription factor levels 

thus controlling lymphoid and myeloid lineage choice (Kueh et al., 2013). Moreover, 

modulation of cell cycle duration by shortening of S-phase length was demonstrated 

during the germinal center reaction (Gitlin et al., 2015). Additionally, studies of cell 

cycle dynamics and the roles of cell cycle regulation are emerging for the diversification 

of adaptive immune responses (Heinzel et al., 2018). Cell cycle analyses are mainly 

based on measurements of the DNA content but also expression of cyclins is 

dynamically regulated during the different stages and can be employed to discriminate 

cells in the different phases of the cell cycle (Rowell and Wells, 2006; Vogel et al., 

2016). 

 



Introduction  - 9 - 

 

 

Figure 3: Cell cycle and its regulation by periodic expression and degradation of cyclins. 
The cell cycle comprises four major phases. A first growth phase called growth/gap1 (G1, green), 
synthesis/replication (S, red), a second growth/gap phase, G2 (blue) and finally mitosis (M, yellow). In 
the center, a histogram represents a staining of thymocytes with a DNA content marker to assess cell 
cycle phase distribution. Lines represent G1 or G2M peaks. First row: Cells in early S phase; middle 
row: cells distributed between S and G2M phase; last row: cells in G1 and a minute fraction in G2M 
phase of the cycle. Outside: Circles represent expression of stage-specific cyclins. The levels of the 
different cyclins vary considerably across the cell cycle, as shown in the diagram at the right. Cyclin 
expression corresponds to specific stages making them a suitable tool to study cell cycle phases. 
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1.3.1 Cell cycle regulators of T-cell development 

Molecular mechanisms of thymocyte proliferation and its interdependence with 

differentiation remain poorly understood. As mentioned before, the first proliferative 

burst at the DN2 stage can be mainly attributed to signals from the c-kit ligand SCF, 

IL-7 as well as Notch ligands by the thymic environment (Figure 4) (Massa et al., 2006; 

Hozumi et al., 2008; Niu and Qin, 2013). Interestingly, two early studies identified the 

involvement of cyclins A and B, downregulation of p27, cyclin-dependent kinases 

(CDK2) activity and DNA replication at the DN3 stage (Pénit et al., 1995; Hoffman et 

al., 1996). Indeed, post-β-selection proliferation of DN3 cells is dependent on c-Myc 

and cyclin D3 (Sicinska et al., 2003; Kozar et al., 2004; Aifantis et al., 2006; Dose et 

al., 2006). Although induction of proliferation cannot overrule a developmental block at 

β-selection, it has been shown that formation of DP thymocytes occurs only in divided 

cells following β-selection (Kreslavsky et al., 2012). This observation indicates that in 

this instance proliferation promoting differentiation is rather a separate or opposing 

event. Moreover, a recent study suggests proliferation upon β-selection to be 

dependent on the combined activity of two stem cell factor (SCF) ubiquitin ligase 

complexes (Fbxl1 and 12) targeting a cyclin-dependent kinase inhibitor Cdkn1b. 

Transcription of Fbxl1 or 12 was Notch signal-mediated or induced by pre-TCR signals, 

respectively (Zhao et al., 2019).  



Introduction  - 11 - 

 

 

Figure 4: Intrathymic cell cycle regulation. 
Schematic depiction of the intrathymic T-cell development. T cells derive from the early thymic 
progenitor (ETP) and develop through different double negative (DN) 1, DN2, DN3a/b and DN4 stages 
into mature double positive (DP) cells. In early T-cell development, Notch signaling as well as the 
cytokines c-kit ligand (SCF) and IL-7 are essential. From a cell cycle perspective, T-cell development is 
uncompletely understood. Up to now, key cell regulators including cyclin A, B and D3 as well as c-Myc, 
CDK2 and Cdkn1b (upper black box) are only defined for the DN3 stage of T-cell development. 
Proliferative events (red box) at the DN2 stage are mainly driven by signals from the thymic 
microenvironment.   

 

1.3.2 New tools to study cell cycle dynamics 

The field of quantitative tools to study biological processes in the immune system 

in vivo is currently expanding due to the availability of lineage fate-tracing techniques, 

molecular timers, cellular barcoding and other high-end genetic reporters (Schlenner 

et al., 2010; Tomura et al., 2013; Busch et al., 2015; Buchholz et al., 2016; Pei et al., 

2019; Pei et al., 2020; Flommersfeld et al., 2021). 

Historically, assessment of proliferation based on the use of 

5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) helped to quantify 

cellular turnover, divison and death rates of lymphocytes (León et al., 2004; Ganusov 

et al., 2005; Boer et al., 2006). Additionally, incorporation of nucleoside analogues 

such as 5-bromo-2'-deoxyuridine (BrdU) or 5-ethynyl-2'-deoxyuridine (EdU) was 

established as versatile tool to study actively replicating cells (Leif et al., 2004; Bradford 

and Clarke, 2011). Moreover, dual nucleoside labeling combined with analysis of DNA 

content at different time points allowed the precise quantification of cell cycle dynamics 

(Gitlin et al., 2014; Weber et al., 2014; Gitlin et al., 2015; Akinduro et al., 2018). 
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However, each approach alone is insufficient to reveal the complete spectrum of cell 

cycle dynamics. Feeding such data into mathematical models reveals such limitations 

(Robert et al., 2021).  
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1.4 Post-transcriptional regulation of T-cell development by microRNAs 

MicroRNAs (miRNA/miR) are short RNAs with noncoding function, typically 

18-22 nucleotides in length. Their formation commences in the nucleus with the 

generation of the primary miRNA transcript (pri-miRNA) by RNA polymerase II or III 

(Figure 5). Subsequently, pri-miRNAs are cleaved by an endonuclease complex 

containing Drosha and DiGeorge syndrome critical region 8 (DGCR8). This results in 

the formation of the approximately 65 nucleotide long pre-miRNA, a precursor hairpin 

that is actively imported into the cytoplasm by Exportin-5-RAN-GTP for further 

processing. Upon arrival, the pre-miRNA is cleaved by a complex composed of the 

endonuclease Dicer with the double-stranded RNA-binding protein transactivation 

response element RNA-binding protein (TRBP). This leads to cleavage of the 

pre-miRNA hairpin into its mature double-stranded form. The two single strands then 

undergo different fates: The more thermodynamically stable strand of the mature 

miRNA is incorporated into the RNA-induced silencing complex (RISC) consisting of 

Argonaute (Ago2) proteins and various cofactors, whereas the passenger strand 

(Figure 5, black) is degraded. Ultimately, enabled by complementarity of the 

nucleotides 2-7 of the miRNA (seed region) to miRNA recognition elements (MREs), 

RISC is silencing target mRNAs by cleavage, translational repression or deadenylation 

(Guo et al., 2010). Additionally, multiple factors contribute to efficient targeting, such 

as extended complementarity around the seed region to a MRE, additional 

complementary regions to the 3’ end of the miRNA, structural accessibility of an MRE 

as well as multiplicity of MREs, proximity of multiple MREs and sequence context (such 

as AU content) (Grimson et al., 2007; Kertesz et al., 2007). Given the possibility of 

individual miRNAs to target hundreds of mRNAs, repression of a single mRNA target 

is generally rather low. This led to the hypothesis that miRNAs function in a broader 

network by affecting pathways rather than individual molecular components (Tsang et 

al., 2010; Mukherji et al., 2011).  

 

T-cell development is tightly controlled by miRNAs (Koenecke and Krueger, 2018; 

Winter and Krueger, 2019; Grewers and Krueger, 2020; Kunze-Schumacher and 

Krueger, 2020). Indeed, analyses of miRNA expression levels unraveled dynamic 

expression of over 600 different miRNAs with individual expression profiles during 

T-cell development (Neilson et al., 2007; Kuchen et al., 2010; Kirigin et al., 2012). 
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Moreover, loss of all miRNAs due to deletion of Dicer results in profound defects in 

T-cell development (Cobb et al., 2005).  

 

 

Figure 5: The canonical pathway of miRNA processing. 
Processing of miRNAs starts in the nucleus where transcription via RNA polymerase II or III induces the 
formation of a pri-miRNA containing a stem-loop structure. Cleavage by the microprocessor complex 
(Drosha/DGCR8) results in a pre-miRNA that is exported into the cytoplasm where it is further cleaved 
by Dicer and its cofactor transactivation response element RNA-binding protein (TRBP). The resulting 
miRNA duplex is separated into two strands, one of which is loaded onto Ago2 to form the RNA-induced 
silencing complex (RISC) that targets the mRNA of interest. Extracted from (Winter et al., 2009). 
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1.4.1 miR-21 

In case of miR-21, expression is distributed among various different mammalian 

tissues especially liver, heart, lung, breast and kidney (Landgraf et al., 2007; 

Kumarswamy et al., 2011). Moreover, this miRNA is highly expressed and reported in 

all major classes of transformed cells derived from epithelial, connective tissues, 

hematopoietic cells, germ cells or neuronal cells. For this reason, miR-21 is classified 

as ‘oncomiR’, a cancer-related miRNA with strong ubiquitous oncogenic potential 

(Asangani et al., 2008; Frankel et al., 2008; Lu et al., 2008; Medina et al., 2010). 

Furthermore, studies verified that most of miR-21’s targets are direct or indirect tumor 

suppressors which in turn explain the anti-apoptotic nature of miR-21 (Buscaglia and 

Li, 2011). 

Interestingly, miR-21 turned out to be located in the 3’ untranslated region (UTR) 

of transmembrane protein/vacuole membrane protein (TMEM49/VMP1). However, 

miR-21 seems to be independently regulated through long, non-spliced and 

non-coding pri-miR-21 transcripts (Cai et al., 2004; Löffler et al., 2007).  

Based on miRNA-sequencing, a highly dynamic expression of miR-21 during 

T-cell development was verified (Kirigin et al., 2012) (Figure 6). Highest levels of 

miR-21 are expressed in immature double negative DN1 thymocytes which is 

accompanied by a substantial downregulation to basal levels until the double positive 

stage. In single positive CD4 and CD8 T cells, a slight re-expression is observed but 

does not reach the initial expression level. Additionally, the role of miR-21 in the thymus 

remains elusive. For T cells, previous in vitro studies observed substantial expression 

of miR-21 upon activation in naïve and memory T cells in line with expression of CCR7 

and described large tumor suppressor kinase 1 as a miR-21 target (Smigielska-Czepiel 

et al., 2013; Teteloshvili et al., 2017).  
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Figure 6: Substantial downregulation of miR-21 in developing thymocytes. 
miR-21 expression was assessed in the indicated populations by miRNA-seq. Data extracted from 
(Kirigin et al., 2012). DN: double negative, DP: double positive, SP: single positive. 

 

1.4.2 miR-17~92 

The miR-17∼92 cluster consists of six miRNAs (miR-17, miR-18a, miR-19a, 

miR-20a, miR-19b-1, and miR-92-1), which are all together processed from a single 

primary transcript. As described for miR-21, miR-17~92 is classified as oncomiR (He 

et al., 2005). Especially miR-19 was identified to promote B- and T-cell malignancies 

via interaction with c-Myc and Notch (Mu et al., 2009; Olive et al., 2009; Mavrakis et 

al., 2010). 

Our group has recently shown that miR-17~92 serves as an interface between 

transcriptional programs and cytokine signaling. Accordingly, mice deficient in these 

miRNAs have a profound defect at the earliest stages of T-cell development due to 

limited responsiveness to IL-7 signals accompanied by a virtually complete recovery 

of thymocyte numbers from DN3 stage on (Regelin et al., 2015).  
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2 Aim  

Intrathymic T-cell development ensures the continuous production of a functional 

pool of naïve T cells in a highly specialized environment. The underlying stepwise 

program includes commitment of BM-derived progenitor cells to the T-lineage, 

generation of a diverse TCR repertoire and selection of functional yet non-autoreactive 

T-cell clones. The different steps of this developmental process are interspersed by 

waves of proliferation. Proliferation is fundamental to maintain tissue homeostasis and 

continuous T-cell output. Moreover, an altered cell cycle regulation is a hallmark of 

multiple types of cancer, such as leukemia. However, analysis of cell cycle dynamics 

at high-resolution during T-cell development in vivo has not been performed. 

For this reason, the first aim of the thesis is to understand T-cell population 

dynamics during T-cell development on the cell cycle level. To this end, a 

high-resolution cell cycle map based on complementary in vivo labeling approaches is 

generated. To test, how perturbation of tissue homeostasis affects cell cycle dynamics, 

three genetic and treatment models of altered T-cell development are investigated.  

 

Short non-coding, single-stranded RNAs regulate target gene expression 

post-transcriptionally either via suppressing translation or enhancing degradation. 

Evidence is emerging that these miRNAs are key regulators of developmental 

processes including numerous aspects of T-cell development.  

The second aim of this work is to study the role of miR-21. This miRNA was found 

to be prominently expressed in distinct thymocyte populations and to be dynamically 

regulated during T-cell development. The regulatory function of miR-21 in the thymus 

is explored using genetic loss-of-function and gain-of-function models in combination 

with analysis of T-cell development at steady-state, during differentiation in vitro as 

well as in a model of irradiation-induced perturbation.  
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3 Materials and methods 

3.1 Antibody list 

Table 1: Antibodies used for flow cytometry 

Antibody target Clone Company 

BrdU 3D4 BioLegend 

CCR7 4B12 BioLegend 

CD3e 145-2C11 Thermo Fisher Scientific 

CD3 17A2 BioLegend 

CD4 GK1.5 BioLegend 

CD4 RL1.72 Krueger laboratory 

CD5 53-7.3 Thermo Fisher Scientific 

CD8α 53-6.7 BioLegend 

CD8 M31 Krueger laboratory 

CD24 M1/69 BioLegend 

CD25 PC61.5 Thermo Fisher Scientific 

CD28 E18 BioLegend 

CD44 IM7 BioLegend 

CD45.1 A20 Thermo Fisher Scientific 

CD45.2 104 BioLegend 

CD45R (B220) RA3-6B2 BioLegend 

CD62L MEL-14 Thermo Fisher Scientific 

CD69 H1.2F3 BioLegend 

CD117 2B8 BioLegend 

CD127 SB/199 BioLegend 

CD135 A2F10 BioLegend 

Cleaved caspase-3 Asp175 Cell Signaling Technology 

Foxp3 MF-14 BioLegend 

Ki-67 16A8 BioLegend 

NK1.1 PK136 BioLegend 

Phospho-histone H3 (Ser10) D2C8 Cell Signaling Technology 

TCRβ H57-597 BioLegend 

TCRγδ GL3 BioLegend 

Sca-1 D7 BioLegend 
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3.2 Molecular biology 

3.2.1 Retroviral constructs  

The empty vector MDH1-PGK-GFP_2.0 was a kind gift from Chang-Zheng Chen 

(Chen et al., 2004) (Addgene plasmid # 11375). In this construct, eGFP is encoded as 

a reporter gene under control of the PGK promoter and was used to determine 

transduction efficiency. This construct also served as a backbone to generate the 

MDH1-PGK-GFP_2.0-miR-21 construct to achieve stable overexpression of miR-21. 

This was done by a previous member of the group by amplification of the 273-bp 

miRNA gene segment containing the miR-21 hairpin following introduction via XhoI 

and EcoRI (both NEB) in the 3’LTR under control of the human H1 promoter. 

 

3.2.2 Plasmid purification 

In general, plasmids were purified using the PureYield Plasmid Miniprep kit 

(Promega) or the NucleoBond PC kit (Macherey-Nagel) according to the 

manufacturer’s recommendations.  

 

3.2.3 Quantitative Real-Time PCR (qRT-PCR) 

In this thesis, total RNA extraction was generally performed using the miRNeasy 

kit (Qiagen) as per manufacturer’s instructions. In case of miR-21 expression in 

different sorted murine T cells, quantitative qRT-PCR using miRNA specific looped 

reverse transcriptase primers and corresponding TaqMan probes for hsa-miR-21 

(Applied Biosystems, Taqman miRNA Assay ID 00397) were used (compatible with 

murine miR-21).  

As sequence alignment of murine and human (mmu vs hsa) miR-21 sequences 

revealed sequence identity apart from three minor mismatches, well-established 

mmu-miR-21 was used for all further experiments. Relative expression was calculated 

as % expression of house-keeping gene using the Δ cycle threshold method. 

SnoRNA412 (Applied Biosystems, ID 001243) served as house-keeping gene.  

Expression of Bcl11b was assessed by reverse transcription using M-MLV 

Reverse Transcriptase (Promega) and random hexamer primers (Promega) according 

to the manufacturer’s recommendations. For quantitative RT-PCR analysis of Bcl11b 

expression, the respective Bcl11b TaqMan probe (Applied Biosystems, 



- 20 -  Materials and methods 

 

Mm01332818_m1) was used. Fold differences were determined using the Δ cycle 

threshold method normalized to Hprt, serving as housekeeping gene (Applied 

Biosystems, Mm00446968_m1).  

In general, all reactions were performed as triplicates on a Quantstudio 3 (Applied 

Biosystems). 

 

3.2.4 Single-cell RNA-sequencing (scRNA-seq) 

ScRNA-seq was done on a collaborative basis with the laboratory of Dr. Mir-Farzin 

Mashreghi (Therapeutic Gene Regulation) at the Deutsches 

Rheuma-Forschungszentrum (DRFZ) in Berlin. In order to sort c-kit positive or c-kit 

negative DN thymocytes, cells were harvested and enriched as described before. 

Subsequently, cells were sorted by myself using a BD FACS Aria II. All steps upon 

successful sorting of the populations were done by Dr. Gitta Heinz (DRFZ) using the 

10x Genomics workflow for cell capturing and scRNA gene expression (GEX). 5’ gene 

expression library preparation was performed using the Chromium™ Single Cell 

5’ Library & Gel Bead Kit (10x Genomics) according to the manufacturer’s protocol. 

The quality and quantity of the final sequencing libraries was assessed using the 

Fragment Analyzer with the HS NGS Fragment Kit (Agilent) (1-6000 bp) and the Qubit 

Fluorometer with the dsDNA HS Assay Kit (ThermoFisher Scientific). Sequencing with 

the recommended sequencing conditions for 5’ GEX libraries (read1: 26nt, read2: 98nt, 

index1: 8nt, index2: n.a.) was performed on a NextSeq 500 device (Illumina) with High 

Output v2 Kits (150 cycles).  

Bioinformatic analyses were done in consultation and applied by Dr. Pawel Durek 

and Dr. Frederik Heinrich (DRFZ). Raw sequence reads were processed using 

cellranger-3.1.0, including the default detection of intact cells. Mkfastq and count were 

used in default parameter settings for demultiplexing and quantifying the gene 

expression. Refdata-cellranger-mm10-1.2.0 was used as reference. The number of 

expected cells was set to 3000. The cellranger output was further analyzed in R using 

the Seurat package (version 3.1.1) (Butler et al., 2018). In particular, transcriptome 

profiles were merged, normalized, variable genes were detected and a Uniform 

Manifold Approximation and Projection (UMAP) was performed in default parameter 

settings using FindVariableGenes, RunPCA and RunUMAP with 30 principal 

components. Expression values are represented as ln (10,000 * UMIsGene) 

/UMIsTotal +1). Transcriptionally similar clusters were identified using shared nearest 
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neighbor (SNN) modularity optimization, SNN resolutions ranging from 0.1 to 1.0 in 0.1 

increments were computed, or gating was performed manually using the Loupe 

Browser (10x Genomics). Cell cycle scores were determined as described in (Fischer 

et al., 2019).  
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3.3 Cell biology 

3.3.1 Mammalian cell lines 

HEK293T (human embryonic kidney) cells were used for production of retroviral 

particles and cultured in DMEM (Gibco) containing 10% FCS (GE Healthcare), 

1% L-glutamine (Sigma-Aldrich) and 1% P/S (Sigma-Aldrich). Murine fibroblast 3T3 

cells were primarily used for viral titration and cultured in DMEM supplemented with 

10% FCS, 1% L-glutamine, 1% P/S, 1% non-essential amino acids (Thermo Fisher 

Scientific) and 0.1% β-Mercaptoethanol (50 µM, Sigma-Aldrich). BM-derived stroma 

cell lines OP9-GFP and OP9-DL1 (Schmitt and Zúñiga-Pflücker, 2002) were used for 

in vitro T-cell differentiation and maintained in α-MEM (Gibco) supplemented with 

20% FCS and 1% P/S. All cells were cultured at 37°C and 5% CO2. 

 

3.3.2 Retrovirus production 

For all retroviral constructs used in this thesis, 5x106 HEK293T cells were 

transfected with 6.5 µg of the ecotropic packaging plasmid pCL-Eco (co-expressing 

gag, pol and env) and 6.5 µg of the retroviral vector of interest using the CalPhosTM 

Mammalian Transfection kit according to the manufacturer (Takara Bio). The virus 

containing supernatant was collected on three consecutive days in mornings and in 

evenings.  

 

3.3.3 Virus titration 

In order to determine the titer of the produced virus, 1x105 3T3 cells/well were 

seeded in a 6-well plate the day before transduction. The next day, 50 µL or 20 µL of 

virus supernatant were used for subsequent transduction of the cells in the presence 

of 8 µg/mL polybrene (Sigma-Aldrich). After four hours, the medium was exchanged 

and transduction efficiency was evaluated via flow cytometry 48 hrs later.  

 

3.3.4 Flow cytometry 

Monoclonal antibodies specific for B220 (RA3-6B2), CCR7 (4B12), CD3 

(145-2C11), CD4 (GK1.5), CD5 (53-7.3), CD8α (53-6.7), CD24 (M1/69), CD25 

(PC61.5), CD28 (E18), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), 
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CD69 (H1.2F3), CD117 (2B8), CD127 (SB/199), CD135 (A2F10), Foxp3 (MF-14), 

NK1.1 (PK136), TCRβ (H57-597), TCRγδ (GL3) and Sca-1 (D7) labelled with either of 

the fluorophores AmCyan, Brilliant Violet (BV) 510, BV421, Pacific Blue (PB), 

eFluor450, fluorescein isothiocyanate (FITC), Alexa Fluor 488, Alexa Fluor 647, 

phycoerythrin (PE), peridinin chlorophyll protein-Cy5.5 (PerCP-Cy5.5), PE-Cy7, 

Allophycocyanin (APC) or APC-Cy7 were used and purchased from Thermo Fisher 

Scientific or BioLegend. APC-conjugated CD1d/PBS-57 loaded and unloaded 

tetramers as described (Liu et al., 2006b) were provided by the NIH Tetramer Core 

Facility. Cells were acquired using a BD FACSCanto II (BD Biosciences) and data was 

processed using FlowJo software (BD Biosciences). For data analyses, doublets and 

cells in sub-G0/G1 phase were excluded. For all panels, thymocytes were defined as 

follows: 

ETPs (CD4-, CD8-, TCRβ-, CD117hiCD25-CD44+),  

DN1 (CD4-, CD8-, TCRβ-, CD25-CD44+),  

DN2 (CD4-, CD8-, TCRβ-, CD25+CD44+),  

DN2a (CD4-, CD8-, TCRβ-, CD117hiCD25+CD44+),  

DN2b (CD4-, CD8-, TCRβ-, CD117loCD25+CD44+),  

DN3 (CD4-, CD8-, TCRβ-, CD25+CD44-),  

DN3a (CD4-, CD8-, TCRβ-, CD25+CD44-CD28-),  

DN3b (CD4-, CD8-, TCRβ-, CD25+CD44-CD28+),  

DN4 (CD4-, CD8-, TCRβ-, CD25-CD44-CD28+),  

pre-selection DP (CD4+CD8+CD69-TCRβ-),  

post-selection DP (CD4+CD8+CD69+TCRβ+),  

SP4 (TCRβ+, CD4+) and  

SP8 (TCRβ+, CD8+).  

 

3.3.5 Cell preparations 

Thymus, spleen and inguinal lymph nodes were meshed through a 70 µm cell 

strainer to obtain single-cell suspensions. For splenic samples, red blood cells (RBCs) 

were depleted using Qiagen RBC Lysis Solution according to manufacturer’s 

instructions. Cell numbers were determined using a CASY Cell Counter and Analyzer 

Model TT (Innovatis).  
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3.3.6 Cell sorting 

Cells were sorted using a FACS Aria III cell sorter. In the first step, cells of interest 

were stained with indicated antibodies, filtered to obtain a single-cell suspension and 

sorted into tubes containing sterile PBS/3% FCS or medium as required. 

 

3.3.7 Enrichment of DN thymocytes 

To enrich for DN thymocytes, total thymocytes were stained with anti-CD4 

(RL1.72) (Ceredig et al., 1985) and anti-CD8 (M31) non-purified hybridoma 

supernatants (Sarmiento et al., 1980), followed by lysis with Low-Tox®-M Rabbit 

Complement (Cedarlane) and subsequent density gradient centrifugation with 

Lympholyte-M (Cedarlane). 

 

3.3.8 Isolation of lin- BM cells 

Murine BM cells were isolated from the femur and tibia and stained with a 

lineage-specific antibody cocktail followed by magnetic bead depletion using the 

Lineage Cell Depletion Kit (antibody cocktail against CD5, CD45R (B220), CD11b, 

Gr-1 (Ly-6G/C), 7-4, and Ter-119) as per the manufacturer’s instructions (Miltenyi 

Biotec). 

 

3.3.9 Transduction of lin- BM cells 

First, BM was isolated and lineage-committed cells depleted as described before. 

Cells were then cultured overnight at a density of 0.5-1x106 cells/well in a 24-well plate 

in α-MEM (Gibco) containing 20% FCS (GE Healthcare) supplemented with mouse 

SCF (50 ng/mL), IL-7 (25 ng/mL), Flt3-L (25 ng/mL), and IL-6 (20 ng/mL) (all obtained 

from Peprotech). On two subsequent days, lin- BM cells were transduced with 

respective viruses in the presence of 8 µg/mL polybrene (Sigma-Aldrich) using spin 

infection (700 g, 1.5 hours, RT) and subsequent incubation for four hours in a 37°C 

incubator before replacing with fresh medium supplemented with cytokines as 

described before. On day 4, transduction efficiency was determined via flow cytometry. 

Afterwards, cells were washed twice in sterile PBS, resuspended in sterile PBS and 

injected intravenously into lethally irradiated (9 Gy) recipients 4-5 hrs after irradiation. 
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Mice were given antibiotics in the drinking water for two weeks and were checked daily. 

Analyses were performed after eight weeks. 

 

3.3.10 Magnetic bead-enrichment 

For some cell populations, such as iNKT cells or c-kit positive DN thymocytes, 

well-established magnetic-bead enrichment was performed after staining with 

indicated tetramers or antibodies (Cossarizza et al., 2019; Cossarizza et al., 2021) 

using Miltenyi Biotec anti-APC or anti-PE microbeads according to the manufacturer’s 

instructions.  

 

3.3.11 Cell viability staining 

Discrimination of live/dead cells was performed using Zombie Aqua dye 

(BioLegend) or 7-AAD (BioLegend) according to the manufacturer’s instructions.  

 

3.3.12 Tetramer staining 

To identify iNKT cells, thymocytes or splenocytes were stained with Fc block for 

10 min on ice prior to staining with APC-conjugated CD1d/PBS-57 loaded and 

unloaded tetramers for 30 min at RT in the dark. In a following step, cells were stained 

with surface antibodies to further characterize iNKT cells (Cossarizza et al., 2019; 

Cossarizza et al., 2021). 

 

3.3.13 Intracellular staining 

To detect expression of the transcription factor Foxp3, thymocytes were harvested 

and live/dead cell staining using Zombie Aqua dye (BioLegend) as well as staining for 

surface markers was performed. Fixation and subsequent permeabilization was 

achieved using the eBioscience™ Foxp3/transcription factor staining buffer set 

(Thermo Fisher Scientific). In the first step, thymocytes were incubated in Fix/Perm 

buffer for 30 min at RT or fixed with 2% paraformaldehyde for 10 min at RT (to preserve 

GFP staining) and washed twice in Permeabilization buffer afterwards. Staining for 

Foxp3 expression was performed overnight at 4°C with the indicated antibody diluted 

in Permeabilization buffer.  
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3.3.14 OP9 cocultures 

In order to differentiate primary thymocytes or BM-derived precursors in vitro, 

OP9-DL1/OP9-GFP coculture assays were performed (Schmitt and Zúñiga-Pflücker, 

2002). One day prior to the start of the coculture assay, OP9-DL1 and OP9-GFP cells 

were seeded in a 24-well plate (2x104 cells/well). Sorted cells (either primary 

thymocytes of different developmental stages or BM-derived precursors) were plated 

onto the subconfluent OP9 BM stromal cells the next day. In general, cocultures were 

maintained in the presence of 10 ng/mL SCF, 5 ng/mL Flt3-L and 1 ng/mL IL-7 for 

OP9-DL1 T-cell differentiation and 5 ng/mL IL-7 for OP9-GFP cultures (all obtained 

from Peprotech).  

After four days, the first analyses via flow cytometry were performed. For this, half 

of one wells’ coculture medium was replaced with fresh medium supplemented with 

cytokines as described before and differentiated cells were separated from 

contaminating OP9 cells by filtering the supernatant through a 50 µm filter prior to 

staining with antibodies. On day 7, the total culture medium was replaced and 

differentiated thymocytes were plated on fresh OP9 monolayers and analyzed via flow 

cytometry to monitor ongoing in vitro T-cell differentiation. Lineage differentiation was 

investigated for up to five weeks.  

 

3.3.15 Apoptosis detection assay 

Thymi from WT and miR-21-/- mice were harvested and isolated as described 

before. Single-cell suspensions were resuspended in α-MEM (Gibco) supplemented 

with 20% FCS and incubated at 37°C for up to 48 hours. In order to quantify apoptotic 

cells, thymocytes were stained with monoclonal antibodies against surface markers 

followed by Annexin V detection and staining with PI according to manufacturer’s 

recommendations (BioLegend) after 0, 24 and 48 hours.  

 

3.3.16 Measurement of intracellular Ca2+-flux in thymocytes 

To study Ca2+-flux upon TCR stimulation, 5x106 thymocytes from CD45.1 WT mice 

were mixed in a 1:1 ratio with thymocytes from miR-21-/- mice and incubated for 1 hr in 

1 mL Ca2+- and Mg2+-free Hanks’ PBS (HBSS, pH 7.4) (Sigma-Aldrich) at RT. 

Subsequently, thymocytes were washed and loaded with Fluo-4 (3 μM) and FuraRed 

(6 μM) dyes (both Thermo Fisher Scientific) and incubated at 37°C in Ca2+- and 
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Mg2+-sufficient HBSS (Gibco). After 45 min, thymocytes were simultaneously stained 

for CD45.1, CD45.2, CD4 and CD8α and stimulated with 100 µg purified anti-mouse 

CD3 (17A2, BioLegend) for 30 min on ice. Samples were rested at 37°C for 30 min. 

Flow cytometric analyses were performed and started with recording of a baseline for 

30 seconds prior to addition of 12 µg goat anti-rat antibody (Jackson 

ImmunoResearch). Data acquisition was conducted for additional 210 seconds. In a 

last step, 2 μg ionomycin (Sigma-Aldrich) were added and served as positive control. 

For data analyses, median peak height resulting from anti-CD3-stimulation was 

assessed. 
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3.4 In vivo experiments 

3.4.1 Mice 

C57BL/6N (WT) mice (CD45.2) were purchased from Janvier Labs. miR-21 

knockout mice (B6;129S6-Mir21atm1Yoli/J; termed miR-21-/- mice throughout this thesis) 

were purchased from The Jackson Laboratory (#016856). CCR7-/-CCR9-/- (DKO) mice 

(Krueger et al., 2010), B6.SJL-PtprcaPepcb/BoyJ mice (CD45.1), 

C57BL/6N x B6.SJL-PtprcaPepcb/BoyJ F1 mice (CD45.1/CD45.2 heterozygous), 

Mirc1tm1.1Tyj/J and B6.Cg-Tg(Vav1-icre)A2KioMirc1tm1.1Tyj/J (termed miR-17~92fl/fl and 

miR-17~92Δ/Δ respectively) were bred at the ZFE, Goethe University Frankfurt and 

maintained under specific pathogen-free conditions. Male and female mice were used 

between 4-20 weeks of age. All animal experiments were performed in accordance 

with local and institutional guidelines and have been approved by the 

Regierungspräsidium Darmstadt, Abteilung Veterinärwesen.  

 

3.4.2 Dual pulse labeling using EdU and BrdU 

First, mice were intravenously injected with 1 mg EdU (Thermo Fisher Scientific) 

following an injection of 2 mg BrdU (BioLegend, Germany) 60 min later. Subsequently, 

mice were sacrificed after 1 h, 2, 4 or 6 hrs and thymi were harvested. Single-cell 

suspensions were obtained as described before and 1x107 cells were stained with 

monoclonal antibodies followed by EdU and BrdU staining procedure according to the 

manufacturer’s instructions using the Click-iT™ Plus EdU Alexa Fluor™ 647 Flow 

Cytometry Assay Kit (Thermo Fisher Scientific), Fixation/Permeabilization Solution Kit 

(BD Biosciences), Permeabilization Buffer Plus (BD Biosciences) and treatment with 

DNase I from bovine pancreas (Sigma-Aldrich). In more detail, cells were resuspended 

in 1 mL Fixation/Permeabilization solution and incubated for 22.5 min at RT in the dark. 

Cells were washed once with 10 mL 1x BD Perm/Wash™ Buffer per sample and then 

incubated with 100 µL Permeabilization Buffer Plus for 10 min on ice. Afterwards, cells 

were washed with 5 mL 1x BD Perm/Wash™ Buffer, again fixed with 1 mL 

Fixation/Permeabilization solution for 5 min on ice and washed with 10 mL 1x BD 

Perm/Wash™ Buffer per sample. After washing, cells were resuspended in 1 mL 

DNase I (300 µg/mL) and incubated for 60 min at 37°C. Subsequently, cells were 

resuspended in 100 µL 1x Click-iT™ permeabilization and wash reagent and 500 µL 

Click-iT™ Plus reaction cocktail prepared according to the manufacturer’s instruction 
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were added and samples were incubated for 30 min in the dark. To avoid any potential 

interference of remaining Click-iT™ Plus reaction cocktail components, samples were 

washed four times (2x 10 mL, 1x 5 mL and 1x 3 mL) with 1x Click-iT™ permeabilization 

and wash reagent. To detect BrdU, samples were stained with FITC-conjugated 

anti-BrdU antibody (3D4, BioLegend) and incubated for 20 min at RT. After staining, 

cells were washed once with 5 mL BD Perm/Wash™ Buffer and two times with 5 mL 

PBS/3% FCS. In the last step, cells were stained with DAPI (BioLegend) to perform 

DNA content analysis. All centrifugation steps were performed at 300 g for 5 min. For 

DN subsets, the following surface antibodies were used: CD4-PE-Cy-7, CD8-PE-Cy7, 

TCRβ-PE-Cy7, CD25-PerCP-Cy5.5 and CD44-APC-Cy7. For pre- and post-selection 

DP subsets as well as SP4 and SP8 subsets CD4-PerCP-Cy5.5, CD8-PE-Cy7, 

CD69-PE and TCRβ-APC-Cy7 were used. 

 

3.4.3 Quantification of quiescent and mitotic cell frequencies 

For analysis of quiescent or mitotic cells, mice were injected with 2 mg BrdU 

intravenously. After one hour, thymi were collected and staining for incorporated BrdU 

was performed as described before. Afterwards, cells were either stained for 60 min at 

RT with Ki-67-APC (16A8, BioLegend) to quantify the frequency of quiescent cells or 

in order to distinguish cells in G2 and M phase, cells were stained with phospho-histone 

H3 (Ser10) (D2C8)-Alexa 647 (Cell Signaling Technology). In both cases, DAPI 

staining for DNA content analyes was performed afterwards.  

 

3.4.4 Thymus regeneration 

As a model to evaluate cell cycle dynamics after endogenous regeneration, WT 

mice were sublethally irradiated (5.5 Gy). Six days after irradiation, dual pulse labeling 

using EdU and BrdU was performed as described before.  

 

In order to assess an involvement of miR-21 in stress responses and T-cell 

regeneration, the described approach was applied correspondingly. For this reason, 

WT or miR-21-/- mice were sublethally irradiated (5.5 Gy). Immediately after irradiation 

as well as on day 3, 7 and 14 after irradiation, thymi were harvested and flow cytometric 

analyses were performed. 
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3.4.5 Competitive BM chimeras 

Donor BM cells from WT (CD45.1, competitor), WT (CD45.2, test/control) and 

miR-21-/- (CD45.2, test) mice were isolated as described above. Lethally irradiated 

(9 Gy) CD45.1/CD45.2 mice (serving as recipients) were reconstituted intravenously 

with mixtures of competitor and test cells resuspended in sterile PBS in a 1:1 ratio four 

hours after irradiation (2x106 cells per mouse). Mice were given antibiotics in the 

drinking water for two weeks, checked daily and analyzed after eight weeks. 

 

3.4.6 In vivo T-cell receptor stimulation 

200 µg purified anti-mouse CD3 (17A2, BioLegend) was injected into WT or 

miR-21-/- mice. Two days later, thymocytes were isolated and stained with monoclonal 

antibodies followed by live/dead staining to exclude dead cells as described before. 

Afterwards, samples were fixed using paraformaldehyde (4%) and permeabilized prior 

to anti-active-caspase-3 staining (Asp175, Cell Signaling Technology) followed by 

staining with secondary donkey anti-rabbit-Alexa647 antibodies (Poly4064, 

BioLegend) and subsequent analyses via flow cytometry. In order to assess 

proliferation in this assay, a single BrdU pulse was performed. For this, mice were 

injected intravenously with 2 mg BrdU (BioLegend) 3 hrs before harvesting the 

thymocytes and the subsequent staining for BrdU was performed as described before 

using a FITC anti-BrdU antibody (BioLegend, clone: 3D4). 
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3.5 Statistical analyses 

All statistical analyses were performed using GraphPad Prism software (version 7 

and 8). Detailed information about number of mice being used and number of replicates 

are described in the figure legends. In general, data are represented as mean ± SEM 

unless otherwise mentioned in the figure legends. Analysis of significance between 

two groups of mice was performed using unpaired t-tests unless otherwise specified in 

the figure legends. For comparison between three or more groups, ordinary one-way 

analysis of variance (ANOVA) followed by Tukey’s test was used unless otherwise 

specified in the figure legends. In all figures, *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001 was considered as significant. When no p-value is indicated, samples 

were not significant. 
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4 Results 

4.1 Cell cycle dynamics during T-cell development  

4.1.1 Steady-state analysis of thymocyte cell cycle dynamics 

Classically, cell cycle phases can be quantified by flow cytometric analyses using 

DNA content markers. This allows to distinguish between cells in the G0/G1 (2N), S 

(>2N) and G2/M phase (4N). Cells in S phase can be further identified by their 

capability to incorporate nucleoside analogues such as BrdU. Here, we made use of a 

single pulse of BrdU combined with analyses of DNA content to assess the 

steady-state proportions of thymocytes at distinct cell cycle states (Figure 7). In 

addition, we included Ki-67 staining to discriminate between cells in G1 phase and 

quiescent cells in G0 phase. Ki-67 accumulates from the beginning of the S phase 

onwards until mitosis and is degraded continuously in G0 and G1 cells (Schwarting et 

al., 1986; Miller et al., 2018). Since Ki-67 protein is absent from G0 phase cells, it can 

be used to identify quiescent cells (Vignon et al., 2013). 

 

Figure 7: Schematic depiction of the performed experiments using in vivo BrdU 
single-pulse-labeling. 
Mice were injected with BrdU and sacrificed after one hour prior to identification of actively replicating 
cells. In addition, DNA content analyses were performed to determine frequencies of cells in G0/G1, S 
and G2M phase. To assess the frequency of quiescent cells, Ki-67 staining was performed. 

 

Flow cytometric analyses of thymocytes derived from a WT mouse injected once with 

BrdU and stained with Ki-67 and DAPI as DNA content marker revealed distinct 

populations (Figure 8). We found WT thymocytes in the G0/G1 phase of the cell cycle 

(BrdU-, 2N DNA), S-phase cells (BrdU+, 2N < DNA < 4N) and a small fraction of cells 

in G2/M phase (BrdU-, 4N DNA). In addition, we identified a minute fraction of 

Ki-67- cells when comparing Ki-67 expression levels of BrdU- and BrdU+ cells (green). 
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Figure 8: Flow cytometric gating strategy to identify cells in G0, G1, S or G2M phase. 
Representative flow cytometric analyses of WT thymocytes of BrdU-injected mice. BrdU labeling was 
performed prior to DNA staining to discriminate cells in the G0/G1, S and G2/M phase. To further 
distinguish cells in the G0 (quiescent) and G1 phase, Ki-67 staining was performed. Quiescent cells 
were defined by lower levels of Ki-67 in BrdU- (black) cells in comparison to Ki-67 levels in BrdU+ (green) 
cells. 

 

In a next step, we assessed the steady-state cell cycle states of different WT thymocyte 

subsets by flow cytometric analyses of BrdU incorporation and DNA content starting 

with the earliest thymocyte subset DN1 to fully mature SP cells. In all subsets the 

majority of cells were in the G0/G1 phase of the cell cycle (BrdU-, 2N DNA) 

(58.4% - 98.5%) (Figure 9a). We identified a large proportion of DNA replicating cells 

in the DN2, DN3b and DN4 subsets (incorporation of BrdU and 2N < DNA < 4N) 

(25.2% - 40.9%), whereas the earliest thymocyte subset (DN1) as well as the DN3a 

subset showed less than 4.5% S-phase cells. We also detected a lower proportion of 

S-phase cells (1.37 - 8.77 %) among thymocytes either before or after selection steps 

as well as upon full maturation. A minute proportion of cells in G2/M phase (BrdU-, 4N 

DNA) was detectable in all subsets with highest levels in DN1 cells (1.17%). 

To quantify the proportion of quiescent cells, we then assessed Ki-67 levels (Figure 

9b) and observed highest frequencies of quiescent G0 cells following selection (up to 

12.27%). In line with our S phase analyses, we found lowest proportions of G0 cells in 

the DN2 and DN3b subset (1.65% and 1.09%, respectively). 
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Figure 9: Thymocyte subsets are characterized by different cell cycle dynamics. 
(a) Representative flow cytometric analyses of in vivo BrdU single pulse labeling in combination with 
DNA content analyses to quantify cells in the G0/G1 (BrdU-, 2N DNA), S (BrdU+, 2N < DNA content 
< 4N) and G2/M phase (BrdU-, 4N DNA) among different thymocyte subsets. Numbers adjacent to or in 
gates indicate frequencies. (b) Representative flow cytometric analyses and scheme of in vivo labeling 
in combination with DNA content analyses and Ki-67 staining to discriminate G0 and G1 cells of different 
thymocyte subsets. For this, an overlay of Ki-67 levels in BrdU+ (green) and BrdU- cells (black) was 
applied to determine the frequency of quiescent cells. Numbers adjacent to gates represent the 
differences in Ki-67 levels, considering this as frequency of quiescent cells.  

 

Based on this, we were able to compile a detailed picture about the individual cell cycle 

state distribution of different WT thymocyte subsets at steady-state (Figure 10). 

Consistent with earlier studies (Penit et al., 1988; Baron and Pénit, 1990; Pénit et al., 

1995; Vasseur et al., 2001) it can be concluded that T-cell development is marked by 

periodic changes between cycling and non-cycling phases corresponding to 

stage-specific developmental events, e.g. TCR gene rearrangement at the DN3a 

stage.  
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Figure 10: Different stages of T-cell development are marked by alternating cycling and 
non-cycling phases. 
(a) Frequencies of cells in G0, G1, S or G2M phase of murine WT thymocyte subpopulations, n = 3 mice. 
(b) Summary of subpopulations shown in (a), numbers indicate mean frequencies ± SD. 

  



- 36 -  Results 

 

4.1.2 High-resolution cell cycle stage analysis 

Single-pulse experiments using nucleoside analogues represent a fundamental 

tool to measure DNA synthesis. However, they cannot provide detailed information 

about cell cycle kinetics. For this reason, we increased the temporal resolution of 

steady-state cell cycle analysis of thymocytes by using a dual-pulse labeling approach 

(Figure 11). We adopted an experimental system of sequential nucleoside labeling with 

EdU and BrdU at 1 hr apart in conjunction with analyses of DNA content which allows 

for high-resolution cell cycle evaluation in vivo (Gitlin et al., 2014; Gitlin et al., 2015). 

Due to the short half-life of the nucleoside analogues, sequential labeling enabled a 

virtual synchronization of thymocytes in situ (Hagan, 1984; Matiašová et al., 2014).  

Cells positive for both labels (EdU+BrdU+) represent the frequency of cells that 

have been in S phase during both pulses corresponding to a time window of less than 

2 hrs. EdU+ cells have ceased DNA replication within 1 hr and can therefore be stated 

as post S phase at the time of analysis. This population allowed for quantification of 

S-phase exit whereas the cells positive for BrdU represent the fraction of cells newly 

entered S phase within less than 1 hr because those cells have initiated DNA 

replication during this time window.  

 

Figure 11: In vivo dual-pulse labeling approach. 
Schematic depiction and representative flow cytometric gating strategy of in vivo dual-pulse labeling. 
Mice were administered EdU and BrdU 1 hr apart followed by analysis 1 hr after the second pulse. After 
thymus harvest and staining, four populations can be distinguished: Cells negative for both labels 
(EdU-BrdU-) represented a population that has not undergone DNA replication within the last 2 hrs. BrdU 
single positive thymocytes (BrdU+, green, early S phase) were classified as the frequency of cells that 
newly entered S phase during the last 60 min, because these cells did exclusively incorporate the 
second nucleoside analogue. In comparison, EdU single positive cells represent a population which has 
ceased DNA replication and left S phase (EdU+, blue, post S phase) prior to the second pulse. 
Thymocytes that actively replicated their DNA during both pulses appeared as double positive stained 
cells, EdU+BrdU+ (orange, mid/late S phase). 

 

We then performed dual-pulse labeling experiments for different WT thymocyte 

populations, starting at DN1 thymocytes to fully mature SP cells (Figure 12). 

Frequencies of double-labeled thymocytes (EdU+BrdU+) reflecting the proportion of 

cells that actively replicated their DNA during both pulses corresponding to a time 

window of less than 2 hrs were highest for DN2, DN3b and DN4 thymocyte populations 
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(29.8%, 44.3% and 26.5%, respectively) corroborating our previous results obtained 

from single BrdU pulse experiments (Figure 10). In those populations, we also found 

highest levels of S-phase entry (BrdU+) and S-phase exit (EdU+). DN1, DN3a and 

pre-selection DP had rates of S-phase entry of around 2% whereas those of 

post-selection DP and SP thymocytes were even lower (less than 1%).  

 

Figure 12: High resolution S-phase profiling of thymocyte subsets. 
Representative flow cytometric analyses of in vivo dual-pulse labeling among early and late staged 
thymocyte subpopulations. Mice were administered EdU and BrdU as described before and 
subsequently prepared for flow cytometric analyses. Numbers in gates indicate frequencies. 

 

Figure 13 provides a detailed summary of our findings: As also observed in the 

single-pulse experiments, DN2, DN3b and DN4 subsets showed the largest proportion 

of DNA replicating cells. In addition, this was true for the fraction of EdU+BrdU+ cells 

(in S phase during a time window of less than 2 hrs) (Figure 13a) as well as for BrdU+ 

(Figure 13b) and EdU+ (Figure 13c) cells reflecting the rates of S-phase entry and exit, 

respectively. The proportion of unlabeled cells (Figure 13d) reflecting thymocytes that 

have not been in S phase of the cycle during administration of EdU and BrdU is 

therefore lowest in those populations. Especially DN3b thymocytes showed the highest 

S-phase cycling activity. In contrast, DN3a thymocytes, cells in a developmental stage 

between the aforementioned DN2 and DN3b subsets, had high rates of unlabeled cells 

(EdU-BrdU-) (Figure 13d) and low levels of S-phase entry and exit (Figure 13a and b, 

respectively). We also found pre- and post-selection DPs to be characterized by 

different S-phase kinetics: Whereas less EdU+BrdU+ cells (Figure 13a) were found in 

the pre-selection DP subpopulation, this subset was characterized by more S-phase 

entry (Figure 13b) and exit (Figure 13c) in comparison to post-selection DP 

thymocytes. At this particular stage of development, S-phase cells were mostly found 
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in the fraction of double-labeled cells (Figure 13a) and we detected only a minute 

proportion of cells entering or leaving S phase (less than 1%). As an additional 

read-out, we compared the frequencies of cells in S phase in relation to entry or exit of 

those cells for pre- and post-selection DP thymocytes (Figure 13e and f). We detected 

an increase in those ratios for post-selection thymocytes which led us to hypothesize 

that these cells might stall or arrest in the S phase of the cell cycle. Statistical analyses 

can be found in the appendix (Figure 48).  

 

Figure 13: Steady-state cell cycle dynamics among murine WT thymocytes. 
Flow cytometric analyses of in vivo dual pulse labeling. Graphs show frequencies of EdU+BrdU+ cells 
(a), BrdU+ cells (b), EdU+ cells (c), EdU-BrdU- cells (d), ratio of EdU+BrdU+/BrdU+ cells (e) and 
EdU+BrdU+/EdU+ cells (p = 0.0004) (f) of different murine WT thymocyte subpopulations, n = 6-20 mice 
of two independent experiments. 

 

We further observed rates of S-phase entry and exit to be largely similar for each 

subset except for DN1 and SP4 cells that showed higher exit than entry rates (Figure 

13c). Presumably, this was due to low numbers in the EdU+ fraction.  
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In a next step, we combined in vivo dual-nucleoside pulse labeling with analysis 

of DNA content. Determination of DNA content at different time points enabled to 

assess rates of DNA replication and thus, duration of S phase and total cell cycle 

length. To do so, we gated on the fraction of BrdU+, EdU+BrdU+ and EdU+ cells in 

different thymocyte subsets and quantified DNA content 1 hr, 2, 4 or 6 hrs post 

dual-nucleoside administration (Figure 14). This approach allowed for fate mapping of 

thymocytes that were initially labeled during their early S phase (BrdU+), mid/late 

S phase (BrdU+EdU+) or post S phase (EdU+) and enabled quantitative determination 

of the individual cycling behaviour.   
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Figure 14: Dynamic analysis at cell cycle stage resolution. 
Representative flow cytometric histograms visualizing the DNA content of DN1 until SP4 thymocytes of 
WT mice over time. Each plot depicts an overlay of the DNA content of BrdU+ (top, green), EdU+BrdU+ 
(middle, orange) and EdU+ (bottom, blue) cells. Asterisks, dots and arrows points out highlights.  
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Based on these DNA content analyses, we unraveled clear differences in cell cycle 

kinetics of slow and fast proliferating populations. As a read-out for S-phase cell cycle 

length, BrdU+ cells which were originally labeled during early S phase (Figure 14, 

green) were analyzed regarding their DNA content. In light of this, BrdU+ cells of DN2, 

DN3b and DN4 subpopulations were found to be back in the G1 phase after 6 hrs 

(asterisk). BrdU+ cells of pre-selection DP thymocytes were found to be back in 

G1 phase already after 4 hrs indicating a shortened S phase cell cycle length before 

selection in comparison to early developmental stages. These findings were further 

supported by analyses of the EdU+BrdU+ (orange) cells. Here, for nearly all thymocyte 

subpopulations we detected cells back in the G1 phase already after approximately 

2 hrs with one exception for the EdU+BrdU+ post-selection cells (asterisk). This time 

window was interpreted as the time for finalizing DNA replication, undergoing mitosis 

and re-entry into G1. For post-selection thymocytes, the EdU+BrdU+ cell fraction 

re-entered G1 phase after 4 hrs indicating a prolonged S phase in this subset 

(asterisk). Among the EdU+BrdU+ fraction of cells in the DN3b and DN4 stage, we also 

identified a slight proportion of cells potentially re-entering S phase after 6 hrs (black 

arrow). This assumption was verified by analyses of the EdU+ data (Figure 14, blue). 

Here, we detected S-phase cells for DN3b and DN4 thymocytes after 4 hrs and in 

pre-selection DP thymocytes after 6 hrs (asterisk). For nearly all subsets, EdU+ cells 

mostly reached G1 phase already at the 1 hr time point of analysis, corresponding to 

approximately 1-1.5 hrs G2/M duration.  

We also observed heterogeneity in DNA replication as exemplarily highlighted in the 

EdU+BrdU+ population (orange) of DN3b, DN4 and pre-selection DP thymocytes after 

2 hrs (black dots) which was mostly recovered after 4 hrs when cells were found to be 

back in the G1 phase of the cycle.  

For DN1 and SP subsets, low cell numbers and very low numbers of nucleoside 

incorporated cells provided too little information to draw a reliable conclusion. For this 

reason, we omitted these subsets from the following analyses. 

 

A quantitative analysis of this experiment which supports the aforementioned 

findings and provides first estimations of the duration of individual cell cycle phase 

length is shown in Figure 15. Notably, duration of G1 phase re-entry of EdU+BrdU+ 

cells (Figure 10a) was similar for all developmental stages, except for post-selection 

DP thymocytes which showed reduced percentages of cells back in the G1 phase of 
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the cycle at all time points analyzed. This argues for a prolonged S-phase length in this 

particular subpopulation. S-phase re-entry of EdU+ cells (Figure 15b) was mostly 

observed in DN3b, DN4 and pre-selection DP thymocytes after 4 and 6 hrs, 

respectively indicating a G1-phase duration of approximately 5 to 6 hrs. From this data, 

we also estimated G2/M duration to be in a range of 1 to 1.5 hrs and similar for all 

thymocyte populations. Additionally, statistical analyses are shown in the appendix 

(Figure 49). 

 

Figure 15: Re-entry of EdU+BrdU+ thymocytes in G1-phase and EdU+ thymocytes in S-phase. 
(a) Quantification of G1-phase re-entry of EdU+BrdU+ (orange) WT thymocyte subpopulations over time. 
(b) Quantification of S-phase re-entry of EdU+ (blue) WT thymocyte subpopulations over time. (a, b) 
n = 4-5 for each point in time, data from two independent experiments.  

 

Next, we applied linear regression analysis of DNA content towards 4N as direct 

read-out for the duration of S phase. We therefore applied an approach to quantify the 

relative movement (RM) of nucleoside-incorporated cells through the S phase relative 

to that of G1 and G2M cells by measuring their mean fluorescence intensity (Begg et 

al., 1985; Baron and Pénit, 1990) (Figure 16). This calculation revealed S-phase 

duration of WT thymocytes in a range of 6.43 to 11.1 hrs. Our results further supported 

our findings of short S-phase lengths of 6-7 hrs for DN3b as well as DN4 thymocytes 

and prolonged S-phase durations for DN2, DN3a and pre-selection DP cells. 

Post-selection DP thymocytes remained in S phase for 11.1 hrs consistent with our 

previous observations. For post-selection DP thymocytes, RM values were of a high 

level already at early timepoints but did not change as much over time as detected in 

the other thymocyte subsets. The underlying reasons are currently unknown but point 
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towards a pause in DNA replication and further support our aforementioned hypothesis 

that these cells might stall or arrest in the S phase of the cell cycle. Statistical analyses 

are shown in the appendix (Figure 50). 

 

Figure 16: S-phase duration of WT thymocyte subsets based on RM values of BrdU+ cells. 
Statistical analyses of WT thymocyte subpopulations to assess S-phase time duration based on the 
relative movement (RM) values of BrdU+ cells (early S phase) over time (green dots). Green lines 
represent linear regression and numbers indicate estimated S-phase times in hours, n = 3-5 mice for 
each point in time, data from two independent experiments.  

 

Finally, we analyzed whether label-negative cells (EdU-BrdU-, grey) entered S phase 

at some point (Figure 17). Consistent with our estimations for G1-phase duration, we 

found cell cycle entry in at least some label-negative cells already after 2 hrs and more 

pronounced after 4 hrs in fast cycling popuations such as DN3b and DN4 thymocytes. 

On the other hand, no S-phase entry was detected in pre-selection DP cells. 

 

Figure 17: BrdU-EdU- cells show distinct characteristics over time. 
Representative flow cytometric histograms show DNA content of EdU-BrdU- DN2, DN3b, DN4 and 
pre-selection WT thymocytes over time. Each plot represents an overlay of the DNA content at 2, 4 and 
6 hrs.  

 

In summary, we defined cell cycle kinetics in different WT thymocyte subsets based 

on high-resolution in vivo cell cycle analysis and provided accurate information on the 

duration of individual cell cycle phases.  
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4.1.3 Models of altered T-cell development - population recovery via adaptive cell 

cycle regulation 

We next utilized these aforementioned tools to better understand alterations in cell 

cycle regulation to maintain population homeostasis. We employed two representative 

mouse models with defects in the earliest thymocyte populations (DN1 and DN2) but 

an almost complete recovery of thymocyte numbers at later stages: We first analyzed 

CCR7/CCR9-deficient (DKO) mice which are characterized by a defect in thymus 

colonization, but show near normal DN3 cellularity (Krueger et al., 2010). Similarly, 

miR-17~92-deficient mice display a failure of prethymic IL-7 signaling but still exhibit a 

nearly physiological DN3 compartment (Regelin et al., 2015).  

 

4.1.3.1 Thymic CCR7/9-deficiency results in shortening of S-phase duration of 

thymocytes to overcome developmental defects 

In a first experiment, we performed steady-state cell cycle analyses of thymocytes 

of CCR7/9-deficient mice (Figure 18). We observed a decrease in the frequencies of 

quiescent cells in all thymocyte subsets in the absence of CCR7/9 (Figure 18a). The 

frequencies of cells in G1 phase (Figure 18b) were comparable to the WT thymocyte 

counterparts. Nevertheless, we found lower levels of cells in the G1 phase in the DN2 

compartment of DKO mice consistent with elevated frequencies of S-phase cells in this 

subset (Figure 18c). In addition, we detected an increase in the frequencies of cells in 

S phase especially in the DN3a compartment, but also for pre- and post-selection DP 

thymocytes. We also observed differences in the frequencies of cells in the G2M phase 

but considering the low frequencies of G2M cells in WT thymocyte subsets (Figure 10), 

differences in this cell cycle phase in DKO mice were mostly negligible (Figure 18d). 
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Figure 18: Steady-state cell cycle analyses of CCR7/9-deficient mice.  
(a-d) Statistical analyses of cells among thymocyte subpopulations in (a) G0, (b) G1, (c) S and (d) G2M 
phase in CCR7/9-deficient (DKO) mice. Data is presented as % of WT, error bars indicate SE of ratios 
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  with n = 3 mice for each genotype. 

 

We further performed dual-pulse labeling in DKO mice to obtain more information 

about cell cycle kinetics of thymocytes in the absence of CCR7/9 (Figure 19). 

Consistent with our WT data (Figure 13), high proportions of DNA replicating cells were 

found in the DN2, DN3b and DN4 subsets, whereas frequencies among DN3a and 

pre-selection DP thymocytes as well as post-selection DP and SP cells were low. 

When we compared S-phase entry and exit of DKO DN3a cells with the WT 

counterparts, we found elevated levels of BrdU+ (green) and EdU+ (blue) cells in this 

subset. This was also true for DN3a cells that were in S phase during both pulses 

(EdU+BrdU+, orange). For DN2 cells from DKO mice, we observed no difference in rate 

of entry (BrdU+, green), but higher rates of S-phase exit (EdU+, blue). In the absence 

of CCR7/9, we also observed higher rates of S-phase exit (EdU+, blue) for SP8 

thymocytes in line with lower rates of S-phase entry and frequencies of cells in S phase 

during both pulses (EdU+BrdU+, orange). In general, we detected small differences in 

all thymocyte subsets which indicates changes in cell cycle lengths of thymocytes in 

DKO mice in comparison to WT thymocytes. Additionally, statistical analyses are 

shown in the appendix (Figure 51). Taken together, the bulk of compensatory cell cycle 

related events occurs at or immediately prior to the DN3a stage rather than the DN3b 

stage. Thus, compensation seems to occur in a slow cycling compartment. 
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Figure 19: In-depth analysis reveals changes in S-phase distribution of CCR7/9-deficient (DKO) 
thymocyte subsets. 
Flow cytometric analyses of in vivo dual pulse labeling of WT and DKO mice. Graphs show frequencies 
of (a) EdU+BrdU+ cells (orange), (b) BrdU+ cells (green) and (c) EdU+ cells (green) of murine DKO 
thymocyte subpopulations, n = 17-19 mice of two independent experiments. Additionally, data is 
presented as % of WT (bottom row), error bars indicate SE of ratios calculated as 
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 , with n = 7-20 mice for WT and n = 17-19 mice for DKO. 

 

To further characterize cell cycle dynamics in the absence of CCR7/9, we quantified 

G1- and S-phase re-entry of different EdU+ thymocyte subsets in comparison to their 

WT counterparts (Figure 20). For DN2 DKO thymocytes, we detected a faster re-start 

in S phase after 6 hrs pointing towards a shortened length of the G1 phase. 

Interestingly, for EdU+ DKO DN3a thymocytes we found no significant differences in 

S-phase or G1-phase re-entry, whereas differences for DN3b DKO thymocytes were 

more pronounced. CCR7/9-deficient DN3b thymocytes showed a faster S-phase 

re-entry which is in line with a steeper decline in G1-phase re-entry over time and 

points towards a shortened duration of the cell cycle. 
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Figure 20: CCR7/9-deficient (DKO) DN3b thymocytes show faster cell cycle dynamics than WT 
counterparts. 
Quantification of (a) G1- and (b) S-phase re-entry of EdU+ WT (black dots) and DKO (blue dots) 
thymocyte subpopulations over time, n = 3-5 mice for each point in time and each genotype (except for 
DKO DN2 thymocytes G1-phase re-entry, 1 h time point, n = 1 mouse), data from two independent 
experiments. Analysis of significance between WT and DKO was performed using unpaired t-test for 
the 6 hrs time point. 

 

We then repeated linear regression analysis of DNA content towards 4N of BrdU+ 

thymocytes of DKO mice and detected shorter duration of the S phase for all DN 

subsets in a range of 0.73 to 1.16 hrs (Figure 21). 

 

Figure 21: Shortening of S-phase duration in all thymocyte subsets in DKO mice.  
Statistical analysis of DKO thymocyte subpopulations to assess S-phase duration based on RM values 
of BrdU+ cells (early S phase) over time (green dots). Green lines represent linear regression of DKO 
thymocyte analyses and black lines show linear regression of WT thymocytes as determined and shown 
in Figure 16. Numbers adjacent to linear regression show S-phase time in hours calculated based on 
the linear regression, n = 3-5 mice for each point in time, data from two independent experiments. 
Analysis of significance between WT and DKO was performed using an unpaired t-test for the latest 
time point. 

 

In order to unravel potential alterations in G1-phase length, we performed linear 

regression analysis as described before for EdU+ thymocytes derived from WT and 

DKO mice and estimated the G1-phase duration for DN3a, DN3b, DN4 and 

pre-selection DP (Figure 22). Due to the low cell numbers within the EdU+ subsets, 
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analyses were restricted to the aforementioned populations. However, we observed 

similar lengths for the G1 phase.  

 

Figure 22: G1-phase duration is unaltered in the absence of thymic CCR7/9. 
G1-phase duration of DKO thymocyte subpopulations presented as % of WT based on EdU+ cell 

population, error bars indicate SE of ratios calculated as 𝑆𝐸 (
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  with n = 2-5 

mice for WT and n = 2-4 mice for DKO. 

 

In conclusion, we observed subtle alterations in cell cycle phase contribution most 

prominently for DN3a thymocytes of DKO mice consistent with earlier studies (Krueger 

et al., 2010). Additionally, we detected a moderate acceleration in S phase of various 

thymocyte subsets in the absence of CCR7/9. 

 

In addition to quantitative analyses of the duration of individual cell cycle phases in the 

absence of CCR7/9, we also performed scRNA-sequencing to reveal differences in 

cell cycle regulation. For this purpose, we FACS-sorted c-kit positive (DN1/DN2) or 

c-kit negative DN thymocytes (DN3/DN4) of WT and DKO mice in order to enrich for 

c-kit positive subsets, which in normal thymus and even more in DKO thymus are 

underrepresented when compared to more mature DN3 and DN4 cells. 

ScRNA-sequencing was then performed in the laboratory of Dr. Mir-Farzin Mashreghi 

(Therapeutic Gene Regulation) at the Deutsches Rheuma-Forschungszentrum 

(DRFZ) (Figure 23a).  

Based on the expression profiles of subset-specific marker genes (Figure 52, 

appendix) we manually curate data sets to separate seven well-defined thymocyte 

populations corresponding to ETP, ETP2, DN2a, DN2b, DN3a, DN3b and DN4 

thymocytes (Figure 23).  

 



Results  - 49 - 

 

 

Figure 23: scRNA-seq of WT and CCR7/9 DKO thymocytes. 
(a) Clustering of sorted c-kit positive (DN1/DN2) or c-kit negative DN thymocytes (DN3/DN4) of WT and 
DKO mice visualized by t-distributed stochastic neighbor-embedding (t-SNE) map. Black circle indicates 
absence of cells. (b) Pseudotime trajectories of the individual clusters (for definition of cluster see: Figure 
52) (left) and S phase transcriptomes (right).  

 

To investigate whether the absence of CCR7/9 introduces changes in the dynamics of 

T-cell differentiation, we used monocle pseudotime trajectory analysis (Qiu et al., 

2017), which connects related clusters to construct differentiation trajectories (Figure 

23b). We validated ETP cells as the root of the progression trajectory (Figure 23b, left 

panel, upper right). Consistent with the well-defined developmental progression of 

thymocyte populations, the pseudotime trajectory proceeded linearly towards the 

DN3a stage with a certain contribution of DN3b cells (Figure 23b, left panel, lower 

right). Surprisingly, some DN3b cells and DN4 thymocytes were assigned a distinct 

trajectory (Figure 23b, left panel, left), which may be due to a certain heterogeneity of 

this subset and/or a major contribution of cell-cycle associated genes, masking 
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developmental trajectories. An overlay of expression of S-phase related gene sets 

revealed that DN2b, in contrast to DN2a, go through a proliferative state, which 

becomes apparent in close proximity to the DN3a subset in pseudotime analysis 

(comparison with S-phase trajectory, Figure 23b, right panel). Thus, our data indicate 

that developmental trajectories as predicted in the pseudotime model are tightly 

associated with alterations in cell-cycle state.  

To investigate this association further, we applied cell cycle scoring based on gene 

sets previously selected to separate cell cycle stages in transcriptomics data (Fischer 

et al., 2019) and detected a similar distribution of the clusters (Figure 24). This gene 

set based model essentially reflects steady-state cell cycle distributions as detectable 

by single nucleoside-analog labeling. However, the selection of gene sets provides 

limitations for comparisons across methods. Furthermore, this analysis does not reflect 

cell-cycle dynamics. We conclude that more refined analyses based on a combination 

of cell-cycle and pseudotime approaches are likely to provide information on cell cycle 

pseudodynamics, as has been recently demonstrated using RNA velocity as additional 

parameter (Rappez et al., 2020). 

 

Figure 24: Cell cycle scoring. 
Transcriptome-based cell cycle scores of defined clusters of WT (black) and CCR7/9-deficient 
thymocytes (pink) among different cell cycle phases as described in (Fischer et al., 2019).  

 

In a last step, we analyzed transcript levels of Mki67 (cycling), Ccne2 (S phase) and 

Ccnb2 (M phase) (Figure 25). Overall, expression levels were considered low. 

Nevertheless, distinct clusters of cycling cells were identified. Consistent with our 
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previous conclusions on population heterogeneity in cell cycle dynamics, it will be of 

interest to further concentrate in-depth dynamic analysis on these subsets. Moreover, 

we did not detect any differences between c-kit positive (DN1/DN2) or c-kit negative 

DN thymocytes (DN3/DN4) of WT and DKO mice.  

 

In summary, our data unraveled altered cell cycle dynamics in thymi of CCR7/9 

deficient mice that were mostly attributed to accelerations in cell cycle speed. ScRNA 

sequencing analysis essentially recapitulated differences in cell cycle state between 

thymocyte subsets. Currently existing analysis tools are of insufficient resolution to 

validate previously established differences in cell cycle regulation in the absence of 

CCR7/9. Our data sets provide an excellent basis for the development of novel 

pseudotime based analysis approaches. 
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Figure 25: Similar transcript levels for Mki67, Ccne2 and Ccnb2 of WT and CCR7/9-deficient 
thymocytes. 
Distribution of transcription levels for representative genes visualized by t-distributed stochastic 
neighbor-embedding (t-SNE) among c-kit positive (DN1/DN2) or c-kit negative DN thymocytes 
(DN3/DN4) of WT and DKO thymi. 
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4.1.3.2 Compensatory mechanisms to overcome developmental defects in the 

absence of miR-17~92 

Mice deficient of miR-17~92 have a profound defect at the earliest stages of T-cell 

development, but nevertheless show a near normal DN3 compartment (Regelin et al., 

2015). Data from the following experiments are preliminary and provide restricted 

information about the underlying mechanism of population recovery in the absence of 

miR-17~92. However, we were able to draw first conclusions from our experiments 

encouraging the inclusion of the data in this part of the thesis.  

In a first experiment, we performed dual-pulse labeling of miR-17~92-sufficient (fl/fl) 

and -deficient mice (∆/∆) (Figure 26) and detected elevated frequencies of EdU+BrdU+ 

cells (Figure 26a, orange), prominently in DN3b and DN4 thymocytes in ∆/∆ mice. In 

addition, we observed alterations in the ability of S-phase entry (Figure 26b, green) 

and -exit (Figure 26c, blue) of thymocytes in the absence of miR-17~92. Indeed, DN4 

thymocytes of miR-17~92-deficient mice exhibited increased rates of S-phase entry 

and exit. Enhanced S-phase exit was also pronounced for DN3b thymocytes of ∆/∆ 

mice. These findings are in contrast to the observed cell cycle kinetics in the absence 

of CCR7/9 which mainly affected the DN3a compartment (Figure 18 and Figure 19). 

Here, the lack of miR-17~92 leads to S-phase alterations rather on the level of DN3b 

and DN4 thymocytes than DN3a cells.  

 

Figure 26: Influence of thymic miR-17~92 on S-phase kinetics. 
Flow cytometric analyses of in vivo dual pulse labeling of miR-17∼92fl/fl (black dots) or miR-17∼92Δ/Δ 
mice (white dots). Graphs show frequencies of (a) EdU+BrdU+ cells (orange), (b) BrdU+ cells (green) 
and (c) EdU+ cells (blue) among thymocyte subsets of miR-17∼92fl/fl (black dots) or miR-17∼92Δ/Δ mice 

(white dots), with n = 9 miR-17∼92fl/fl and n = 8 miR-17∼92Δ/Δ mice. 

 

In addition, we quantified G1-phase re-entry based on DNA content analyses of 

EdU+BrdU+ DN3a, DN3b and DN4 thymocytes (Figure 27a and b) at two different time 

points and detected a trend towards a faster progression back into G1 phase of DN3a 



- 54 -  Results 

 

and DN3b thymocytes in ∆/∆ mice. However, when we determined S-phase length in 

those populations, we could not detect any differences (Figure 27c) except for DN3a 

thymocytes of miR-17~92-deficient mice which exhibited a prolonged S-phase 

duration. Given the low frequencies of this population in general and even lower cell 

numbers within the EdU+BrdU+ subset, definitive conclusions need further 

investigation. From these preliminary results, we speculate that in the absence of 

miR-17~92 population recovery is not exclusively regulated on the level of S-phase 

cell cycle length as observed for CCR7/9-deficient mice (Figure 21). We rather assume 

differences on the level of G1-phase duration in conjunction with altered S-phase 

kinetics. 

 

Figure 27: miR-17~92 affects cell cycle speed of DN3a thymocytes. 
(a) Representative flow cytometric histograms visualizing the DNA content of DN3a, DN3b and DN4 
thymocytes of miR-17∼92fl/fl (left) or miR-17∼92Δ/Δ mice (right) at 2 and 4 hrs. Each plot depicts an 
overlay of the DNA content of EdU+BrdU+ cells at 2 (light orange) and 4 hrs (dark orange). (b) 
Quantification of G1-phase re-entry of EdU+BrdU+ thymocyte subpopulations of miR-17∼92fl/fl (black 

dots) or miR-17∼92Δ/Δ (white dots) mice over time. (c) Statistical analysis of miR-17∼92fl/fl (black line) or 
miR-17∼92Δ/Δ (orange dots) thymocyte subpopulations to assess S-phase time duration based on RM 
values of EdU+BrdU+ cells over time. The orange line represents the resulting linear regression. The 
black line shows the linear regression of analyses of thymocytes derived from miR-17∼92fl/fl mice. 
Numbers adjacent to linear regression show resulting S-phase time in hours. (b, c) n = 3-5 mice for each 
point in time and genotype. 
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4.1.4 Cell cycle adaptation upon endogenous thymic regeneration 

We further investigated the role of cell cycle regulation in a model of endogenous 

thymic repair upon sublethal total body irradiation (Kadish and Basch, 1975; Huiskamp 

and van Ewijk, 1985; Tomooka et al., 1987; Penit and Ezine, 1989; Dudakov et al., 

2012). We performed dual-pulse labeling experiments of irradiated WT (5.5 Gy) and 

control mice six days after irradiation. As shown in Figure 28, frequencies of thymocyte 

subsets were significantly altered upon irradiation. We found decreased levels of DN2, 

DN4 and post-selection DP cells, whereas DN3a frequencies were elevated. In 

addition, for DN3b thymocytes we detected a tendency towards increased cell 

frequencies six days after irradiation, whereas frequencies of pre-selection DP 

thymocytes were mostly recovered.  

 

Figure 28: Population size is altered upon irradiation. 
Statistical analyses of flow cytometric results of different thymocyte subsets from WT (grey, black dots) 
and irradiated WT (white, white dots) mice indicated as frequencies with n = 13-14 WT mice and 
n = 12-14 irradiated WT mice. 

 

Next, we analyzed cell cycle kinetics of WT and irradiated WT mice (Figure 29). Due 

to low frequencies of BrdU+ and EdU+ post-selection DP thymocytes upon irradiation, 

we omitted these populations from our analyses (Figure 29). Representative flow 

cytometric analyses of dual-pulse labeling of WT and irradiated WT mice are shown in 

the appendix (Figure 53). Upon irradiation, we detected more DN2 cells in S phase 

during both pulses (orange) and decreased S-phase exit (blue) pointing towards a 

prolonged S-phase duration. On the other hand, we found more DN3a cells that had 

recently entered S phase (green) in irradiated mice suggesting the presence of 

compensatory mechanisms for cell cycle regulation. Consistent with unaltered 

frequencies of DN3b thymocytes upon irradiation (Figure 28), S-phase kinetics of this 

subset were also mostly unaffected. In addition, we found enhanced S-phase entry 

(green) for DN4 thymocytes in irradiated mice. Most strikingly, although frequencies of 

pre-selection DP thymocytes were constant, S-phase kinetics were strongly affected. 
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In light of this, we found more cells in S phase during both pulses (orange) as well as 

more cells that had entered or left S phase (green, blue). Additionally, statistical 

analyses are shown in the appendix (Figure 54). 

 

Figure 29: Endogenous thymic repair influences S-phase kinetics of WT thymocyte subsets.  
Flow cytometric analyses of in vivo dual pulse labeling of WT and irradiated WT mice. Graphs show 
frequencies of (a) EdU+BrdU+ cells (orange), (b) BrdU+ cells (green) and (c) EdU+ cells (blue) of 
thymocyte subpopulations of irradiated WT mice, n = 14-15. Additionally, data is presented as % of WT 

(bottom row), error bars indicate SE of ratios calculated as 𝑆𝐸 (
𝑥
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mice for WT and n = 14-15 mice for irradiated WT mice. 

 

To address whether S-phase duration of thymocyte subsets per se was affected upon 

irradiation, we performed DNA content analyses of EdU+BrdU+ cells at different time 

points (Figure 30). In addition, we quantified G1-phase re-entry of EdU+BrdU+ 

thymocytes (Figure 30b) and observed less re-entry for all thymocyte subsets upon 

irradiation pointing towards prolonged S-phase lengths. Indeed, our linear regression 

analyses verified this assumption. We revealed consistently longer S-phase duration 

for all subsets from irradiated WT thymi in a range of 0.06 to 1.20 hrs (Figure 30c). 

To sum this up, this model of endogenous thymic repair provided insight into 

intrathymic cell cycle regulation as an adjustable system to re-establish normal thymus 

cellularity.  
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Figure 30: Cell cycle dynamics during regeneration. 
Flow cytometric analyses of in vivo dual pulse labeling of WT and irradiated WT mice. (a) Representative 
flow cytometric histograms visualize the DNA content of different thymocyte subsets of WT and 
irradiated WT mice over time of EdU+BrdU+ (orange) cells. Each individual plot represents an overlay of 
the DNA content at 2, 4 and 6 hrs. (b) Quantification of G1-phase re-entry of EdU+BrdU+ WT (black dots) 
and irradiated WT (white dots) thymocyte subpopulations over time, n = 3-4 WT mice and n = 2-4 
irradiated WT mice for each time point. Analysis of significance between WT and irradiated WT mice 
was performed using unpaired t-test for the 6 hrs time point. (c) Statistical analysis of irradiated WT 
thymocyte subpopulations to assess S-phase time duration based on RM values of EdU+BrdU+ cells 
over time (orange dots). The orange line represents the resulting linear regression. The black line 
displays the corresponding linear regression of analyses in control WT mice. Numbers adjacent to linear 
regression show difference in S-phase time in hours between WT and irradiated WT mice, with n = 2-4 
WT mice and n = 2-4 irradiated WT mice for each point in time. Analysis of significance between WT 
and irradiated WT mice was performed using unpaired t-test for the latest time point. 
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4.2 miRNA-21: Dynamic expression, but enigmatic function 

4.2.1 Expression pattern of miR-21 during T-cell development 

Expression levels of miR-21 are highly dynamic in certain T-cell subsets (Figure 

6). In order to validate and further extend this current view, we sorted different 

thymocyte subsets of wildtype (WT) mice and determined relative expression of 

miR-21 (Figure 31). We started our analysis within the most immature detectable 

thymocyte population (ETPs, CD117hiCD25-CD44+) and found high miR-21 expression 

at this particular stage. Interestingly, at the DN2a (CD25+CD44+CD117hi) stage, we 

detected a decrease as compared to the ETP level, whereas the highest levels of 

miR-21 were found at the following DN2b (CD25+CD44+CD117lo) stage. As stated in 

the introduction, the DN2a and the DN2b stages differ in their expression of CD117. In 

addition, DN2a thymocytes still have alternative lineage fate options such as the ability 

to enter the B- or NK-cell lineage, whereas thymocytes at the DN2b stage have fully 

undergone T-lineage fate determination. Consistent with the previous data from (Kirigin 

et al., 2012), we showed that highest levels of miR-21 can be detected in DN 

thymocytes and lowest levels were observed in pre- and post-selection DP 

thymocytes. Furthermore, we demonstrated that miR-21 is again slightly upregulated 

in SP8 T cells.  

 

Figure 31: Dynamic expression of miR-21 during T-cell development. 
miR-21 expression determined via quantitative RT-PCR in different sorted thymic subsets from WT 
mice. Relative expression levels were normalized to snoRNA412. Each dot represents one mouse, n = 4 
mice. 

 

In summary, we validated previously published data and provided a more detailed 

analysis of miR-21 expression at key stages of T-cell development in the thymus. 
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The dynamic expression pattern of miR-21 in thymocyte subsets prompted us to 

hypothesize that this miRNA has a fundamental role in the thymus. 

4.2.2 Characterization of T-lineage progenitors in BM of miR-21-deficient mice 

To understand the role of miR-21 in the thymus, we adopted a commercially 

available miR-21 knockout mouse model (Jackson, B6;129S6-Mir21atm1Yoli/J). This 

mouse strain was generated by Yong Li (University of Louisville) using a targeting 

vector replacing the 93 bp precursor sequence (pre-miR-21) with a neomycin 

resistance cassette via homologous recombination. These miR-21 knockout mice are 

viable, fertile and no immune defects were observed as long as the mice were not fed 

a high-fat diet (Ma et al., 2011). Interestingly, an increase in apoptotic cells among 

keratinocytes, elevated expression of target proteins (including Spry1, Pten, and 

Pdcd4) as well as dampened Ras signaling of Ras effector pathways were observed. 

We validated the absence of miR-21 expression in total thymocytes of miR-21 

knockout mice via quantitative RT-PCR. 

 

With regard to the high expression levels of miR-21 in hematopoietic progenitors 

(Kirigin et al., 2012), we first investigated whether the frequencies of pre-thymic 

progenitors in the BM were influenced by the absence of miR-21. We observed similar 

frequencies of hematopoietic stem cells (HSCs, lin-Sca-1+CD117hiCD135-), multipotent 

progenitors (MPPs, lin-Sca-1+CD117hiCD135+), and common lymphoid progenitors 

(CLPs, lin-Sca-1-CD135+CD127int) in miR-21-/- mice as compared to WT mice (Figure 

32). 
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Figure 32: Development of BM-derived T-lineage progenitors is not affected by loss of miR-21. 
(a) Representative flow cytometric analysis of lineage-depleted BM from WT and miR-21-/- mice stained 
with antibodies against Sca-1, CD117 and CD135 to identify HSCs (lin-Sca-1+CD117hiCD135-) and 
MPPs (lin-Sca-1+CD117hiCD135+). (b) Representative flow cytometric analysis of lineage-depleted BM 
from WT and miR-21-/- mice stained with antibodies against CD135, CD127, Sca-1 and CD117 to identify 
CLPs (lin-Sca-1-CD135+CD127int). (a) and (b) Numbers adjacent to gates represent frequencies relative 
to parent gate. (c) Statistical analysis of flow cytometric results shown in (a) and (b). Each dot represents 
one mouse, n = 5 mice for each genotype. Data is represented as mean ± SEM. Statistical analyses 
were performed using unpaired t-test. 

 

In summary, despite its high expression in hematopoietic progenitors, miR-21 does not 

contribute to the generation of pre-thymic progenitors that will ultimately colonize the 

thymus. 

 

4.2.3 Early T-cell development is largely unaffected by loss of miR-21 

To understand the role of miR-21 in the thymus, we characterized miR-21-deficient 

mice phenotypically to assess the role of miR-21 in T-cell development at steady-state 

as a starting point. We found absolute total thymocyte numbers to be unaltered in the 

absence of miR-21 (Figure 33a). Given the high expression levels of miR-21 detected 

at the earliest stages of T-cell development, we subsequently focused on analyzing 

different DN subsets in thymi of miR-21-/- mice (Figure 33b and c). 
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Figure 33: Thymus cellularity and early thymocyte subsets are largely unchanged in 
miR-21-/- mice. 
(a) Total cellularity of thymi from WT and miR-21-/- mice, n = 6 mice for each genotype. (b) 
Representative flow cytometric analyses of thymocytes (lineage-depleted) from WT and miR-21-/- mice 

stained with antibodies against CD25 and CD44 to identify DN1 (CD25-CD44+), DN2 (CD25+CD44+) 

and DN3 (CD25+CD44-) thymocyte subsets. Numbers in quadrants represent frequencies. (c) Statistical 

analyses of flow cytometric results shown in (b), n = 5 mice for each genotype. Data is represented as 
mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

While frequencies of DN1 (CD25-CD44+) and DN3 (CD25+CD44-) thymocytes were 

unaffected by loss of miR-21, we observed a significant increase in the frequency of 

DN2 (CD25+CD44+) thymocytes in miR-21-/- mice (Figure 33c). However, the observed 

difference between miR-21-/- and WT was very slight and thus does not suggest an 

essential function of miR-21 for the earliest stages of T-cell development. 

 

4.2.4 miR-21 is redundant for late T-cell development 

Regarding the steep decline of miR-21 expression at the transition from DN3 cells 

to pre-selected DP cells and the modest re-expression in SP thymocytes (Figure 31), 

we next investigated whether miR-21 is critical for selection processes or the 

generation of mature SP cells. For this reason, we analyzed the frequencies of DP, 

SP4 and SP8 (Figure 34) in miR-21-sufficient and -deficient mice. 
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Figure 34: Minor alterations in late thymocyte subsets upon loss of miR-21. 
(a) Representative flow cytometric analysis of thymocytes from WT and miR-21-/- mice stained with 
antibodies against CD4 and CD8α. Numbers in quadrants represent frequencies. (b) Statistical analysis 
of flow cytometric results shown in (a), n = 5 mice for each genotype. Data is represented as 
mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

In the absence of miR-21 we detected a small, but significant decrease in the frequency 

of DP thymocytes accompanied by increased frequencies of SP T cells. In case of SP8 

T cells, these differences were again significant, but small. Thus, our data suggest that 

miR-21 might be critical for selection steps in the thymus. 

 

4.2.5 Absence of miR-21 does not affect negative selection 

To validate a potential role of miR-21 in the control of selection processes (Figure 

34), we characterized this key stage in T-cell development more precisely. For this, we 

first analyzed the frequencies of pre- and post-selected DP thymocytes based on the 

expression of CD69 and CD62L and found those to be unaffected by the absence of 

miR-21 (Figure 35a and b). To identify a potential involvement of miR-21 during 

selection steps, we first made use of surface expression of CD5 as a surrogate marker 

of TCR signal strength in DP, SP4 and SP8 thymocytes (Figure 35c). In this light, T 

cells are marked by high levels of CD5 surface expression when they have received 

strong TCR signals (Azzam et al., 1998).  
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Figure 35: miR-21 is mainly dispensable for T-cell selection processes. 
(a) Representative flow cytometric analyses of thymocytes from WT and miR-21-/- mice stained with 
antibodies against CD4, CD8α, CD62L and CD69. Numbers in left and right corners represent 
frequencies of pre- and post-selection DP thymocytes, respectively. (b) Statistical analysis of flow 
cytometric results shown in (a), n = 5 mice for each genotype. (c) Statistical analysis of mean 
fluorescence intensity of CD5 on DP, SP4 and SP8, n = 5 mice for each genotype. Data is represented 
as mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

Upon loss of miR-21, we found similar levels of CD5 on all DP thymocytes, 

whereas for both, SP4 and SP8 T cells we detected significantly reduced levels 

indicative of an altered TCR signaling process in miR-21-/- mice. To delve further into 

these analyses, we next performed Ca2+-flux experiments. For this, we stimulated 

thymocytes with anti-CD3 antibodies and measured the resulting calcium-response 

over time (Figure 36). To circumvent a potential misinterpretation of the data resulting 

from slight differences in handling or staining of the cells, we mixed equal amounts of 

WT (CD45.1) and miR-21-/- (CD45.2) thymocytes in the same tube. Due to their 

different congenic backgrounds, samples were distinguishable in the subsequent flow 

cytometric analyses.  
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Figure 36: miR-21-deficiency has no effect on Ca2+-flux upon stimulation with anti-CD3 
antibodies. 
(a) Representative flow cytometric analyses of Ca-ratio over time of DP, SP4 and SP8 thymocytes 
stimulated with anti-CD3 and ionomycin as a control (WT grey, miR-21-/- blue). (b) Statistical analysis of 
resulting Ca2+-response upon stimulation in DP, SP4 and SP8 thymocytes, n = 5 mice for each 
genotype. Data is represented as mean ± SEM. Statistical analyses were performed using unpaired 
t-test. 

 

We observed no significant differences in the ability of miR-21-/- DP, SP4 or SP8 

thymocytes to generate a Ca2+ signal upon TCR triggering, not supporting a role of 

miR-21 in modulation of TCR signal strength.  

 

To fully exclude a pivotal role of miR-21 in negative selection, we next moved on 

to adapt an in vivo TCR stimulation approach (Davalos-Misslitz et al., 2007). For this, 

miR-21-sufficient and deficient mice were injected with a single dose of anti-CD3 

antibodies (or PBS as control) to activate TCR signaling. After 48 hrs, frequencies of 

DP, SP4 and SP8 thymocytes as well as their levels of activated caspase-3 as indicator 

of apoptosis were analyzed. In general, caspase-3 is cleaved and thus activated upon 

initiation of apoptosis. Absolute total thymocyte numbers were not significantly altered 

within the anti-CD3 or PBS treated groups (Figure 37a). However, we found a small, 

but statistically significant decrease in the frequencies of DP thymocytes derived from 

anti-CD3-treated miR-21-/- mice (Figure 37b and d). This finding led us to the 

hypothesis that the absence of miR-21 renders DP thymocytes more prone to 

apoptosis in comparison to their WT counterparts (Medina et al., 2010). Yet, we could 

not detect any changes in the cleaved caspase-3 staining of DP thymocytes of WT or 
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miR-21-/- mice arguing against this hypothesis (Figure 37c and d). To further analyze 

whether a defect in proliferation of miR-21-/- thymocytes may account for the decreased 

frequencies of DP thymocytes detected in anti-CD3-treated mice, we included a single 

BrdU administration in this assay to monitor proliferation (Figure 37e). Again, we could 

not detect any significant differences within the treated groups excluding a role of 

miR-21 in the modulation of negative selection. 
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Figure 37: In vivo TCR stimulation identifies miR-21 as mostly redundant for negative selection. 
(a) Total cellularity of thymi from WT and miR-21-/- mice, 48 hours post injection with either PBS or 
anti-CD3 antibodies (α-CD3), n = 6 mice for each genotype. Pooled data of two independent 
experiments. (b) Representative flow cytometric analysis of thymocytes from WT and miR-21-/- mice, 
48 hrs post injection with either PBS or α-CD3, stained with antibodies against CD4 and CD8α. Numbers 
adjacent to gates represent frequencies. (c) Histograms display expression of cleaved caspase-3 
(Casp3) in DP thymocytes from WT and miR-21-/- mice, 48 hrs post injection with either PBS or α-CD3, 
n = 4-5 mice per group. Numbers adjacent to gates indicate frequencies. (d) Statistical analysis of flow 
cytometric results shown in (c). Data is represented as mean ± SEM. Analyses of significance were 
performed using one-way ANOVA followed by Tukey’s post hoc test (ns, not significant; *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001). 

 

4.2.6 Intrathymic development of γδ T cells and agonist-selected T cells are largely 

unperturbed in miR-21-/- mice. 

To extend our studies about the role of miR-21 in the thymus, we next investigated 

whether the development of γδ T cells as well as agonist-selected T cells is influenced 
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by miR-21. For the latter populations, we could show that miR-181 is fundamental in 

the development of iNKT, MAIT and Treg cells (Ziętara et al., 2013; Blume et al., 2016; 

Łyszkiewicz et al., 2019; Winter et al., 2019). For miR-21, an influence on Foxp3 

transcription factor levels as well as on frequencies of circulating Treg cells has been 

described (Rouas et al., 2009; Dong et al., 2014; Hackett and Sheedy, 2017). 

Additionally, miR-21 was found to be preferentially expressed in iNKT and Treg cells 

as compared to naïve T cells (Fedeli et al., 2009).  

In case of thymic γδ T cells, we saw no difference in frequencies when mice were 

deficient for miR-21 (Figure 38a). In thymi of miR-21-/- mice, we also analyzed 

frequencies of iNKT cells and found those to be largely unaffected (Figure 38b). This 

underlined our hypothesis that despite high expression levels in this subset, miR-21 is 

largely dispensable for the development of iNKT cells. For MAIT cells, we also 

observed no changes in frequency in the absence of miR-21 (unpublished 

observation). Consistent with the previous reports about miR-21 affecting Treg 

frequency, we detected a small, but statistically significant increase of Treg frequencies 

in thymi of miR-21-/- mice (Figure 38c). 
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Figure 38: Frequencies of γδ and agonist-selected T cells are not impaired upon loss of miR-21. 
(a-c) Representative flow cytometric and statistical analyses of thymocytes from WT and miR-21-/- mice 
stained with antibodies against CD4, CD8 and TCRγδ (a), CD1d-tet and anti-TCRβ (b) or antibodies 
against CD4, CD25 and Foxp3 (c). Numbers in right corners of plots represent frequencies, n = 5 mice 
for each genotype. Data is represented as mean ± SEM. Statistical analyses were performed using 
unpaired t-test. 

 

Based on the finding by (Fedeli et al., 2009) that in comparison to naïve T cells, miR-21 

expression levels are elevated in agonist-selected iNKT as well as in Treg cells, we 

also analyzed the frequencies of agonist-selected T cells in the periphery (Figure 39). 

For peripheral iNKT cells (Figure 39a), we found a slight reduction in their frequency 

upon loss of miR-21. Consistent with our findings in the thymus, we detected elevated 

frequencies of peripheral Treg cells in miR-21-/- mice (Figure 39b). 

Collectively, our data shows that despite small but significantly different results, 

miR-21 seems to be mostly redundant for the development of thymic γδ T cells as well 

as agonist-selected T cells in the thymus and periphery. 
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Figure 39: Frequencies of agonist-selected T cells in the periphery of miR-21-/- mice are slighlty 
impaired compared to WT mice. 
(a, b) Representative flow cytometric and statistical analysis of splenocytes from WT and miR-21-/- mice 
stained with CD1d-tet and antibodies against TCRβ (a) or stained with antibodies against CD4, CD25 
and Foxp3 (b). Numbers in right or left corners represent frequencies, n = 4-5 mice for each genotype. 
Data is represented as mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

4.2.7 Physiological peripheral lymphoid cell frequencies are largely unaffected by 

the absence of miR-21. 

In the next step, we tested whether miR-21 is of functional importance for 

peripheral lymphoid cell subsets. For this reason, we first determined frequencies of 

peripheral B as well as SP4 and SP8 T cells in spleen of miR-21-/- mice (Figure 40a 

and b). Consistent with our findings in thymi (Figure 34), we found similar levels of 

these subsets in spleens of miR-21-/- mice compared to WT controls. Additionally, we 

assessed the distribution of naïve, central memory and effector memory T-cell subsets 

in spleen (Figure 40c and d) and lymph nodes (LN) of miR-21-/- mice (Figure 40e and 

f). While these subsets were not affected by the absence of miR-21 in spleen, we 

observed significant differences in LN of miR-21-/- mice. In the absence of miR-21, we 

detected elevated frequencies of naïve T cells, whereas frequencies of central as well 

as effector memory T cells were reduced.  
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Figure 40: Analysis of peripheral lymphoid cell frequencies in the absence of miR-21. 
(a) Representative flow cytometric analysis and gating strategy of splenocytes from WT and 
miR-21-/- mice stained with antibodies against B220, TCRβ, CD4 and CD8α. Numbers in quadrants or 
adjacent to gates represent frequencies. (b) Statistical analysis of flow cytometric results shown in (a), 
n = 4-5 mice for each genotype. (c-f) Representative flow cytometric analysis (c, e) and statistical 
analyses of flow cytometric results (d, f) of splenocytes (c, d) or LN cells (e, f) from WT and miR-21-/- mice 
stained with antibodies against TCRβ, CD44 and CD62L to identify naïve (CD44-CD62L+), central 
memory (CM, CD44+CD62L+) and effector memory (EM, CD44+CD62L-) T-cell subsets. Numbers in or 
adjacent to gates represent frequency, n = 4-5 mice for each genotype. Data is represented as 
mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

4.2.8 Lineage fate decisions of miR-21-/- precursors show no alterations upon in 

vitro differentiation 

Regarding the fact that alternative lineage fate decisions can occour in the thymus 

until the DN2a/b transition, we next asked the question whether miR-21 is important 

for this critical stage in T-cell development. Interestingly, as depicted in Figure 31, we 

found higher levels of miR-21 in DN2b cells compared to DN2a cells, which led us to 

hypothesize that miR-21 is involved in promoting alternative lineage fate decisions. A 
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key transcription factor necessary for T-lineage commitment is Bcl11b (Li et al., 2010a). 

For this reason, we determined the relative abundance of Bcl11b in sorted DN2a or 

DN2b thymocytes of miR-21-sufficient and deficient mice (Figure 41). We detected 

similar expression levels of Bcl11b in DN2a thymocytes of WT compared to 

miR-21-/- mice, but elevated levels in DN2b thymocytes of miR-21-/- mice suggesting a 

role of miR-21 in the promotion of alternative lineage fate decisions.   

 

Figure 41: Elevated Bcl11b expression levels in DN2b, but not in DN2a thymocytes of 
miR-21-/- mice.  
Analysis of expression of Bcl11b in sorted DN2a and DN2b cells of WT or miR-21-/- mice by quantitative 
RT-PCR. Expression levels were normalized to Hprt. Each dot represents one mouse, n = 4 mice for 
each genotype. Data is represented as mean ± SEM. Statistical analyses were performed using 
unpaired t-test. 

 

To test this hypothesis, we monitored in vitro differentiation of sorted DN2a or DN2b 

thymocytes of miR-21-sufficient and -deficient mice using the well-established OP9 

coculture system (Schmitt and Zúñiga-Pflücker, 2002). In the first step, we used 

OP9-DL1 BM stromal cells expressing the Notch ligand Delta-like 1. The presence of 

this ligand leads to the induction of T-cell lineage commitment in early thymocytes or 

BM-derived progenitors (here: DN2a and DN2b thymocytes). Hence, this system 

allows to study T-cell differentiation over time in an in vitro coculture approach in the 

absence of a thymus. We assessed the frequencies of developing T, NK and B cells 

every third to fourth day and detected similar frequencies of DN2a and DN2b 

thymocytes derived from WT and miR-21-/- thymi (Figure 42).  
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Figure 42: T-, NK- and B-cell lineage fate decisions are not impaired by loss of miR-21. 
Sorted DN2a and DN2b cells were cultured on OP9-DL1 cells for up to 15 days. Generation of T, NK 
and B cells was determined by flow cytometry at indicated periods of time. Pooled data of two 
independent experiments. Each dot represents one mouse, n = 4-7 mice for each genotype. Data is 
represented as mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

In parallel to OP9-DL1 cocultures, we also performed this experiment using OP9-GFP 

cells. These cells lack the DL1 ligand thereby promoting alternative commitment such 

as NK- and B-cell fate. Again, we seeded sorted DN2a or DN2b thymocytes of 

miR-21-sufficient and -deficient mice onto OP9-GFP cells and monitored the 

development of T, NK and B cells over time (Figure 43).  
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Figure 43: Alternative lineage fate decisions are unaffected by the absence of miR-21. 
Sorted DN2a and DN2b cells were cultured on OP9-GFP cells for up to 15 days. Generation of T, NK 
and B cells was determined by flow cytometry at indicated periods of time. Bar graphs show pooled data 
from two independent experiments, n = 4-7 mice for each genotype. Data is represented as 
mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

Consistent with our results obtained from the OP9-DL1 cocultures, alternative lineage 

fate decisions were mostly unaltered in the absence of miR-21 thereby arguing against 

a role of miR-21 in promoting alternative lineage fate decisions. 

 

4.2.9 No cell-intrinsic defects in T-cell development in miR-21-deficient mice 

In order to fully exclude compensatory effects potentially covering cell-intrinsic 

defects in T-cell development at steady state (Krueger et al., 2010; Zlotoff et al., 2010; 

Germar et al., 2011; Weber et al., 2011; Regelin et al., 2015), we performed 

competitive BM chimera experiments. For this, we reconstituted lethally irradiated WT 

recipients with 1:1 mixtures of lineage-depleted BM donor cells from WT (CD45.1) and 

miR-21-/- (CD45.2) or WT (CD45.1) and WT control (CD45.2) mice and analyzed 

chimeric mice eight weeks after transfer (Figure 44). 
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Figure 44: Physiological T-cell development of miR-21-/- BM cells is not affected in a competitive 
chimera approach in vivo. 
(a) Representative flow cytometric analysis of competitive BM chimeras eight weeks after transfer, 
CD45.1: competitor population; CD45.2: test population (WT control or miR-21-/-). Thymocytes were 
stained with antibodies against CD45.1, CD45.2, CD4 and CD8α. Numbers adjacent to gates and in 
quadrants represent frequencies. (b) Comparative analysis of thymocyte subpopulations in CD45.2 test 
populations (WT control or miR-21-/-) of competitive chimeras, n = 9 mice per group. Data is represented 
as mean ± SEM. Statistical analyses were performed using unpaired t-test. 

 

Thymi of chimeric mice showed similar frequencies of WT control or 

miR-21-/--reconstituted CD45.2 cells (Figure 44a). Furthermore, we found similar 

frequencies of DP, SP4 and SP8 T cells in CD45.1- or CD45.2-derived cells (Figure 

44a). Detailed analysis of different T-cell subsets showed that miR-21-/-- and 

WT-derived BM were reconstituting irradiated recipients in a comparable manner as 

the respective WT control (Figure 44b). Collectively, we concluded that hematopoiesis 

does not depend on miR-21. 

 

4.2.10 miR-21 overexpression does not influence physiological T-cell development in 

BM chimeras 

After an in-depth characterization of the steady-state T-cell development in vivo 

and in vitro, the monitoring of alternative lineage development and competitive BM 

chimera experiments in the absence of miR-21, we next moved on addressing the 

question whether miR-21 overexpression does result in aberrant T-cell development. 

To achieve stable overexpression of miR-21, we transduced lineage-depleted BM cells 

with miR-21 encoding retrovirus (or an empty vector (EV) control), both encoding 

enhanced GFP as a reporter. Lethally irradiated WT recipients of a different congenic 

background served as recipients for reconstitution. After eight weeks, we analyzed 

thymi (Figure 45), BM, spleen and LNs (data not shown) for different T-cell subsets 
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and observed no detectable changes in either GFP- (untransduced) or GFP+ cells 

(transduced) of control or miR-21-overexpressing organs.   

 

Figure 45: Overexpression of miR-21 in BM chimeras shows no influence on steady-state T-cell 
development.  
(a) Representative flow cytometric analysis of miR-21 overexpression chimeras eight weeks after 
transfer. Thymocytes were stained with antibodies against CD4 and CD8α. Left panels display 
distribution of GFP- (untransduced) thymocytes in EV (empty vector) control or OE 
(miR-21-overexpression) chimeras. Right panels indicate GFP+ (transduced) thymocytes. Numbers in 
quadrants represent frequencies. (b) Statistical analysis of flow cytometric results of DN1, DN2, DN3, 
DP, pre- and post-selection DP, SP4 and SP8 populations from GFP- EV, GFP- OE, GFP+ EV, GFP+ 
OE thymocyte subsets indicated as frequencies, inter alia shown in (a), n = 2-5 mice. Data is 
represented as mean ± SEM. Analysis of significance was performed using one-way ANOVA followed 
by Tukey’s post hoc test. Inidicated significant results are representative of latter test (ns, not significant; 
*P<0.05; **P<0.01). 

 

Therefore, it is apparent that ectopic elevation of miR-21 levels does not impair 

intrathymic T-cell development.  

 

4.2.11 Endogenous T-cell regeneration is unaltered in miR-21-deficient mice 

Until now, most studies about miR-21 focused on the role of this miR and its 

involvement in pathological settings, mainly in tumor development (Hatley et al., 2010; 

Medina et al., 2010; Ma et al., 2011). We next addressed the question whether miR-21 
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is also important for stress responses. In order to test this, we applied an experiment 

to induce stress and studied subsequent endogenous thymic repair in vivo using 

sublethal total body irradiation (Kadish and Basch, 1975; Huiskamp and van Ewijk, 

1985; Tomooka et al., 1987; Penit and Ezine, 1989; Dudakov et al., 2012). After 

irradiation, WT and miR-21-/- mice were monitored for their thymic recovery for up to 

14 days by determination of DN (Figure 46a) and DP frequencies (Figure 46b) every 

third to fourth day. Non-irradiated mice as well as irradiated mice that were immediately 

sacrificed after irradiation served as controls. In both WT and miR-21-/- mice, we were 

able to detect profound changes in frequencies of DN subsets as well as of DP, SP4 

and SP8 within 14 days indicating ongoing endogenous thymic repair.  

However, these changes were independent of miR-21 emphasizing a completely 

expendable role of miR-21 in this stress response.  
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Figure 46: Endogenous T-cell regeneration in miR-21-/- mice is not impaired. 
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(a) Representative flow cytometric analysis of thymocytes from WT and miR-21-/- mice stained with 
antibodies against CD25 and CD44. Numbers in right bottom quadrants represent frequencies of DN3 
thymocytes. Regeneration of DN thymocytes was assessed at indicated periods of time in non-irradiated 
mice or post sublethal irradiation. Pooled data of two independent experiments. (b) Representative flow 
cytometric analysis of thymocytes from WT and miR-21-/- mice stained with antibodies against CD4 and 
CD8α. Numbers adjacent to right gate represent frequencies of DP thymocytes. Regeneration of DP, 
SP4 and SP8 thymocytes was determined at indicated periods of time in non-irradiated mice or post 
sublethal irradiation. Pooled data of two independent experiments. (c) Statistical analysis of flow 
cytometric results shown in (a) and (b). Each dot represents one mouse, n = 4-5 for each genotype. 
Data is represented as mean ± SEM. Statistical analyses were performed using unpaired Mann-Whitney 
test. 

 

4.2.12 Ex vivo viability of thymocytes is not affected by loss of miR-21 

Previous studies have attributed miR-21 to play a key role in apoptosis by 

suppressing cell death (Li et al., 2009; Buscaglia and Li, 2011; Ruan et al., 2014; Song 

et al., 2017). In order to test, whether this is the case for thymocytes as well, we 

performed an apoptosis detection assay based on the analysis of propidium iodide (PI) 

and Annexin V (AxV) and assessed whether the absence of miR-21 is influencing the 

viability of SP thymocytes ex vivo (Figure 47). We determined the frequencies of 

early/mid apoptotic (defined as PI-AxV+) and late apoptotic cells (defined as PI+AxV+) 

in SP4 and SP8 T cells for up to 48 hrs in culture and found those to be largely 

unchanged in the absence of miR-21. Conversly, we detected a statistically significant 

but small decrease in the frequency of late apoptotic cells among SP8 cells at 48 hrs 

(Figure 47b).  

Collectively, we concluded that miR-21 does not affect apoptosis levels of SP 

thymocytes ex vivo. 
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Figure 47: Frequencies of apoptotic SP T cells of miR-21-/- mice are similar to WT littermates. 
(a) Representative flow cytometric analysis of thymocytes from WT and miR21-/- mice stained with 
antibodies against CD4, CD8α as well as propidium iodide (PI) and Annexin V (AxV). Numbers adjacent 
to gates represent frequencies of early/mid (defined as PI-AxV+) and late apoptotic cells (defined as 
PI+AxV+). Frequencies were determined at indicated days. (b) Statistical analysis of flow cytometric 
results shown in (a). Each dot represents one mouse, n = 5 mice for each genotype. Data is represented 
as mean ± SEM. Statistical analyses were performed using unpaired t-test (*P<0.05). 
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5 Discussion 

5.1 High-resolution quantification of cell cycle dynamics during T-cell 

development 

The development of T cells is a highly dynamic and stepwise process in which a 

few hundred bone-marrow derived progenitor cells colonize the thymus and undergo 

T-lineage commitment, TCR gene rearrangement and selection. Ultimately, millions of 

functional single-positive naïve T cells emigrate into the periphery. These defined steps 

of differentiation events are interspersed by proliferative bursts. Recent studies 

revealed the underlying transcriptional network of early T-cell development (Hosokawa 

and Rothenberg, 2021; Olariu et al., 2021; Rothenberg, 2021; Zhou et al., 2021), but 

a quantitative picture of T-cell development remains obscure. To fully understand T-cell 

population dynamics on the cell cycle level, we established a high-resolution map of 

cell cycle kinetics that aims to understand alterations or dysregulation of the T-cell 

developmental program. In this thesis, we employed in vivo single- and 

dual-nucleoside pulse labeling combined with determination of DNA replication over 

time in different WT thymocyte subsets at steady-state. Based on this, we assessed 

alterations in cell cycle kinetics of two representative mouse models with defects in the 

earliest thymocyte populations (DN1 and DN2) that are almost completely recovered 

at later stages (Krueger et al., 2010; Regelin et al., 2015). In addition, scRNA-seq 

helped to obtain information on cell cycle dynamics of early thymocyte subsets. Lastly, 

we provided cell cycle analyses in a model of endogenous thymic repair upon sublethal 

total body irradiation.  

 

5.1.1 Quiescent T cells 

Based on the definition that quiescent cells lack Ki-67 expression, determination 

of Ki-67 levels represents a useful tool to identify cell popualtions in the G0 phase 

(Schwarting et al., 1986; Vignon et al., 2013). Our results obtained from in vivo BrdU 

single-pulse labeling in conjunction with analyses of DNA content and Ki-67 expression 

levels indicate that quiescence of early T-cell developmental stages is mostly affecting 

DN1, DN3a and DN4 cells (Figure 10). DN1 thymocytes, that have an estimated 

lifetime of 9-12 days (Porritt et al., 2003), were shown to divide only ten times during 

their transition (Petrie and Zúñiga-Pflücker, 2007). Taking this into account, DN1 

thymocytes have either a cell cycle duration of ~24 hrs or some cells are stored in a 
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quiescent state. A computational modeling approach of early T-cell development using 

data from in vitro differentiation cultures predicted that DN1 cells undergo a certain 

number of divisions before transition into DN2 stage, suggesting that cell division 

number and developmental progression are coupled (Manesso et al., 2013). These 

data indicate that there is a strong kinetic component to the transition from 

uncommitted TSPs to T-lineage committed thymocytes. Regarding this, quiescence in 

DN1 thymocytes might predominantly affect either the one stage or the other to ensure 

a proper reactivation upon demand. Another hypothesis is that quiescence during this 

early developmental stage is dependent on niche occupancy of thymocytes. A study 

by our group showed that in the absence of CCR7/9, niches are mostly devoid of 

ETPs/DN1 cells (Ziętara et al., 2015). Analyzing the remaining DN1 cells in CCR7/9 

DKO mice revealed a drastic decrease in the frequencies of quiescent cells (Figure 

18), supporting a dependence on niche occupancy. Transplantation experiments of 

WT TSPs into DKO mice might shed light on the interplay or feedback mechanism of 

niche occupancy and quiescence. Indeed, DKO thymi are highly receptive for WT 

TSPs (Ziętara et al., 2015).  

For WT DN3a and DN4 thymocytes, we found similar levels of quiescent cell 

frequencies. Due to ongoing V(D)J recombination, the resting nature of pre-β-selection 

DN3a thymocytes might be required to support genomic stability during this 

developmental step (Visan et al., 2010). In line with that, post-β-selection DN3b 

thymocytes exhibit lowest frequencies of quiescent cells among all thymocyte subsets 

(Figure 10). Conversely, WT DN4 thymocyte subsets had similar frequencies of 

quiescent cells as compared to DN3a thymocytes (Figure 10). However, we assume 

the DN4/pre-DP stage to comprise a various mixture of cells ranging from ‘freshly’ 

TCRβ-chain rearranged cells, which might account for the high frequencies of 

quiescent cells, up to ‘older’ highly proliferating cells ensuring the generation of multiple 

DP thymocytes. In addition, DN4 cells are defined as negative for markers classically 

used for isolation (CD4, CD8, CD25, CD44). Therefore, this population is prone to 

potential low-level contamination by non-thymocyte cells. Interestingly, WT 

steady-state analysis of later stages of T-cell development such as post-selection DP 

and SP cells showed higher levels of quiescence pointing out that early T-cell 

development is more dynamically active in terms of cycling and only particular 

developmental steps are affected by quiescence. Moreover, in comparison to early 

T-cell development, where most proliferative events occur, later stages of T-cell 
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development ensure the establishment of a functional pool of T cells suggesting that 

quiescence is acquired on the path of maturation. Quiescence in its historic definition 

refers to an inactive, non-cycling state, in which cells are incapable to re-enter the cell 

cycle (Howard and Pelc, 1986; Hartwell and Weinert, 1989). Why do we then find 

quiescent cells during T-cell development, which constitutes a continual process with 

an essentially linear differentiation trajectory? Current studies suggest that the G0 

phase should be rather interpreted as an actively regulated state enabling prolonged 

survival and an adaptive cell response on demand to maintain tissue homeostasis 

(Eddaoudi et al., 2018). Moreover, distinct types and depths of quiescence were 

described recently (Fujimaki et al., 2019). Previous studies on cell cycle kinetics could 

not provide any reliable information about the existence of quiescence in different 

developing thymocyte subpopulations (Baron and Pénit, 1990). In regard to the 

dynamic nature of Ki-67 expression during cell cycle (Vignon et al., 2013; Miller et al., 

2018), we also tried to establish further protocols to validate our results. To this end, 

Pyronin Y staining which is based on flow cytometric analyses by measurement of 

cellular DNA and RNA content (Kim and Sederstrom, 2015; Eddaoudi et al., 2018) 

provided no reliable information (data not shown). A current study of our lab 

investigates cell cycle dynamics in thymi of fluorescent ubiquitination-based cell cycle 

indicator (FUCCI) mice (Tomura et al., 2013). The underlying principle is the usage of 

ubiquitin oscillators that control cell cycle transition. Those mice exhibit a probe 

expressing both tagged Geminin (labeling S/G2/M phases) and tagged hCdt1 (human 

Chromatin licensing and DNA replication factor 1, labeling G0/G1). Indeed, first 

experiments could validate our findings for DN1 and DN3a thymocytes to be partly 

found in the G0 phase. However, further investigations will foster our understanding 

about quiescent developing thymocytes.  

 

5.1.2 Power and limitations of steady-state cell cycle analysis 

Based on our in vivo single- and dual-pulse labeling experiments (Figure 10 and 

Figure 13), we were able to generate a high-resolution map of cell cycle phase 

contributions. Theoretically, our single-pulse labeling experiments should be mirrored 

by the fraction of EdU+BrdU+ cells (Figure 13a) due to the nature of this fraction 

representing the frequency of cells within a population that have been in S phase 

during both pulses, thus precluding any conclusions with regard to the cell’s position 

within S phase during labeling. 
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This was not fully achieved for DN4 and post-selection DP thymocytes indicating 

that a certain level of heterogeneity cannot be excluded. Taken together, steady-state 

analysis confirmed previously established periodic changes between non-cycling 

phases of T-cell development, corresponding mostly to populations undergoing 

somatic TCR rearrangements and maturing SP thymocytes (MacDonald et al., 1988; 

Penit et al., 1988; Penit and Vasseur, 1988; Scollay et al., 1988; Baron and Pénit, 

1990; Penit, 1990; Lucas et al., 1993, 1994, 1995; Pénit et al., 1995; Pénit and 

Vasseur, 1997; Vasseur et al., 2001). Especially for DN3a and DN3b WT thymocytes, 

we detected profound differences indicating that V(D)J rearrangement at the DN3a 

stage does not occur during DNA synthesis. This is consistent with a previous study 

showing that RAG-2 protein accumulates in cells in the G0/G1 phases of the cell cycle, 

and is degraded at the G1-S transition (Li et al., 1996; Lee and Desiderio, 1999). Some 

of these earlier studies focused on synchronization by eliminating cycling cells with an 

anti-mitotic agent which might have had deleterious effects on resting cells and thymus 

environment potentially skewing cell cycle kinetics. Additionally, previous studies 

started their analysis one day after i.p. BrdU injection, which might have contributed to 

increased heterogeneity (Pénit et al., 1995). Moreover, the lack of multi-color flow 

cytometry limited the power of the previous studies. Other studies were performed at 

1 hr intervals post injection and addressed the duration of cell cycle phases of total 

thymocytes but do not provide information about thymocyte subpopulations (Baron and 

Pénit, 1990).  

 

5.1.3 Dynamic analysis at cell cycle stage resolution 

Dual nucleoside labeling enabled us to generate a high-resolution map of cell cycle 

entry and exit for different thymocyte subsets. Assuming that all cells cycle equally, the 

frequencies of BrdU+ or EdU+ cells can be used as a first benchmark to calculate cell 

cycle duration. Bioavailability of nucleoside analogues in rodents has been estimated 

to be in the range of 30-45 min (Hagan, 1984; Matiašová et al., 2014). Hence, the 

fraction of BrdU+EdU- cells has entered S phase 30-45 min after the EdU pulse, but no 

later than 30-45 min after the BrdU pulse, defining a window of S-phase entry of 

approximately 1 hour. 

A possible limitation for this calculation is given by the fact of DNA replication 

speed being different among early and late S-phase cells (Li et al., 2014). However, 

based on this, rates of S-phase entry indicated that DN2 (4.8% BrdU+), DN3b (7.01% 
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BrdU+) and DN4 (5.91% BrdU+) thymocytes go through cell cycle more than once a 

day with approximately 1.5 to 3.4 divisions per day (calculated based on mean entry 

per hour by frequency of BrdU+, daily rate and labeling time).  

Whereas the overall pattern of EdU+ and BrdU+ frequencies mirrored the 

frequencies of EdU+BrdU+ cells, we detected exceptions for DN1, post-selection DP 

and SP4 thymocytes. For DN1 and SP4 thymocytes, due to the low cell numbers of 

incorporated cells, definitive conclusions for possible underlying mechanisms are 

difficult to draw. However, one may speculate that in the case of SP4 cells, EdU+ cells 

represent the final cycle before cells enter final maturation and the frequency of 

quiescent cells increases. Indeed, for SP4 thymocytes, frequencies of quiescent cells 

were high in comparison to other thymocyte subsets (Figure 10). Moreover, as 

mentioned before in this discussion, among early developmental stages, DN1 

thymocytes also had high frequencies of quiescent cells.  

Interestingly, for post-selection DP thymocytes, calculating ratios between 

S-phase cells (EdU+BrdU+) and S-phase entry (BrdU+) or exit (EdU+) provides an initial 

estimate of the relative S-phase length (Figure 13e, f). High ratios imply that the 

duration of S phase is large compared to overall cycle. Low ratios indicate that other 

cell cycle phases, presumably G1, are comparatively longer. This suggests that 

post-selection DP thymocytes among all thymocyte subsets exhibit a prolonged 

S phase in line with minute entry and exit of cells into the S phase. Additionally, this 

finding points out that post-selection DP cells might stall or arrest in S phase. Indeed, 

our finding is consistent with a study that showed the existence of cycling cells that 

probably transit into a resting state upon selection (Penit, 1990). Additionally, 

post-selection DP thymocytes exhibit highest frequencies of quiescent cells, further 

supporting the assumption that quiescence is acquired on the path of maturation.  

 

5.1.4 Quantification of cell cycle lengths 

In addition to information about cell cycle dynamics obtained from steady-state 

single- and dual-pulse nucleoside labeling, combination of dual-pulse labeling with 

analysis of temporally resolved DNA replication provided accurate information on 

re-entry in G1 and S phase (Figure 15) as well as the duration of G1 and S phase 

(Figure 16, Figure 22). Direct analysis of DNA synthesis over time revealed short 

S phases of approximately 6.5 hrs for DN3b and DN4 cells. These findings are 

consistent with extremely rapid turnover of these populations (Shortman et al., 1990; 
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Pénit et al., 1995). Based on our aforementioned calculations in this section, DN2 cells 

were considered cells with more than one division per day, comparable to DN3b and 

DN4 cells. On the other hand, a longer S-phase duration of 8-9.5 hrs was observed for 

DN2, DN3a and pre-selection DP thymocytes (Figure 16). Thus, these data suggest 

that S-phase shortening below a certain limit is a feature restricted to extremely fast 

proliferating DN3b and DN4 cells. Curiously, post-selection DP cells contained more 

DNA already at early time points of analysis and cells remained in S-phase 

considerably longer than other populations (>11 hrs) (Figure 16). This finding is 

consistent with our aforementioned explanations in this discussion. The underlying 

mechanism of this peculiarity remains unknown but led us to conclude that 

post-selection DP thymocytes undergo S-phase stalling probably as consequence of 

massive death due to selection at this particular stage.  

Note that, based on earlier studies, we employed a linear regression model to 

determine S-phase duration (Begg et al., 1985; Baron and Pénit, 1990). However, in 

all data sets a sigmoidal fit corresponding to a slow start in DNA replication and a 

deceleration prior to completion of S phase might be more accurate (Li et al., 2014). 

However, as calculation of S-phase duration is based on the slope, linear regression 

provides a sufficiently good estimate for S-phase length. 

We have employed three complimentary apoproaches for cell cycle analysis in 

vivo: a) Single-pulse labeling reveals a static snapshot of cell cycle phase distribution, 

but precludes conclusions regarding dynamic changes. b) Dual-pulse labeling reveals 

rates of cell cycle entry in a given population and allows to estimate cell cycle length, 

but only under the assumption that the population of interest is homogeneously cycling. 

c) Dual-pulse labeling in combination with DNA labeling directly reveals DNA 

replication speed as well as re-entry into S phase after G1. Thus, it provides the most 

in-depth information, but remains limited to a population actively cycling during 

administration of the initial pulses. Interestingly, dual-pulse labeling followed by DNA 

content analysis revealed a certain degree of heterogeneity of some populations in our 

analyses (Figure 14 and Figure 17) indicating that cell cycle kinetics are much more 

dynamic than previously described. Therefore, we have to consider that despite being 

phenotypically discriminated by defined markers (e.g., DN4 and pre-selection DP 

thymocytes), the developmental program at those transition stages results in 

heterogeneity of a cell’s individual cell cycle behavior. In a recent experiment, we also 

tried to extend our dual-pulse labeling analyses for a 16 and 20 hrs timepoint (data not 
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shown). This experiment revealed a high level of heterogeneity further underlining our 

observations. In the future, the aforementioned FUCCI mice (Tomura et al., 2013) in 

addition with a biomathematical model (Robert et al., 2021) might help us to study this 

finding in more detail. 

 

5.1.5 Cell cycle in models of perturbations of homeostasis 

We addressed how paucity in the earliest thymocyte populations (DN1 and DN2) 

recovers towards the DN3 stage in two representative mouse models, CCR7/9 DKO 

as well as miR-17~92-deficient mice. Consistent with earlier findings, the frequency of 

cells in S phase was most evidently elevated in DN3a DKO cells in both single- as well 

as dual-pulse data (Figure 18 and Figure 19) (Krueger et al., 2010). However, we 

detected subtle alterations in cell cycle phase composition of DN3a thymocytes but 

also in other thymocyte populations. This led us to conclude that it is the DN3a 

population, in which the most prominent acceleration in cell cycle speed occurs. The 

dual-pulse approach in conjunction with analysis of DNA replication revealed 

consistently shorter S-phase duration for all DN subsets from DKO thymi in a range of 

0.73 to 1.16 hrs (Figure 21), most prominently for DN3a thymocytes. We conclude from 

our analysis that DN3a cells display the largest alteration in overall cell cycle length, 

which at least partially explains recovery of later DN thymocyte subsets when thymus 

colonization is impaired. Taken together, we provided insight into a specific stage of 

the cell cycle associated with increased thymocyte turnover to compensate 

homeostatic pressure in terms of composition of early thymocyte populations. 

miR-17~92-deficient mice are comparable with DKO mice, although the observed 

phenotype is more likely due to a partial defect in cytokine signaling rather than 

migration (Regelin et al., 2015). Our preliminary results indicate a different cell cycle 

adjustment than observed for CCR7/9 DKO mice. The absence of miR-17~92 results 

in S-phase alterations on the level of DN3b and DN4 thymocytes. A possible 

explanation for the non-responsiveness of the DN3a compartment in 

miR-17~92-deficient mice might be a functional defect of those cells. Indeed, at least 

post-β-selection proliferation of DN3 cells is dependent on c-Myc and cyclin D3 

(Sicinska et al., 2003; Kozar et al., 2004; Dose et al., 2006). However, β-selection is 

not affected in thymi of miR-17~92-deficient mice (Regelin et al., 2015).  

Another example of thymus recovery was given by a model for thymus size 

restoration after pre-conditioning. The dynamics of thymocyte reconstitution during this 
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process have been mapped and molecular feedback mechanisms between cell types 

have been proposed (Penit and Vasseur, 1988; Penit and Ezine, 1989; Dudakov et al., 

2012; Wertheimer et al., 2018; Kaneko et al., 2019). DP thymocytes form the 

predominant population affected by irradiation and recently, it has been suggested that 

their level of apoptosis signals feedback regulation of thymus regeneration in an 

IL-22-dependent manner (Chidgey et al., 2007; Dudakov et al., 2012; Kinsella and 

Dudakov, 2020; Kinsella et al., 2021). Accordingly, affected cell populations as well as 

underlying mechanisms are different in this model of restoration of tissue homeostasis. 

In this thesis, we could provide new insights how pre-conditioning affects cell cycle 

dynamics on various levels such as S-phase kinetics (Figure 29) as well as by 

elongation of S-phase speed (Figure 30). Up to now, high-resolution cell cycle kinetics 

in a model of thymic repair were never performed. In difference to the genetic 

perturbations, where most effects were attributed to the DN3a (CCR7/9 DKO) or 

DN3b/DN4 stage (miR-17~92∆/∆), upon endogenous repair, DN3a cells were altered in 

terms of elevated frequencies, higher levels of S-phase entry (Figure 29) and 

prolonged S-phase duration (Figure 30). In addition, DN3b stage thymocytes were 

largely unaffected, whereas frequencies of DN4 thymocytes upon irradiation were 

reduced. Indeed, consistent with DN3a cells, we found a prolonged S-phase duration 

of DN4 cells (Figure 29 and Figure 30). 

 

To conclude, our results illustrate the remarkable ability of the thymus to maintain 

tissue homeostasis despite developmental defects or disruptions. In order to better 

understand population dynamics during T-cell development at steady-state, in 

CCR7/9- and miR-17~92-deficient mice as well as during regeneration, we established 

a quantitative high-resolution map of cell cycle dynamics. To this end, we employed 

dual-nucleoside pulse labeling combined with determination of DNA replication over 

time. In addition, we used scRNA-seq to obtain information on cell cycle dynamics of 

rare thymocyte subsets. As indicated above, we currently establish a population-based 

biomathematical model based on the presented data in order to fully explain cell cycle 

dynamics during T-cell development. The underlying idea is to bridge the gap of 

knowledge between experimentally verified statements and predictions. Ultimately, 

this will help to explain multiple different aspects of T-cell development from a cell 

cycle’s perspective.  
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5.2 miR-21: Dynamically expressed in the thymus but largely redundant for 

intrathymic T-cell development 

miRNAs have emerged as key posttranscriptional regulators of the immune 

system. In light of this, several miRNAs were described as functionally important for 

T-cell development (Li et al., 2007; Ebert et al., 2009; Ziętara et al., 2013; Regelin et 

al., 2015; Schaffert et al., 2015; Mildner et al., 2017). Given the dynamic expression of 

miR-21 during T-cell development (Figure 31) (Neilson et al., 2007; Kuchen et al., 

2010; Kirigin et al., 2012), we hypothesized that miR-21 has a regulatory function in 

the thymus. A commercially available miR-21 knockout mouse model allowed us to 

determine the role of this miRNA for the development of T cells in the thymus and the 

maintenance of T cells in the periphery. We complemented our steady-state 

experiments by competitive bone marrow chimera experiments in the context of 

miR-21 deficiency and overexpression. In addition, we investigated the function of 

miR-21 in negative selection in vivo as well as in T-cell differentiation in coculture 

experiments in vitro. Furthermore, we assessed a potential role of miR-21 in a model 

of endogenous regeneration of the thymus after sublethal irradiation to identify 

implications of miR-21 to regulate cellular stress responses. 

Despite being prominently expressed in thymocytes, the role of miR-21 remains 

elusive. We showed that miR-21 is largely dispensable for intrathymic T-cell 

development (Kunze-Schumacher et al., 2018) except for some statistically significant 

differences in frequencies of DN2 as well as Treg cells in miR-21-deficient mice. Given 

the abrupt decrease in thymic expression levels of miR-21 towards the DP stage prior 

to re-expression in SP T cells, we further hypothesized a potential role of miR-21 during 

selection. Indeed, we observed reduced expression levels of CD5 (Figure 35b), a 

surrogate marker for TCR signal strength (Azzam et al., 1998). To our surprise, 

functional assays such as anti-CD3-mediated induction of negative selection could not 

support this hypothesis (Figure 37).  

A recent study supports our findings and defines the role of miR-21 in acting as a 

critical rheostat facilitating the T- and iNKT-cell response towards low-affinity antigens 

(Fedeli et al., 2021). Especially for iNKT cells, miR-21 is the most highly upregulated 

miRNA compared to conventional T cells (Fedeli et al., 2009). Surprisingly, absence of 

miR-21 does not result in altered frequencies of iNKT cells as shown by us and others 

(Kunze-Schumacher et al., 2018; Fedeli et al., 2021) (Figure 38). In the recent study 

by Fedeli et al. (2021), miR-21 was identified to sustain CD28-dependent costimulation 
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pathways and KO mice showed enhanced resistance towards experimental 

autoimmune encephalomyelitis. These experiments support our findings of miR-21 

rather acting in fine-tuning T-cell responses than controlling a particular step of T-cell 

development. Indeed, miR-21 has previously been described as negative regulator of 

T-cell activation, survival factor for memory cells as well as downstream effector of 

PD-1 signaling (Iliopoulos et al., 2011; Smigielska-Czepiel et al., 2013; Carissimi et al., 

2014; Wang et al., 2014). 

Interestingly, miR-21 transcription is regulated by two promoters: Whereas one is 

found within its host gene Vmp1, another one is located in an intron of Vmp1 (Ozsolak 

et al., 2008; Ribas et al., 2012; Wang et al., 2020). A recent study discovered that 

expression of miR-21 found in immune cells is most likely attributed to the proximal 

intronic promoter (Rose et al., 2021). Ozsolak et al. proposed a model that suggested 

the use of proximal promoters to be an orientational consequence of evolution 

(Ozsolak et al., 2008). In line with this model, miRNAs from longer host transcripts are 

sustained by closer promoters to ensure high miRNA levels. But what is the 

consequence of high miR-21 expression? In pathological conditions, miR-21 is 

well-characterized as genuine oncogene due to its overexpression in many tumor 

types including neuroblastoma, glioblastoma, colorectal, lung, breast, pancreas, 

leukemia and lymphoma (Chan et al., 2005; Iorio et al., 2005; Si et al., 2007; Schetter 

et al., 2008; Hatley et al., 2010; Ma et al., 2011). In line with this, miR-21 is the only 

miRNA upregulated in six different tumor types among 540 human samples (Volinia et 

al., 2006). In mice, overexpression of miR-21 induces the formation of a pre-B-cell 

lymphoma (Medina et al., 2010). Their findings show complete tumor regression after 

miR-21 inactivation pointing towards miR-21 being a potential target to treat human 

cancers by pharmacological inhibition. This effect is most likely attributed to miR-21 

playing a key role in apoptosis by suppressing cell death (Li et al., 2009; Buscaglia and 

Li, 2011; Ruan et al., 2014; Song et al., 2017). On the other hand, miR-21 

overexpression promoted tumor formation in a non-small-cell lung cancer model 

(Hatley et al., 2010). Interestingly, this study observed decreased expression of 

caspase-3 in lung tumors upon overexpression of miR-21 and verified targeting of 

genes by miR-21 that are involved in apoptosis. In our studies, we detected no 

difference in levels of cleaved caspase-3 for DP thymocytes in miR-21-sufficient 

and -deficient mice pointing towards no alterations in apoptosis levels (Figure 37c and 

d). Conversely, our results evinced a small but statistically significant decrease in the 
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frequency of late apoptotic cells among SP8 cells upon ex vivo culture of thymocytes 

(Figure 47). Whether this holds true for DN thymocyte stages was not investigated. 

However, this outcome suggests that thymic miR-21 does not support cell proliferation 

in physiological settings. In addition, miR-21 is a potential disease target in the 

cardiovascular system regulating the ERK-MAP kinase signaling pathway in cardiac 

fibroblasts (Thum et al., 2008). Treatment of mice with miR-21 antagonists rescues 

mice with diabetic nephropathy (Kölling et al., 2017) and reduces the clinical severity 

of autoimmune encephalomyelitis, a mouse model of multiple sclerosis (Murugaiyan et 

al., 2015). Assuming an exclusive role in pathological conditions why is miR-21 

prominently expressed in thymocytes? To delve further into this, we investigated the 

potential role of miR-21 in a model of endogenous thymic regeneration to mimic 

restoration of immune competence after stress or pre-conditioning for hematopoietic 

stem cell transplantation (Gruver and Sempowski, 2008). Again, we detected no 

significant differences in frequencies of DN and DP thymocytes between WT and 

miR-21-deficient mice indicating that miR-21 is largely dispensable for thymic 

regeneration (Figure 46). In line with this, a study assessed a potential role of miR-21 

in a model of pathological cardiac remodeling as response of the heart towards stress 

(Patrick et al., 2010). In line with our observations, in the absence of miR-21, cardiac 

remodeling is not influenced.  

In search of an explanation for the apparent discrepancy between dynamic 

expression but lack of a regulatory function in the thymus, we raise the question 

whether mechanisms exist that compensate for the absence of miR-21 in our KO 

mouse model. In line with this, small RNA-seq experiments might shed light on 

alterations in miRNA networks and could reveal new insights about miRNA 

composition. We also speculated about cell-context-dependent miRNA binding and 

function for miR-21 as it was found for miR-155 (Hsin et al., 2018). For miR-155, target 

genes were differently repressed in dendritic cells, macrophages, B and T cells 

pointing towards cell-type-specific regulation by this miRNA. Interestingly, alternative 

cleavage and polyadenylation did not affect miR-155’s binding capacity. Especially, 

shortening of 3′ UTRs through alternative polyadenylation was found to result in the 

absence of miRNA-binding sites and target de-repression during immune cell 

activation (Sandberg et al., 2008), but this was not observed for miR-155. A previous 

study also suggested adenosine methylation on mRNAs to impact miRNA function (Ke 

et al., 2015). Additionally, altered precursor processing influenced the targets 
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repressed by a miRNA (Kirigin et al., 2012). For miR-21, the study by Kirigin et al. 

observed an enormous impact of altered seed sequence on predicted targets. Whether 

these are possible explanations for miR-21-mediated gene regulation needs to be 

further investigated. Up to now, comparative target analyses about miR-21 are missing 

to address these questions.  

Consistent with the assumption of a cell-context-dependent mode of action for 

miR-21, it has been published that miR-21-mediated repression of its targets failed in 

healthy mouse liver cells while being functional in a tumor cell line. Whereas miR-21 

in healthy tissue is selectively absent from mRNAs associated with multiple ribosomes, 

miR-21’s ability to repress its targets in cancer cells is greatly enhanced due to 

association with polysomes (Androsavich et al., 2012). Interestingly, in healthy liver 

cells from miR-21-deficient mice or upon pharmacological inhibition of miR-21, 

absence of target repression was not due to different regulation of canonical 

seed-matched mRNAs. In line with our speculations about thymic miR-21, activity of 

miR-21 in the liver appears to be largely restricted to pathological settings such as 

cancer. Furthermore, miR-21 seems to act in a threshold-like manner ranging from a 

weak silencer in healthy tissue to a broad repressor with enhanced RNA silencing 

activity upon overexpression in cancer. Whether thymic miR-21 lacks association with 

polysomes has to be further elucidated.  

A possible explanation for differential ribosomal occupancy and the absence of a 

clear phenotype for miR-21 in the thymus is given by two recent studies that both 

consider association of a particular miRNA with either low or high molecular weight 

RNA-induced silencing complexes (RISCs) thereby exerting different regulatory 

function (La Rocca et al., 2015; Toivakka et al., 2020). Low molecular weight RISCs 

refer to miRNAs bound to Argonaute proteins in the absence of association with other 

RISC components. In consequence, association with its target mRNA is hampered and 

miRNAs appear inactive. Whereas resting T cells predominantly contain low molecular 

weight RISCs, upon activation of T cells, these RISCs assemble with additional 

proteins, mRNA and the translation machinery to high molecular weight RISCs. 

Thereby, target repression by miRNAs is ensured while levels of total miR expression 

are constant (La Rocca et al., 2015; Toivakka et al., 2020). However, at least some 

miRNAs seem to favor one association over the other (Toivakka et al., 2020). To 

investigate RISC assembly, determination of molecular weight profiles of Argonaute 

proteins in WT thymi using Superose 6-based size exclusion chromatography could 
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be performed. Hence, we hypothesized that miR-21 is mostly found in low molecular 

weight RISC in the thymus. Furthermore, these studies underline that a dynamic 

expression is not predictive of the capacity of a given miRNA to repress its targets. 

Taking this into account, the lack of an apparent phenotype for miR-21 can be 

explained by a lack of association with its target mRNA. Indeed, miR-21 in activated T 

cells was still mostly associated with low molecular weight RISCs (La Rocca et al., 

2015). Additionally, miR-21 in thyroid cancer cell lines was mostly detected in low 

molecular weight RISCs and the least abundant miRNA in high molecular RISC 

fractions (Powell et al., 2020).  

In addition, it has been demonstrated that 5’-end phosphorylation of a miRNA is 

crucial for its incorporation into the RISC (Salzman et al., 2016). Accordingly, mature 

miR-34 was found to be mostly inactive due to the lack of 5'-phosphate. Interestingly, 

upon demand (e.g. DNA damage), this inactive pool of existing transcribed miR-34 was 

then rapidly activated through phosphorylation. Further experiments such as northern 

blotting to assess 5’-end phosphorylation status are required to investigate whether 

miR-21 is also mostly found in an inactive form in the thymus.  

 

In conclusion, the role of miR-21 in the thymus is still enigmatic. It has to be further 

elucidated how miR-21 is post-transcriptionally modified to fully explain the functional 

limitation of this miRNA under normal physiological conditions despite prominent and 

dynamic expression in the thymus. Finally, we would like to share the title of a 

commentary reflecting this part of the thesis: “The magic and mystery of miR-21” 

(Morrisey, 2010).  
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mRNA Messenger RNA 
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PDCD4 Programmed cell death protein 4 
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qRT-PCR Quantitative Real-Time PCR  
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RBC Red blood cell 
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RT Room temperature 

S Synthesis 

SCF Stem cell factor 
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SSC-A Side scatter area 

SSC-H Side scatter height 

TCR T-cell receptor 

TMEM Transmembrane protein 

TRBP Transactivation response element RNA-binding protein 

Treg Regulatory T cell 

TSP Thymus seeding progenitor 

UTR Untranslated region 

VMP Vacuole membrane protein 

WT Wild-type 
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Figure 48: Statistical analyses of steady-state thymocyte cell cycle dynamics. 
Summary of ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Results obtained 
from data shown in Figure 13. Numbers represent adjusted P-values by Tukey’s Test. Significant results 
are indicated by colored background.  
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Figure 49: Statistical analyses of G1- and S-phase re-entry.  
Summary of ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Results obtained 
from data shown in Figure 15. Numbers represent adjusted P-values by Tukey’s Test. Significant results 
are indicated by colored background. Data from the 6 hrs time point was utilized for comparison. 

 

 

Figure 50: Statistical analyses of RM values. 
Summary of ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Results obtained 
from data shown in Figure 16. Numbers represent adjusted P-values by Tukey’s Test. Significant results 
are indicated by colored background. RM values obtained from the 4 hrs time point were used for 
comparison.  
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Figure 51: Statistical analyses of DKO thymocyte cell cycle dynamics. 
Summary of ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Results obtained 
from data shown in Figure 19. Numbers represent adjusted P-values by Tukey’s Test. Significant results 
are indicated by colored background. 
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Figure 52: Gene expression of common markers to identify thymocyte supopulations. 
Violin plots represent expression patterns of specific genes as indicated in the seven different WT (black) 
and DKO (pink) thymocyte subsets. 

 

 

Figure 53: S-phase profiling of thymocyte subsets of control and irradiated WT mice. 
Representative flow cytometric analysis of WT and irradiated WT thymocyte subsets stained for BrdU 
and EdU incorporation (data shown in Figure 29). Numbers in plots indicate frequencies of EdU+BrdU+ 
cells. 
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Figure 54: Statistical analyses of S-phase kinetics upon irradiation. 
Summary of ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Results obtained 
from data shown in Figure 29. Numbers represent adjusted P-values by Tukey’s test. Significant results 
are indicated by colored background. 
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