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Abstract 

 

Anabolic metabolism of antigen-stimulated T cells is coordinated by mechanistic target 

of rapamycin (mTOR) which is activated by T cell receptor (TCR) and interleukin-2 (IL-

2) signals. T cells rapidly shift their metabolism following activation and highly increase 

their protein and RNA production to prepare and maintain cellular proliferation and dif-

ferentiation. mTOR is known to be a key transmitter of many of these processes, how-

ever, it remains unclear, how this massive biomass production and proliferation are 

coregulated and what role ribosomal RNA (rRNA) transcription plays in this process.  

mTOR is a serine/threonine kinase that functions in the two complexes mTORC1 and 

mTORC2 with their main proteins Raptor and Rictor, respectively. Previous work in our 

lab showed that mTORC1 regulates both the exit of quiescence and later divisions as 

Raptor-deficient T cells proceed 3x slower through each cell division in vivo. This led to 

further questions that were investigated in this thesis by use of conditional knockout 

mice, as well as cell- and cytometry-based functional assays. We noticed that following 

stimulation the amount of RNA per cell increases 9-40x and is reduced to ~50% in 

Raptor, but not Rictor-deficient T cells. Using Coulter volume measurements, RNA-, 

FISH- and imaging flow cytometry we determined that following stimulation the cell 

volume increases five-fold. It consists of the increase of nuclear volume and nucleolar 

rRNA synthesis on day 1 and a further increase of cytoplasmic volume on day 2. Rap-

tor-deficiency delays and reduces the growth of these cellular compartments, of ribo-

somal biosynthesis and the cell volume. Inhibitors of rRNA transcription block cell cycle 

progression at the G1/S and G2/M checkpoints. The lack of Raptor and Torin inhibition 

showed similar effects, suggesting a common mechanism. In experiments with rRNA 

transcription inhibitors we found that mTORC1 activity depends on RNA polymerase I 

activity in early T cell activation and that the two pathways are tightly linked.  

Our data show that mTORC1-adjusted cell physiology and the biosynthesis of riboso-

mal 'hardware' are reciprocally regulated during clonal T cell expansion.  
  



 

Zusammenfassung 

 

Anaboler Stoffwechsel von Antigen-stimulierten T-Zellen wird von mechanistic target of 

rapamycin (mTOR) koordiniert, welches durch T-Zell-Rezeptor (TZR) und Interleukin-2 

(IL-2) Signale aktiviert wird. T-Zellen verändern ihren Stoffwechsel schnell nach Akti-

vierung und erhöhen ihre Protein- und RNA-Produktion stark, um zelluläre Teilung und 

Differenzierung vorzubereiten und aufrechtzuerhalten. mTOR ist bekannt als ein 

Schlüssel-Transmitter bei vielen dieser Prozesse; dennoch bleibt unklar, wie diese 

massive Biomasseproduktion und Zellteilung koreguliert sind, und welche Rolle ribo-

somale RNA (rRNA) Transkription in diesem Prozess spielt.  

mTOR ist eine Serin/Threonin-Kinase, die in den beiden Komplexen mTORC1 und 

mTORC2 mit ihren Hauptproteinen Raptor bzw. Rictor arbeitet. Vorherige Arbeit in un-

serem Labor zeigte, dass mTORC1 sowohl den „exit of quiescence“, als auch spätere 

Zellteilungen reguliert, da Raptor-defiziente T-Zellen 3x langsamer durch jede Zelltei-

lung in vivo schreiten. Dies führte zu weiteren Fragen, die in dieser Arbeit untersucht 

wurden durch die Nutzung von konditionellen Knockout-Mäusen, sowie Zell- und Zyto-

metrie-basierten funktionellen Methoden. Wir bemerkten, dass die RNA-Menge pro 

Zelle nach Stimulation 9-40x ansteigt und um 50% reduziert ist in Raptor-, aber nicht in 

Rictor-defizienten T-Zellen. Anhand von Volumenmessungen nach dem Coulter-

Prinzip, RNA-, FISH- und bildgebender Durchflusszytometrie stellten wir fest, dass 

nach Stimulation das Zellvolumen fünffach ansteigt. Es besteht aus einem Anstieg des 

Nukleusvolumens und nucleolarer rRNA-Synthese and Tag 1, sowie einem weiteren 

Anstieg des Zytoplasmavolumens an Tag 2. Ein Raptordefizit verzögert und reduziert 

das Wachstum dieser zellulären Kompartimente, die ribosomale Biosynthese und das 

Zellvolumen. Inhibitoren von rRNA-Transkription blockieren den Zellzyklusfortlauf am 

G1/S und am G2/M Kontrollpunkt. Ein Raptordefizit und Torininhibierung zeigten ähnli-

che Effekte, was einen gemeinsamen Mechanismus andeutet. In Experimenten mit 

rRNA Transkriptionsinhibitoren fanden wir heraus, dass die Aktivität von mTORC1 ab-

hängig ist von RNA Polymerase I Aktivität in früher T Zell Aktivierung und dass die bei-

den Wege eng miteinander verbunden sind.  

Unsere Daten zeigen, dass die mTORC1-angepasste Zellphysiologie und die Biosyn-

these der ribosomalen Hardware wechselseitig während der klonalen T-Zell Expansion 

reguliert werden.
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1. Introduction 

1.1 Adaptive immune system 
The immune system evolved in order to protect the host from pathogenic microbes, toxins 

and allergens, and at the same time tolerate beneficial and non-pathogenic microbes 

(Chaplin, 2010; Finlay and McFadden, 2006). It is comprised of an innate and an adaptive 

immune response which strongly work together and are essential for an intact and effective 

immune response. 

The adaptive immune system consists mostly of T and B lymphocytes and is defined by spe-

cific immune responses that become effective several days post infection. After stimulation 

with a specific antigen, the cells become activated and undergo clonal expansion.  

B cells derive from hematopoietic stem cell in the bone marrow and make up to 15% of pe-

ripheral blood leukocytes. They are defined by their B cell receptor and the production of 

Immunoglobulins. T cells develop as well from hematopoietic stem cells in the bone marrow 

and mature in the thymus where they undergo positive and negative selection to prevent the 

generation of autoimmune reactive cells (Klein et al., 2014). Besides this, each T cell is 

equipped with its specific T cell receptor (TCR) with single specificity before the cell is re-

leased into the periphery. A huge repertoire of T cells is required to cover the enormous 

range of microbes. The T cells recognize peptides bound to major histocompatibility complex 

(MHC) via their TCR and then proliferate by differentiating into subsets including CD8+ T cells 

to kill infected target cells and CD4+ T cells which are essential to regulate cellular and hu-

moral immune responses (Chaplin, 2010). The activation and clonal expansion of T cells is a 

major topic of this thesis and will be introduced in detail in the following sections.  

One specific characteristic of the adaptive immune response is the generation of an immune 

memory which is further introduced in section 1.2.2. 
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1.2 T cells 

1.2.1 TCR signaling and activation 

1.2.1.1 T cell receptor – pMHC interaction 

T cell receptors (TCRs) recognize peptides bound to major histocompatibility complex (MHC) 

molecules leading to the activation of T cells. MHC class I molecules are expressed on the 

surface of all cells and can be recognized by CD8+ T cells, while MHC class II is expressed 

on antigen-presenting cells such as B cells, dendritic cells and macrophages and are recog-

nized by CD4+ T cells. To avoid autoimmune defects, T cells are selected to distinguish self 

and non-self peptides which are presented by MHC with a high selectivity (Chakraborty and 

Weiss, 2014). Following stimulation by the TCR, several cascades of signaling pathways are 

engaged, causing changes at the membrane, the cytoplasm and in the nucleus to facilitate 

clonal expansion and differentiation to effector cells (Cantrell, 2002; Samelson, 2002).  

One can distinguish between early signaling events taking place at the TCR in the first sec-

onds after pMHC binding, and distal signaling events, resulting in the activation of various 

transcription factors and thus gene transcription.  

The most important early TCR signaling components are the CD4-/CD8 coreceptor, to a 

lesser degree bound src family kinases LCK and FYN which phosphorylate immunoreceptor 

tyrosin-based activation motifs (ITAMs) at the intracellular tails of the CD3 molecules. Phos-

phorylation of ITAMs then further leads to the phosphorylation and activation of ZAP-70, 

which completes proximal early signaling (Shah et al., 2021).  

These early signaling events result in the activation of various distal signaling pathways, in-

cluding the PKC-IKK-NFkB, RAS-RAF-ERK1/2 and Ca2+-calcineurin-NFAT cascade, as de-

picted schematically in Figure 1. Different adaptor proteins, second messengers and en-

zymes are required for these signaling cascades, whereas Phospholipase Cg1 (PLCg1) con-

nects proximal to distal signaling (Beach et al., 2007). Beside those three signaling path-

ways, PI3K-TSC1/2-mTOR signaling plays an important role in T cell activation as well and 

will be further described in chapter 1.4.2.  

Activated PLCg1 cleaves membrane-bound phosphatidylinositol-4,5-bisphosphate (PIP2) into 

inositol-3-phosphate (IP3) and diacylglycerol (DAG) (Zhong et al., 2008). Both act as second 

messengers and initiate further signaling cascades such as PKC, RASGRPS1 and PDK1-

mediated pathways by DAG, and the Ca2+-dependent calcineurin NFAT pathway by IP3 

(Berridge, 2009; Oh-hora and Rao, 2008; Zhong et al., 2008).  
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Following TCR stimulation, intracellular Ca2+ levels are increased, which leads to the activa-

tion of calcineurin, a protein phosphatase. Calcineurin dephosphorylates nuclear factor of 

activated T cells (NFAT), which then translocates into the nucleus (Figure 1).  

Protein kinase C (PKC) is a serine/threonine kinase which gets activated by diacylglycerin 

(DAG) and thus initiates the formation of the CBM complex which consists of the three pro-

teins CARMA1, BCL10 and MALT1 (Lu et al., 2018; Meininger and Krappmann, 2016; 

Ruland and Hartjes, 2019). First, PKC phosphorylates CARMA1 (Matsumoto et al., 2005) 

which then enables the association with BCL10 (Weil and Israel, 2006) which is required to 

bind MALT1. As soon as the complex is formed, it associates with the tumor necrosis factor 

receptor-associated factor 6 (TRAF6) and subsequently IKKy, the inhibitory molecule of the 

Ikß pathway, is degraded (Sun et al., 2004). NF-kB is released from its inhibitory complex 

and translocates into the nucleus (Hayden et al., 2006; Hoffmann et al., 2006; So and Croft, 

2012). The PKC-CBM-NF-kB pathway regulates the activation, homeostasis and survival of 

T cells and is thus an important pathway in T cell activation (Schulze-Luehrmann and Ghosh, 

2006). 

The third major signaling cascade is the Ras-Raf-Erk1/2 pathway which controls T cell differ-

entiation, development, and TCR-induced signal strength (Bertin et al., 2015). RAS guanyl 

nucleotide-releasing protein (RASGRP1) is activated by DAG and recruited to the plasma 

membrane (Ebinu et al., 1998). There, RAS activates the serine/threonine kinase Raf1, 

which is a MAPK kinase kinase (MAPKKK) (Janknecht et al., 1993). It further phosphorylates 

MAPK kinases like MEK1/2 which in turn phosphorylate the MAPK extracellular signal-

regulated kinase 1&2 (ERK1/2) (Janknecht et al., 1993; Kolch, 2005). Additionally, AP1-

transcription factors JUN and FOS are activated and translocate into the nucleus (Kaminuma 

et al., 2001), where they form a complex with NFAT and start the transcription of genes that 

are essential for effector functions as well as IL-2 transcription, which is further sustained by 

the DAG-RAS pathway (Gorentla and Zhong, 2012; Samelson, 2002).  
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Figure 1: Schematic overview of TCR signaling.  
When a peptide-MHC complex binds to the TCR, a signaling cascade is initiated in the T cell. The 
three classical TCR signaling pathways are shown – on top Calcineurin which activates NFAT and 
leads to its translocation into the nucleus. In the middle signaling via PI3K which leads to the activation 
of NF-kB via the CBM complex. On the bottom the Ras/Raf pathway which leads to the translocation 
of AP1 into the nucleus. Inside the nucleus, the transcription factors NFAT, NF-kB and AP1 start tran-
scription.  

 

1.2.1.2 Co-stimulation with CD28 

Naïve T cells require a second signal for their full activation, which is mediated by costimula-

tory receptors. CD28 is constitutively expressed on naïve T cells and is a major costimulatory 

receptor expressed by T cells. Especially weak TCR signals are amplified by CD28, enabling 

differentiation and proliferation of the cell. Without co-stimulation, the T cells would undergo 

cell death or become anergic (Shah et al., 2021) due to a defect in the MAPK signaling 

pathway (ElTanbouly and Noelle, 2021; Fields et al., 1996; Li et al., 1996). Without produc-

tive costimulation, the transcription factor AP1 cannot translocate into the nucleus (Kang et 

al., 1992) which leads to an imbalance in downstream TCR signaling. Thereby, the activation 

of NFAT1 alone results in higher levels of proteins such as diacylglycerol kinase-a which is 

involved in the induction of anergy (Macian et al., 2002). However, it was shown that CD28 

stimulation alone does not activate the cell as it initiates only the expression of a few irrele-

vant genes (Xia et al., 2018). Following stimulation of CD28 by binding to CD80/CD86, its 

cytoplasmic tail gets phosphorylated, which recruits PI3K and thus cleaves PIP2 to Phospha-

tidylinositol-3,4,5-trisphosphate (PIP3). AKT then associates with PIP3 and further acts on 

various downstream targets. For example, AKT ensures the extended localization of NFAT 

inside the nucleus and thus contributes to sustained IL-2 transcription. Also, the formation of 
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the CBM complex is regulated by AKT which allows nuclear translocation of NF-kB (Narayan 

et al., 2006). Besides NFAT and NF-kB and MAPK pathways, also PI3K-AKT-mTOR signal-

ing is strongly sustained by co-stimulation due to the increased presence of AKT.  

 

1.2.1.3 IL-2 signaling 

IL-2, first described as a T cell growth factor, is an important regulator of T cell metabolism 

and effector differentiation (Ross and Cantrell, 2018). IL-2 signaling is mediated by the IL-2 

receptor, which consists of an a chain (CD25), b chain (CD122) and g chain (CD132). b and g 

chains are constitutively expressed in naïve T cells and form an IL-2R complex. Together 

with the a chain, a heterotrimeric high- affinity IL-2R is formed, whereas the a chain is mainly 

essential fo the species specificity. This receptor is induced by T cell activation and is consti-

tutively expressed by regulatory T (Treg) cells (Damoiseaux, 2020).  

Following TCR stimulation and CD28 co-stimulation, IL-2 transcription is induced by the tran-

scription factors NFAT, NFkB and AP1, leading to the upregulation of IL-2Ra on the cell sur-

face. Activation of the IL-2R complex is required for the differentiation and proliferation of 

CD4+ and CD8+ T cells (Liao et al., 2013). Clonal expansion in cytotoxic CD8+ T cells is pro-

moted by IL-2, as it activates the transcriptional program for cell cycle and proliferation 

(Boyman and Sprent, 2012; Liao et al., 2013). Furthermore, it promotes trafficking of CD8+ T 

cells to peripheral tissues due to increased production if interferon g (IFN-g), granzyme and 

perforin (Kalia et al., 2010; Pipkin et al., 2010). mTORC1 signaling is also induced by IL-2 

signaling, leading to metabolic changes within the cell to support rapid T cell proliferation 

(Hukelmann et al., 2016; Powell et al., 2012; Sinclair et al., 2008). Many nutrient transporters 

for amino acid and glucose uptake are also regulated by IL-2 likely coordinated with 

mTORC1 activity (Rollings et al., 2018). Besides mTOR, MAPK and STAT5 signaling can be 

activated by IL-2R signaling.  

IL-2 signaling is sustained by paracrine and autocrine IL-2 signaling which boosts the CD25 

and CD122 expression (Liao et al., 2013). It signals through the tyrosine kinases JAK1 and 

JAK3, which can be targeted by inhibitors such as tofacitinib to modulate immune responses 

(Furumoto and Gadina, 2013; Rollings et al., 2018; Schwartz et al., 2017). Due to its central 

role in the regulation of T cell fate and immune responses, IL-2 became a target for immuno-

therapies, aiming to increase the T cell response, or to promote the proliferation of tumor-

specific T cells (Hernandez et al., 2022; Saxton et al., 2023). 

It was shown that Raptor-deficient T cells also lack CD25 and Stat5 expression and produce 

lower levels of IL-2 indicating that mTORC1 promotes autocrine IL-2 signaling (Yang et al., 
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2013). In this thesis we further investigated the induction of mTORC1 activity in dependence 

of IL-2 and JAK1 and JAK3 signaling.  

1.2.2 Memory T cells 

Naïve CD8+ T cells are activated upon acute infection or vaccination and undergo clonal ex-

pansion to become T effector cells. The differentiation towards Teff cells is marked by tran-

scriptional adaptations and metabolic reprogramming as well as the production of cytokines. 

CD8+ effector T cells directly kill infected target cells and thereby control the infection. After 

antigen clearance, most of the T cells die. However, a small subset of T cells differentiates 

further into memory T cells, which are able to persist long after the intial antigen stimulation 

(Barber et al., 2003; Lalvani et al., 1997). The T memory cell stage is characterized by a 

downregulated effector program and the ability to survive as long-lived antigen-experienced 

cell through stem cell-like features. Especially metabolic reprogramming is responsible for 

promoting persistence (O'Sullivan, 2019).  

Upon rechallenge with antigen, memory T cells can produce effector cytokines and kill im-

mediately, unlike naïve cells. It is known that memory cells have many characteristics in 

common with naïve T cells but are able to rapidly re-gain effector functions and are marked 

by a higher metabolic activity. (Gubser et al., 2013; Pearce et al., 2013; Youngblood et al., 

2017).  

Another understanding of this process is that memory precursor cells de-differentiate from 

effector to memory T cells. It was shown that effector T cells that became memory cells de-

methylate effector-associated genes, while naïve-associated genes acquired de novo DNA 

methylation (Youngblood et al., 2017). The epigenetic signature of their effector history is 

stored in mouse and human memory T cells (Akondy et al., 2017). 

mTOR signaling downstream of TCR activation is known to induce and regulate the tran-

scriptional and translational program required for the efficient resolution of infection (Pollizzi 

and Powell, 2015). Thereby, mTORC1 was shown to favor the generation of CD8+ effector T 

cells and mTORC2 to inhibit the generation of memory T cells. Thus, mTOR activation con-

tributes to the generation of both effector T cells and memory T cells in an immune response 

(Pollizzi et al., 2015). It was shown in several studies that transient rapamycin treatment of T 

cells results in enhanced memory generation, whereas metabolic changes and effector T cell 

differentiation are inhibited (Araki et al., 2009; Rao et al., 2010; Sowell et al., 2014). Howev-

er, it is still unknown how RNA synthesis is regulated in memory cells and whether the rapid 

immune response induced by memory cells after re-challenge is accompanied by an in-

creased rate of RNA synthesis and mTORC1 signals which was thus investigated in this the-

sis.  
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1.3 Ribosomal RNA biosynthesis 

1.3.1 Structure and function of the nucleolus 

Initially lymphocytes were identified as immunologically compentent cells which rapidly adapt 

their morphological characteristics in graft-versus-host reactions. Thereby, the lymphocytes 

were shown to increase in size and develop large nucleoli (Gowans et al., 1962). Nucleoli are 

membrane-less organelles which are located within the nucleus. Their size and appearance 

differ between different cell types depending on their transcriptional activity, as key steps of 

the ribosomal biosynthesis occur in the nucleoli of a cell. The nucleolus is comprised of Fibril-

lar Centers (FCs), Dense Fibrillar Components (DFCs) and the granular component (GC), as 

shown in Figure 2. Thereby, transcription of the rDNA genes happens in the FC and DFCs, 

while processing and assembly occurs in the granular component (Frottin et al., 2019; Thiry 

et al., 2011). This structure of nucleolar components can easily be disturbed by RNA Pol I 

inhibition, leading to alterations in the proteome as well as impaired transcription and DNA 

repair (Nemeth and Grummt, 2018). The nucleolus is known to play a key role in regulation 

of stress response, cell growth and survival (Boulon et al., 2010). The absence of a lipid 

membrane allows the nucleolus to react dynamically to cell stresses. The number and size of 

nucleoli within a cell can vary in different disease such as cancer. Therefore, the nucleolus 

represents an important biomarker and target for cancer therapy (Derenzini et al., 2009; Hein 

et al., 2013). The three compartments are defined by the expression of upstream binding 

factor (UBF) in FCs, Fibrillarin in DFCs and nucleophosmin (NPM1) for the GC which are all 

essential regulators of rRNA maturation (Farley et al., 2015; Frottin et al., 2019; Grummt and 

Langst, 2013; Hamperl et al., 2013). The assembly and disassembly are dynamic processes 

that happen cell-cycle dependent (Nemeth and Grummt, 2018). However, all these findings 

are based on experiments in tumor cells and not much is known about the function of the 

nucleolus in T cells and is thus addressed in this thesis. 

 

Figure 2: Schematic view of nucleoli structures.  
Nucleoli are the sites of rRNA transcription. The nucleolus consists of fibrillar centers (FCs), Dense 
Fibrillar Components (DFCs) and the granular component (GC). The compartments are marked by the 
expression of UBF, Fibrillarin and NPM1, respectively. Modified from Frottin et al. (Frottin et al., 2019). 
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1.3.2 Ribosome biogenesis 

Ribosomal RNA synthesis is a major essential cellular process which consumes the largest 

part of cellular energy (Warner, 1999) and consists of the three steps pre-RNA transcription, 

processing and ribosomal subunit assembly. The human ribosome contains 4 ribosomal 

RNAs, which are organized in 2 subunits. The whole process of assembly, cleavage and 

maturation of pre-RNA occurs first in the nucleolus, then in the nucleus and in the cytoplasm 

(Hernandez-Verdun et al., 2010; Klinge and Woolford, 2019).  

The process starts in the nucleolus, where the 47S pre-ribososmal RNA is synthesized, con-

taining the three 18S, 5.8S and 28S rRNAs as well as a 5’ external transcribed spacer (ETS) 

site and a 3’ untranslated region (UTR) end as depicted in Figure 3 (1). The three RNAs are 

separated by internal transcribed spacers 1 (ITS1) and 2 (ITS2) and are transcribed by RNA 

Polymerase I (RNA Pol I) as one pre-RNA transcript. The subsequent pre-rRNA associates 

with many ribosomal proteins (RPs) and pre-ribosomal factors, which support structural for-

mations, correct folding and modification (2). The generated pre-RNA is further processed 

into the mature RNA species which assemble into two subunits (3). Therefore, the 5’ ETS 

site gets removed and after cleavage at the ITS1, the small pre-40S subunit containing the 

18S rRNA is formed, while 5.8S and 28S assemble in the newly formed pre-60S subunit. The 

smallest RNA, the 5S RNA, is transcribed from multiple genes by RNA Polymerase III in the 

nucleoplasm (Henras et al., 2015), is then transported into the nucleolus, gets processed and 

incorporated into the pre-60S subunit. The two pre-subunits are then exported into the cyto-

plasm for further maturation. In the cytoplasm, the two subunits incorporate further RPs and 

remove unnecessary pre-ribosomal and accessory factors. After final maturation, the 40S 

subunit binds transcribed mRNA, which associates the 60S subunit and represent the func-

tional ribosome (4). The main function of the small subunit (40S) that includes 18S rRNA and 

33 RPs, is the decoding of mRNA (Steitz, 2008). The big subunit (60S) contains 5S, 5.8S 

and 28S rRNAs and 47 RPs and its main function is the formation of proteins (Melnikov et 

al., 2012). 

Since macromolecular biosynthesis is one of the primary tasks of activated T cells, we asked 

how cellular RNA is affected by mTORC1 and -C2 deletion and visualized dsRNA by flow 

cytometry with Pyronin Y (Darzynkiewicz et al., 2004; Shapiro, 1981). To visualize de novo 

47S rRNA synthesis, we established a new technique and designed oligonucleotide FISH 

probes that bind to the 5’ETS site, which is cleaved and destroyed within minutes after rRNA 

synthesis in tumor cells (Popov et al., 2013). 
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Figure 3: Schematic view of ribosome biogenesis.  
(1) Structure of the 47S pre-ribosomal DNA (Grummt, 2013). 18S, 5.8S and 28S are transcribed by 
RNA Polymerase I. (2) The transcribed pre-RNA associates with ribosomal proteins and other acces-
sory factors. (3) After cleaving the 5’ETS and 3’ETS sites and ITS1, the pre-40S, containing 18S and 
20S rRNA, and pre-60S subunit, containing the 28S and 5S rRNA, are formed. 5S rRNA is transcribed 
by Pol III independently. (4) After final maturation, the complete mature ribosome is formed when 
mRNA binds to the 40S subunit, which leads to assembly of the 60S subunit to the whole complex. 
Modified from Danilova and Gazda (Danilova and Gazda, 2015). 

1.3.3 RNA Polymerase I complex 

RNA Pol I is responsible for the transcription of ribosomal RNA as described in chapter 1.3.2. 

It functions in a protein complex, consisting of several subunits and its main factors UBF, SL-

1 and Tif1a. The upstream binding factor (UBF) initially binds to the rDNA promoter and sub-

sequently recruits SL-1 to the promoter. This complex of UBF/SL-1 then binds Tif1a, which is 

associated with RNA Pol I. The transcription factor Tif1a facilitates the interaction and sub-

sequent binding of SL-1 and RNA Pol I, altogether building the pre-initiation complex as 

shown in Figure 4 (Drygin et al., 2010; Grummt, 2003; Hein et al., 2013; Jin and Zhou, 2016). 

Rate-limiting factor in this process is the protein Tif1a, which is as well aberrantly activated 

by cancer cells and facilitates increased rate of RNA synthesis and subsequent cell cycle 
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progression. Its function in this process is conserved among other species, from yeast to 

mammals (Moorefield et al., 2000).  

 

Figure 4: Factors associated with the rDNA promoter and Pol I.  
Binding of UBF and SL1 (Tif-1B) to the rDNA promoter is essential for the recruitment of RNA Pol I 
and Tif-1A, a Pol I-associated factor, to the transcription start site. Based on Grummt (2013). 

 

Tif1a is ubiquitously expressed (Bodem et al., 2000) and its expression levels can be influ-

enced by environmental factors such as nutrient availability. Due to its function in ribosomal 

RNA synthesis, it is mostly found in cytoplasm, nucleolus and nucleoplasm. The highest con-

centration of Tif1a can be found in the nucleolus, although only 7% of total Tif1a is in the 

nucleoli (Szymanski et al., 2009). It was shown that rapamycin treatment of Hela cells result-

ed in a higher proportion of Tif1a levels in the cytoplasm (Mayer et al., 2004). In genetically 

modified mice with a homozygous Tif1a gene deletion, no pre-rRNA could be detected and 

such mice show impaired growth and development, resulting in early embryonic lethality. 

Conditional deletion in MEF cells resulted in cell cycle arrest and promoted p53-mediated cell 

death (Parlato et al., 2008; Yuan et al., 2005).  

mTORC1 plays an important role in ribosomal synthesis as well and contributes in multiple 

ways. On the one hand, it induces the expression of Tif1a, which then interacts with RNA Pol 

I (Iadevaia et al., 2014; Mayer and Grummt, 2006; Mayer et al., 2004; Schnapp et al., 1993). 

Additionally, mTORC1 induces the phosphorylation of Maf1, a RNA Pol III repressor, and 

thus inhibits it. Thereby, 5S rRNA and tRNA transcription are induced (Iadevaia et al., 2014; 

Kantidakis et al., 2010; Mayer and Grummt, 2006; Shor et al., 2010).  

1.3.4 Nucleolar stress 

The nucleolus is known to be a cellular stress regulator and controls the abundance of tumor 

suppressor protein p53 (Budde and Grummt, 1999; Klein and Grummt, 1999). Nucleolar 

stress is marked by changes in nucleolar morphology such as nucleolar segmentation or 

disruption, and by impaired function of ribosomal biosynthesis. Besides rRNA synthesis, the 
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nucleolar has additional functions, including signal recognition, DNA repair and cell cycle 

regulation (Andersen et al., 2005; Boisvert et al., 2007). Nucleolar disruption was observed 

the first time when ribosome biosynthesis was blocked by actinomycin D (Yung et al., 1985). 

Later studies showed similar effects through treatments with cytotoxic agents (Chan et al., 

1999), radiation (Colombo et al., 2002; Thielmann et al., 1999), DNA damage (Yogev et al., 

2008), heat shock (Chan et al., 1999), starvation or chemotherapeutic agents and others. 

These cellular stressors lead to the activation of p53 and other stress signaling pathways 

(Rubbi and Milner, 2003). Nucleophosmin (NPM1) is the most prominent marker of nucleolar 

stress and, together with other nucleolar proteins, translocates to the nucleoplasm in re-

sponse to cellular stress (Yang et al., 2016). This shuttle between the nucleolus and the nu-

cleoplasm is highly increased upon stress conditions. In the nucleoplasm, NPM1 interacts 

with p53 and prevents its binding to murine double minute 2 (MDM2), its main negative regu-

lator, and subsequent ubiquitination and proteasomal degradation (Kurki et al., 2004). P53 is 

thus stabilized, and its levels increase in the nucleoplasm and induce cell cycle arrest at the 

G1/S and G2/M checkpoints and promote apoptosis (el-Deiry et al., 1994). It was demon-

strated in p53 knockout cells that cell cycle arrest and apoptosis can be induced through nu-

cleolar stress independently of p53 activation (Russo and Russo, 2017). Impaired ribosomal 

biogenesis by chemical inhibition or in ribosomopathies lead to p53-dependent cell cycle 

arrest. Thereby, Tif1a plays an important role, as its deletion was shown to disrupt the nucle-

olus and lead to cell cycle arrest and p53-dependent apoptosis (Yuan et al., 2005). In addi-

tion to p53, other transcription factors respond to ribosomal stress, like c-Myc or E2F (Dai et 

al., 2007; Russo and Russo, 2017). Some ribosomal proteins function as negative regulator 

of c-myc and are released upon nucleolar stress, which thus leads to a suppression of c-myc 

and subsequent cell cycle arrest and reduced ribosomal biosynthesis (van Riggelen et al., 

2010; Zhou et al., 2013).  

1.3.5 Ribosomopathies 

Defective ribosome function or production leads to various disorders in humans, the so called 

ribosomopathies (Robertson et al., 2022). This group of rare diseases is caused by reduced 

expression or mutations of ribosomal proteins, RNA Pol I transcription machinery or pre-

ribosome maturation factors. The effects of ribosomopathies are mostly tissue-specific 

(Robertson et al., 2022). For instance, Cartilage Hair Hyploplasia (CHH) is a ribosomopathy 

which results in skeletal abnormalities and immunodeficiency, mainly characterized by an 

impaired T cell activation (Vakkilainen et al., 2020). These patients are more prone to malig-

nant and autoimmune diseases and recurrent infections. T cells of CHH patients show re-

duced proliferative capacity following stimulation and have an increased rate of activation-

induced cell death (de la Fuente et al., 2011; Kostjukovits et al., 2017). It was shown that 
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mutations in RNA component of mitochondrial RNA processing endoribonuclease (RMRP), 

as in CHH, show a delay of pre-RNA processing (Robertson et al., 2022). An example for a 

ribosomopathy with a haploinsufficient mutation of ribosomal proteins is Diamond Blackfan 

Anemia (DBA) which is defined by reduced ribosome numbers and reduced translational 

activity (Khajuria et al., 2018). This defect in processing of ribosomal pre-rRNA (Choesmel et 

al., 2007) causes a defective erythropoiesis, leading to anemia as well as physical malfor-

mation. The patients have an increased risk for cancer, but do not suffer from immunodefi-

ciency (Halperin and Freedman, 1989; Vlachos et al., 2012). Although the aetiology of both 

diseases is similar, the clinical manifestations differ. The mechanism for this discrepancy is 

still unclear and how ribosomopathies contribute to ribosomal stress in a tissue-specific 

manner is under investigation. 

Some Ribosomopathies like the DBA can be studied in mouse models with a mutation in 

Rps19 and Rps20. These mice show an impaired erythropoiesis, anemia, decreased number 

of leukocytes and a reduced size (Jaako et al., 2011; McGowan et al., 2008).  

Many ribosomopathies share an increase in p53 activation. RpS6 deletion in mice leads to 

p53 activation in T cells (Sulic et al., 2005). Further studies showed p53 activation as a gen-

eral response to ribosomal protein (RP) deficiency (Barlow et al., 2010; Danilova et al., 2008; 

McGowan et al., 2008; Taylor et al., 2012). Several reasons for an increase of p53 levels 

were suggested, including the disruption of the nucleolus and subsequent cell cycle arrest in 

response to cellular stress including DNA damage or hypoxia. As the nucleolus is not always 

affected by RP deficiency (Fumagalli and Thomas, 2011), other mechanisms are involved as 

well such as p53 stabilization through RPs by binding to Mdm2. This mechanism indicates 

that a balance between synthesis of rRNA and RPs is important and disruption of one of 

them can lead to imbalance and trigger stress responses. RP-deficient cells have an altered 

nucleotide metabolism and imbalance of nucleotides in the cell can disrupt DNA synthesis 

and thus lead to increased p53 (Austin et al., 2012).  

1.4 mTOR 

1.4.1 Structure and function of the two mTOR complexes 

Mechanistic target of rapamycin (mTOR) is a serine-threonine protein kinase (Laplante and 

Sabatini, 2012) and occurs in two complexes, mTORC1 and mTORC2, whereas both com-

plexes contain the mTOR protein, mammalian lethal with sec-13 protein 8 (mLST8, GbL) 

(Jacinto et al., 2004; Kim et al., 2003), DEP domain containing mTOR interacting protein 

(DEPTOR) (Peterson et al., 2009) and  Tti1/Tel2 complex (Kaizuka et al., 2010), as shown in 

Figure 5. mTORC1 additionally contains the regulatory-associated protein of mammalian 
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target of rapamycin (Raptor) (Hara et al., 2002; Kim et al., 2002) and the proline-rich Akt 

substrate 40kDa PRAS40 (Sancak et al., 2007; Thedieck et al., 2007; Vander Haar et al., 

2007; Wang et al., 2007) (Figure 5, left).  

On the other hand, mTORC2 contains as unique component the rapamycin-insensitive com-

panion of mTOR (Rictor) (Jacinto et al., 2004; Sarbassov et al., 2004), mammalian stress-

activated map kinase-interacting protein 1 (mSin1) (Frias et al., 2006; Jacinto et al., 2006) 

and protein observed with rictor 1 and 2 (protor1/2) (Pearce et al., 2007; Pearce et al., 2011; 

Thedieck et al., 2007) (Figure 5, right).  

 
Figure 5: Schematic view of the two mTOR complexes.  
Left: mTOR Complex 1 containing mTOR, Deptor, mLST8, Pras40 and its main protein Raptor. Right: 
mTOR Complex 2, containing mTOR; Deptor, mLST8, Protor1/2, mSin1 and its main protein Rictor.  

 

Although both complexes share most of its proteins and a Ser/Thr kinase activity, each of 

them has a different sensitivity towards rapamycin, as well as different upstream regulators 

and downstream targets (Laplante and Sabatini, 2012). Early results suggested that 

mTORC1 exerts its function mainly through its two known downstream targets p70 ribosomal 

protein S6 kinase 1 (S6K1) and initiation factor 4E-binding proteins (4EBPs). S6K1 is known 

to be a key regulator for cellular metabolism and functions by phosphorylation of its substrate 

ribosomal S6 protein in some cell types (Fumagalli and Pende, 2022; Um et al., 2006). How-

ever, while the S6 protein is indispensable for T cell differentiation (Sulic et al., 2005), its 

phosphorylation is not required for T cell development and responses to TCR stimulation in 

vitro (Salmond et al., 2015). The most investigated process regulated by mTORC1 is protein 

synthesis, which is achieved by the phosphorylation of eIF4E binding protein 1 (4E-BP1) (Ma 

and Blenis, 2009). 

mTORC2 regulates the kinases Akt and serum-and-glucocorticoid-induced protein kinase 1 

(SGK1) (Garcia-Martinez and Alessi, 2008) and protein kinase Ca (PKCa). Thus, mTORC2 

contributes to mTORC1 activity by regulating Akt. Besides that, Akt is involved in many cellu-

lar processes including survival, growth, metabolism and proliferation through phosphoryla-
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tion of downstream effectors. More recent proteomic analyses have identified many more 

targets of both mTORC1 and mTORC2 (Battaglioni et al., 2022). In activated T cells, 547 

mTORC1-dependent phosphopeptides have been identified (Tan et al., 2017).  

1.4.2 Signaling via the PI3K/Akt/mTORC1 axis 

Besides the three classical TCR signaling pathways which lead to the induction of gene tran-

scription mTOR signaling plays an important role for the rapid activation of T cells. mTOR 

signaling is induced through PI3K which activates AKT and this negatively regulates Tuber-

ous sclerosis 1 and 2 (TSC1/2). TSC1/2 is a key upstream activator of mTORC1. It regulates 

mTOR by transforming Rheb into its inactive form and thus releases mTOR. (Inoki et al., 

2003; Tee et al., 2003). mTORC1 functions through its two downstream targets 4EBP1/2 and 

S6K1/2. S6K phosphorylates the S6 protein quickly after activation and leads to an increase 

of pS6, which can be used as a marker for mTOR activity. A schematic view of mTORC1 

activation is shown in Figure 6. WAVE2 was recently identified as a new mTORC1 regulator 

which directly inhibits mTOR activity by disrupting the interaction of mTOR with Raptor and 

Rictor effector proteins (Liu et al., 2021). The signaling via mTORC1 and its downstream 

effects in T cells is a central topic of this thesis. 

 

 

Figure 6: Schematic view of the PI3K/Akt/mTOR axis.  
Following TCR stimulation, PI3K activates mTORC1 via Akt and TSC1, as well as mTORC2. Down-
stream targets of mTORC1, besides others 4EBPs and S6K, and mTORC2, SGK1 and Akt, are 
shown.  

 

many others 
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1.4.3 Functions of mTORC1 in T cells 

The major functions of mTORC1 in T cells include the induction of key anabolic processes as 

protein, nucleotide and lipid synthesis, cell cycle progression, proliferation and cell growth.  

It was shown in vitro that mTORC1 activity is required for the cell cycle entry (G0/G1 transi-

tion) but is less essential for later divisions (Hukelmann et al., 2016; Terada et al., 1993a; 

Terada et al., 1993b; Yang et al., 2013). Genetic deletion of Raptor, the main protein of 

mTORC1, or mTOR itself, results in impaired proliferation and differentiation of CD4+ T cells 

(Yang et al., 2011). Upstream deletion of the negative regulator TSC1 leads to spontaneous 

activation and proliferation of CD4+ and CD8+ T cells (Delgoffe et al., 2009; Delgoffe et al., 

2011; Yang et al., 2011; Yang et al., 2013). Mechanistically, mTORC1 induces the expres-

sion of c-myc (Wang et al., 2011b; Yang et al., 2013), an important transcription factor for cell 

growth and proliferation. Since c-myc contributes to the cell cycle entry by promoting the ex-

pression of relevant CDKs and cyclins (Otto and Sicinski, 2017) it might mediate several 

mTORC1-dependent effects on T cell proliferation.  

Another characteristic function is cell growth, which starts during the exit of quiescence and 

coincides with an increase in RNA and protein levels (Chapman and Chi, 2018). Studies with 

rapamycin showed that CD4+ T cells had reduced growth and delayed cell cycle entry 

(Mondino and Mueller 2007; Colombetti et al. 2006). In order to prepare for cell growth, the T 

cells rapidly increase their biomass which is characterized by an increase in amino acid, lipid, 

cholesterol and protein synthesis (Ben-Sahra and Manning, 2017). To do so, the T cell 

adapts its metabolism towards an anabolic metabolism by increasing aerobic glycolysis, 

called Warburg effect, which is also observed in fast growing cancer cells (Chapman and 

Chi, 2018). mTORC1 is known to induce the expression of hypoxia inducible factor 1a 

(Hif1a), which contributes to an increased glycolytic flux (Brugarolas et al., 2003; Duvel et al., 

2010; Hudson et al., 2002; Laughner et al., 2001). To further support cell growth, mTORC1 

negatively regulates autophagy, which is an important mechanism for cellular adaptation and 

recycling of damaged cell organelles (Laplante and Sabatini, 2012).  

The upregulation of lipid synthesis is mainly essential for the generation of cell membranes 

(Laplante and Sabatini, 2009; Otto and Sicinski, 2017; Wells and Morawski, 2014). Essential 

for fatty acid and cholesterol synthesis is transcription via the sterol regulatory element bind-

ing protein 1/2 (SREBP1/2), which is regulated by mTORC1 through S6K1 (Duvel et al., 

2010; Li et al., 2010; Li et al., 2011b; Wang et al., 2011a).  

One of the most important functions of mTORC1 signaling is the induction of ribosome bio-

genesis and protein translation through S6K1 and 4E-BP1 (Saxton and Sabatini, 2017) as 

has been described in chapter 1.3.2.  
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1.4.4 Nucleotide metabolism 

Proliferating cells require the synthesis of essential macromolecules to be able to generate 

biomass for replication and cell growth. mTORC1 is an important regulator of these anabolic 

processes, including the synthesis of nucleotides, proteins and lipids (Ben-Sahra and 

Manning, 2017). Signaling via mTORC1 induces the de novo synthesis of purine and pyrimi-

dine nucleotides to meet the increased demand during rRNA synthesis (Ben-Sahra et al., 

2013; Ben-Sahra et al., 2016; Robitaille et al., 2013; Valvezan et al., 2017). Amino acids are 

required as essential precursor of purine and pyrimidine synthesis and derive from the pen-

tose phosphate pathway. As mTORC1 promotes glycolysis and the pentose phosphate way, 

it also supplies the cell with the essential precursors (Duvel et al., 2010). mTORC1 was 

shown to regulate the de novo pyrimidine synthesis through its downstream target S6K1 

which phosphorylates the carbamoyl-phosphate synthetase 2, aspartate transcarbamylase 

and dihydroorotase (CAD) in tumor cell lines. CAD is the rate limiting enzyme in the first 

steps of the de novo pyrimidine synthesis (Ben-Sahra et al., 2013). Phosphorylated CAD 

persists in the cell even after mTOR activity has decreased to baseline which suggests that 

CAD plays a role in the rapid immune response in memory T cells (Claiborne et al., 2022). 

Enhanced purine synthesis through mTORC1 is induced by the expression of the mitochon-

drial tetrahydrofolate cycle enzyme methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), 

which catalyzes the generation of one-carbon units (Ben-Sahra et al., 2016). MTHFD2, as 

well as other enzymes in nucleotide synthesis, like the inosine monophosphate dehydrogen-

ase (IMPDH), became common therapeutic targets in cancer therapy and immunosuppres-

sion (Ishikawa, 1999; Valvezan et al., 2017; Zhu and Leung, 2020).  

1.5 Cell cycle 
mTORC1 is a known regulator of the cell cycle, especially the G1/S transition (Yang et al., 

2013). Following stimulation, the T cell exits the quiescent state and enters the cell cycle, 

which is divided into interphase, where DNA synthesis takes place, mitosis, and cytokinesis, 

when the cell finally divides into two cells. This entry into the cell cycle influences the differ-

entiation and effector function of the cell, as well as the metabolic fitness and proliferative 

capacity. The regulation of the cell cycle by mTORC1 at several checkpoints is further inves-

tigated in this thesis. 

The progression through each cycle is mediated by phase-specific cyclin-dependent kinases 

(CDKs) and cyclins, which are induced by growth factors. Cyclins are bound by CDKs in or-

der to activate them and thus lead to the phosphorylation of cell cycle inhibitors like Reti-

noblastoma (Rb) (Chapman and Chi, 2018). For G1 entry specifically, the complex of 

CDK4/6 and cyclin D is required, as shown in Figure 7. For the progression through the cell 
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cycle, this complex becomes less important, and CDK2-cyclin E expression is increased to 

promote the transition into S phase (Otto and Sicinski, 2017; Wells and Morawski, 2014). 

Therefore, an increased phosphorylation of the Rb protein is essential (Yoon et al., 2010). In 

a naïve quiescent state, the CDK2-cyclin E complex is blocked by p27, however, following 

TCR signaling with CD28 co-stimulation leads to p27 degradation which allows the induction 

of cyclin E (Appleman et al., 2000; Boussiotis et al., 2000; Rowell et al., 2006; Wells and 

Morawski, 2014).  

Interestingly, it was shown that CDK2 is neglectable for T cell proliferation and might be 

compensated by other CDKs to promote clonal expansion (Chunder et al., 2012).  

 

 

Figure 7: Schematic view of the cell cycle stages.  
Naïve T cells occur in the periphery in a quiescent stage (G0 phase). Following stimulation, T cells 
enter the G1 phase by upregulating the expression of CDK4/6 and Cyclin D. To enter S phase CDK2 
forms a complex with Cyclin E to allow transition. Throughout S phase the expression of cyclin E de-
creases, while Cyclin A expression increases and forms a complex with CDK2. To enter G2/M phase 
of the cell cycle, CDK1/Cyclin A are required (Aleem and Arceci, 2015). 

1.6 Chemical inhibitors of mTOR and RNA synthesis 

1.6.1 Rapamycin as mTOR inhibitor 

Rapamycin is a macrolide antibiotic, that was found to exert its function via TOR1 and TOR2 

in yeast in the early 90s. It is produced from Streptomyces Hygroscopius bacteria and got 

famous for its antiproliferative capacities (Cafferkey et al., 1993; Kunz et al., 1993). mTOR 

was then discovered as a target of rapamycin (Brown et al., 1994; Sabatini et al., 1994; 

Sabers et al., 1995). The effects of rapamycin are known to be dose-dependent, as high 

doses completely inhibit the CD8+ T cell responses to LCMV infection, while low doses were 

shown to have positive effects on memory cell generation (Araki et al., 2009).  

Due to its immunosuppressive function, which was discovered in the 1970s (Chi, 2012), ra-

pamycin was approved by the FDA in the 1990s to prevent tissue rejection in kidney trans-

plant patients. However, the effect of prevention was only weak and could be increased by 

the addition of Calcium signaling blocking agents such as Cyclosporin and FK506. Rapamy-
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cin was known to reduce autoimmune disorders and to affect the functionality of T cells (Chi, 

2012).  

These immunomodulatory effects on CD8+ T cells were also investigated in other infectious 

models (Ferrer et al., 2010; Turner et al., 2011) and tumor models (Li et al., 2011a; Wang et 

al., 2011c). However, despite some clinical success, rapamycin and rapalogs show only lim-

ited effects in cancer prevention or treatment (Guo et al., 2011; Laplante and Sabatini, 2012). 

A reason for the limited efficacy could be a high number of negative feedback loops, that are 

regulated by mTOR (Laplante and Sabatini, 2012). As rapamycin prevents mTORC1-induced 

feedback inhibition of the PI3K signaling axis, it leads to an enhancement of AKT signaling, 

which might explain the limited therapeutic efficacy of mTOR inhibition in cancer patients 

(O'Reilly et al., 2006). 

1.6.2 Second generation mTOR inhibitors 

Rapamycin belongs to the group of first generation mTOR inhibitors and does so by interact-

ing with FKBP12 by allosteric inhibition. This leads to an immense functional loss of S6 ki-

nases, but other downstream targets like 4EBPs are hardly affected (Choo et al., 2008). The 

second generation of mTOR inhibitors include ATP competitive molecules like Torin-1 and 

PP242, which block mTORC1 activity completely. Torin-1 and PP242 were shown to also 

inhibit mTORC2 and thus do not result in increased ATP levels (Apsel et al., 2008; Feldman 

et al., 2009; Thoreen et al., 2009). These newly developed generation of mTOR inhibitors 

exhibit more promising effects in cancer treatment and prevention probably due to its com-

plete inhibition (Hsieh et al., 2010; Janes et al., 2010) and are tested in clinical trials 

(Benjamin et al., 2011). In this work, Torin-1 was used to fully inhibit mTOR activity.  

1.6.3 Inhibitors of ribosomal biosynthesis  

Excessive ribosomal biosynthesis is a major hallmark of cancer cells which leads to an in-

creased rate of cell proliferation and cell growth. Therefore, ribosomal biosynthesis became a 

common therapeutic target for cancer therapy or ribosomopathies. There are different clas-

ses of inhibitors, which target various parts during this complex process. Many of them di-

rectly target RNA Pol I due to its central function in rRNA synthesis, like chemotherapeutic 

drugs, alkylating agents, antibiotics, or via targeting topoisomerases or G-quadruplexes 

(Burger et al., 2010; Pitts and Laiho, 2022).  

CX-3543 (Quarfloxin) is a small molecule deriving from fluoroquinolone. Quarfloxin functions 

by disrupting the interaction of G-quadruplex rDNA complexes and the nucleolin protein at 

the rDNA strand and thus blocks the activity of RNA Pol I. G-quadruplex DNA structures are 

formed in the non-template strands in the presence of G-rich templates, such as rDNA 
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(Duquette et al., 2004). These G-quadruplex structures stabilize the template strand and pre-

vent renaturation. Additionally, it promotes the dense intervals of Pol I molecules (French et 

al., 2003). The nucleolar protein nucleolin associates with G-quadruplex structures and fur-

ther stabilizes them, which leads to increased Pol-I driven transcription (Srivastava and 

Pollard, 1999). Nucleolin is an essential part of RNA synthesis, as its deletion was demon-

strated to inhibit Pol I transcription (Rickards et al., 2007; Storck et al., 2009). Quarfloxin was 

shown to induce a rapid redistribution of nucleolin within the nucleolus, leading to the inhibi-

tion of rRNA synthesis, and as well to apoptotic death which makes it an innovative thera-

peutic approach (Drygin et al., 2009). However, Quarfloxin turned out to have limited bioa-

vailability and was thus unsuccessful in clinical trials. Instead CX-5461 (Pidnarulex) was de-

veloped by the same company as another small molecule and was shown to inhibit topoiso-

merase 2 (TOP2) instead of G4 complexes (Bossaert et al., 2021; Bruno et al., 2020; Pan et 

al., 2021). CX-5461 was used in clinial trials and completed phase 1 and 2 (Hilton et al., 

2022).  

Recently, a new first-in-class inhibitor named BMH-21 was discovered, which is unique in its 

mechanism to inhibit RNA Pol I (Peltonen et al., 2010; Peltonen et al., 2014). It intercalates 

into DNA and binds to GC-rich regions without interacting with TOP2 (Bruno et al., 2020) and 

without inducing DNA damage (Colis et al., 2014; Peltonen et al., 2010; Peltonen et al., 

2014). BMH-21 inhibits rDNA synthesis during initiation, promoter escape and elongation 

(Wei et al., 2018). One mode of action is the induction of proteasome-mediated degradation 

of one of the subunits of Pol I, RPA1 (Peltonen et al., 2014; Pitts et al., 2022). Compared to 

the other classes of ribosomal biosynthesis inhibitors, BMH-21 selectively inhibits RNA Pol I 

and has no off-target effects, which makes it a promising therapeutic target (Pitts and Laiho, 

2022).   

Transcriptional inhibition leads to major changes including the segregation of nucleolar sub-

structures (Boulon et al., 2010) and reorganization of the nucleolus (Bensaude, 2011), alto-

gether described as the transcriptional stress response (Ljungman, 2007) or nucleolar stress 

response. When using inhibitors, one must consider the selectivity, efficiency, reversibility 

and rapidity. Ribosomal biosynthesis and transcription inhibition became an attractive target 

for cancer therapeutic intervention, although, each of them has advantages and disad-

vantages regarding their physiological effects on the cell.  
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1.7 Aim of the Thesis 
 

mTOR is a key metabolic sensor and is essential for the regulation of T cell growth, differen-

tiation, and expansion following antigen stimulation of naïve T cells. Its immunomodulatory 

effects led to clinical applications for immunosuppression. However, understanding how 

mTOR mediates its effects on proliferation and ribosomal RNA synthesis, would lead to ad-

vanced therapeutic opportunities in the clinic. 

Several studies have shown the correlation between mTORC1 and proliferation, but the pre-

cise mechanism is unclear. Previous in vivo data in our lab have demonstrated that mTORC1 

is essential for ongoing proliferation during each consecutive cell division. 

An important downstream effect of mTORC1 activation is the regulation of multiple steps 

during ribosomal RNA biogenesis by upregulating RNA Polymerase I. However, the molecu-

lar mechanism is still unclear. Furthermore, it is not clear if and to what extent ribosome bio-

genesis affects the activation state and cell cycle progression of T cells.  

The aim of this thesis was on the one hand to investigate the effect of mTORC1 on T cell 

proliferation in relation to the RNA synthesis. On the other hand, we investigated whether cell 

cycle progression in T cells is dependent on ribosomal RNA transcription. To answer these 

questions, conditional knockout mouse models for mTORC1, mTORC2 or both were used, 

as well as inhibitors for mTORC1/2 and rRNA transcription in functional T cell assays. A nov-

el assay for the visualization of rRNA synthesis was established to analyze quantitative ef-

fects of mTORC1 and -C2 deficiencies on rRNA transcription and nucleolar anatomy. 
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2. Material and Methods 

2.1 Material 
2.1.1 Antibodies for Flow Cytometry 

 

Antibody Clone Species Conjugate Company 

CD11b M1/70 rat Biotin Biolegend 

CD11c N418 Armenian 
hamster 

Biotin Biolegend 

CD19 6D5 rat Biotin Biolegend 

CD25 3C7 Rat PE Biolegend 

CD28 37.51 Syrian 
hamster 

- Biolegend/BioXCell 

CD3 2C11 Armenian 
hamster 

- Biolegend/BioXCell 

CD4 RM4-5 rat FITC, PeCy7, biotin Biolegend 

CD4 GK1.5 rat PE, APC Biolegend 

CD44 IM7 rat Pe-Cy7 Biolegend 

CD45.1 A20 Mouse APC Biolegend 

CD45.2 104 Mouse PE, APC Biolegend 

CD45R/B220 RA3-6B2 rat Biotin Biolegend 

CD49b DX5 rat Biotin Biolegend 

CD62L MEL-14 rat PE Biolegend 

CD69 H1.2F3 Armenian 
Hamster 

PE Biolegend 

CD69 H1.2F3 Armenian 
Hamster 

V450 BD Horizon, BD 
Biosciences 

CD8a 53-6.7 rat FITC, PE, PerCp, Pe-
Cy7, APC, biotin 

Biolegend 

Gr-1 (Ly-6G/Ly-
6C) 

RB6-8C5 rat Biotin Biolegend 

H3 Phospho HTA28 rat Alexa Fluor 488 Biolegend 

P-S6 Ribo. Prot. 
(S235/236) 

2F9 rabbit Alexa-Fluor 488 Cell Signaling 

P-S6 Ribo. Prot. 
(S235/236) 

D57.2.2E rabbit Pe-Cy7 Cell Signaling 

Streptavidin - - PE ebioscience 

TCRß H57-597 Armenian 
hamster 

FITC Biolegend 
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TER119 TER-119 rat Biotin Biolegend 

Va2 B20.1 rat FITC BD Pharmingen, BD 
Biosciences 

Vb5.1, 5.2 MR9-4 mouse PE BD Pharmingen, BD 
Biosciences 

 

2.1.2 Antibodies for Western Blotting 

 

Antibody Species Label Dilution Company 

Alpha-tubulin Rabbit - 1:2000 Cell Signaling 

Alpha-tubulin Mouse - 1:10000 V. Heissmeyer, Helm-
holtz Zentrum München 

Anti-mouse IgG Horse  HRP 1:3000 V. Heissmeyer, Helm-
holtz Zentrum München 

anti-rabbit IgG Goat HRP 1:2000 Cell Signaling 

mTOR Rabbit - 1:1000 Cell Signaling 

Phospho-mTOR 
(Ser2448) 

Rabbit - 1:1000 Cell Signaling 

Phospho-mTOR 
(Ser2481) 

Rabbit - 1:1000 Cell Signaling 

Phospho-S6 Rabbit - 1:1000 Cell Signaling 

Raptor Rabbit - 1:1000 Cell Signaling 

Rictor Rabbit - 1:1000 Cell Signaling 
 

2.1.3 Chemicals, Reagents and Medium 

 

Reagent Company 

2’-Desoxyribonucleosid-5’-triphosphate (dNTPs) Peqlab/VWR 

4’,6-Diamidin-2-phenylindol (DAPI) Biolegend 

47S RNA FISH probe Stellaris 

Acrylamide 30% PanReac 

Agarose Sigma-Aldrich 

Ammoniumpersulfate (APS) Diagonal 

Anti-biotin Microbeads Miltenyi Biotech 

Anti-mouse CD40 (Clone FGK4.5) BioXCell 

Antibiotic/Antimycotic Sigma-Aldrich 
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Aprotinin PanReac Applichem 

Bovine Serum Albumin (BSA) PanReac 

Bradford Reagent PanReac Applichem 

Bromophenolblue PanReac Applichem 

Carboxyfluorescein succinimidyl ester (CFSE) Thermo Fisher 

CASYton Omni Life Science 

Cell Trace Violet (CTV) Invitrogen 

CellTracker Red (CTR) Invitrogen 

CHAPS PanReac Applichem 

Deionized formamide PanReac AppliChem 

DMSO PanReac AppliChem 

Dulbecco’s Modified Eagle Medium (DMEM),  
Powder 

Diagonal 

ECL Prime Western-Blot-Detektionsreagenz (ECL 
Solution 1) 

GE Healthcare 

EdU (5-ethynyl-2′-deoxyuridine) Thermo Fisher  

EGTA PanReac Applichem 

Enhancer VWR 

Ethanol PanReac Applichem 

Ethidiumbromide BioFroxx 

Ethylenediaminetetraacetic acid (EDTA) Diagonal 

Fetal Calf Serum (FCS) PAN Biotech 

Fixable Viability Dye (eFluor780) Thermo Fisher 

Gelatin Sigma-Aldrich 

GeneRuler 1 kb DNA Ladder Thermo Fisher 

Glycerin Applichem GmbH 

Glycine PanReac Applichem 

HCl Roth 

HEPES  Sigma-Aldrich 

Hoechst-33342 Thermo Fisher 

Immobilon-pSQ Transfer Membrane PVDF 0.2 µm Millipore, Sigma 

Incuwater Clean PanReac Applichem 

Interleukine 2 (rm IL-2) Immunotools 

Interleukine 7 (rm IL-7) Immunotools 

Isopropanol PanReac Applichem 

Leupeptin PanReac Applichem 

Magnesium Sulfate PanReac Applichem; Merck 
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Methanol J.T. Baker 

Mineral oil Sigma-Aldrich 

Oligo dt RNA FISH Stellaris 

Orange G Sigma-Aldrich 

OVA-peptide Peptides and Elephants 

Pancoll PAN Biotech 

Paraformaldehyde (PFA) PanReac Applichem 

PCR Buffer VWR 

Perm Buffer III BD Biosciences 

Proteinase K Diagonal 

Pyronin Y Sigma-Aldrich 

Red blood cell (RBC) Lysis Buffer Biolegend 

Roswell Park Memorial Institute (RPMI) 1640 
+ GlutaMAX 

Thermo Fisher 

RPMI Methionine free Thermo Fisher 

SDS 10% in solution PanReac 

Sodium azide 10% Morphisto 

Sodium chloride J.T. Baker 

Sodium Fluorid PanReac Applichem 

Sodium orthovanadate Sigma-Aldrich 

Spectra Multicolor High Range Protein Ladder Thermo Fisher 

ß-Mercaptoethanol Roth 

Stellaris RNA FISH Hybridisation Buffer LGC Biosearch Technologies 

Stellaris RNA FISH Wash Buffer A LGC Biosearch Technologies 

Taq Polymerase VWR 

TEMED PanReac 

Tris PanReac 

Triton-X-100 Sigma 

Tween20 Sigma, PanReac Applichem 

UltraPure DEPC Treated Water Invitrogen 

Water for molecular biology Panreac Applichem 

Whatman Filter Merck 
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2.1.4 Inhibitors 

 

Inhibitor Solution Target Company 

BAY11-7082 DMSO NFkB LKT Laboratories, Inc. 

BMH-21 DMSO RNA Polymerase Selleck Chemicals 

CX3543 DMSO RNA Polymerase Hölzl; MCE 

Cyclosporin A DMSO Calcineurin AdipoGen Life Science 

GDC0941 DMSO PI3K LKT Laboratories, Inc. 

GDC0973 DMSO MEK LKT Laboratories, Inc. 

LY2584702 DMSO S6K1/2 MCE 

PF4708671 DMSO S6K1 Sigma Aldrich 

Tigecyclin DMSO Mit. ribosome Sigma Aldrich 

Tofacitinib DMSO Jak/Stat  Selleck Chemicals 

Torin-1 DMSO mTOR Selleck Chemicals 
 

2.1.5 Mice 

 

Linie Official Line Name Background Source 

ANDx45.1 Tg(TcrAND)53Hed;Ptprca B10.BR/Ifi C. Benoist, D. Mathis, 
Harvard Medical 
School, Boston, USA 

B10.BR B10.BR-H2k2;H2-
T18a/SgSnJJrep 

B10.BR/Jax The Jackson Laborato-
ry 

B10.BR B10.BR-H2k/OlaHsd  Envigo 

B6 C57BL/6 C57BL/6 The Jackson Laborato-
ry; Institute for Immu-
nology 

CD4-cre Tg(Cd4-cre)1Cwi C57BL/6 The Jackson Laborato-
ry 

H-2Ab/bm12 H2-Ab1bm12 B6KhEgJ The Jackson Laborato-
ry 

H-2Kb/bm1 H2-Kbm1 C57BL/6 V. Buchholz, Techni-
sche Universität Mün-
chen 

OT1x45.1 Tg(TcraTcrb)1100Mjb;Ptprca C57BL/6 The Jackson Laborato-
ry 

OT1xNR4 Tg(TcraTcrb)1100Mjb;Tg(Nr4
a1-EGFP/cre)820Khog 

C57BL/6 The Jackson Laborato-
ry 

OT1xRaptor Tg(TcraTcrb)1100Mjb;Tg(Cd C57BL/6 The Jackson Laborato-
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4-cre)1Cwi;Rptortm1.1Dmsa ry 

OT1xRictor Tg(TcraTcrb)1100Mjb;Tg(Cd
4-cre)1Cwi;Rictortm1.1Klg 

C57BL/6 The Jackson Laborato-
ry 

OT1xRR Tg(TcraTcrb)1100Mjb;Tg(Cd
4-cre)1Cwi;Rptortm1.1Dmsa; 
Rictortm1.1Klg 

C57BL/6 The Jackson Laborato-
ry 

 

2.1.6 Primer 

 

Number Gene Sequence 

RO289 CD4-cre TGTGGCTGATGATCCGAATA 

RO290 CD4-cre GCTTGCATGATCTCCGGTAT 

RO291 Raptor loxP ATGGTAGCAGGCACACTCTTCATG 

RO292 Raptor loxP GCTAAACATTCAGTCCCTAATC 

RO293 Rictor loxP TTATTAACTGTGTGTGGGTTG 

RO294 Rictor loxP CGTCTTAGTGTTGCTGTCTAG 

RO445 NR4 CGGGTCAGAAAGAATGGTGT 

RO446 NR4 CAGTTTCAGTCCCCATCCTC 

RO459 OT1 CAGCAGCAGGTGAGACAAAGT 

RO460 OT1 GGCTTTATAATTAGCTTGGTCC 

RO488 CD45.2 (reverse) CATGGGGTTTAGATGCAGAC 

RO489 CD45.1 (reverse) CATGGGGTTTAGATGCAGGA 

RO490 CD45 (forward) GCAAGGCAGGATGCTAGAAA 

RO559 H-2Kb GCTGGTGAAGCAGAGAGACT 

RO560 H-2Kbm1 GGCTGGTGCTGCAGAGTATTA 

RO561 H-2Kb/bm1 (reverse) GATGAGGGATCAGGAGACCA  

RO625 H-2Ab/bm12 (forward) AGACGCCGAGTACTGGAAC 

RO626 H-2Ab CGGAGATCCTGGAGCGAAC 

RO627 H-2Abm12 CGGAGTTCCTGGAGCCAAA 

RO628 H-2Ab/bm12 (reverse) AGAGGTGAGACAGGAGGGA 
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2.1.7 Buffers 

 

Buffer Amount/vol Substance End concent-
ration 

35% BSA 200 ml 
70 g  
1 ml 

PBS 
BSA  
Sodium azide 

- 
35% 
10% 

Blotting Buffer 15 g 
72.1 g 
1 L 
Fill up to 5L 

Tris 
Glycine 
Methanol 
ddH20 

 

CTV Labeling Buffer 100 mL 
0.1 g 

PBS 
BSA 

- 
0.1% 

FACS Medium 500 ml 
5 ml 
14,3 ml (35%) 

DMEM 
HEPES 
BSA 

- 
1% 
1% 

Gel loading Buffer 250 mg 
30 ml  
70 ml 

Orange G 
Glycerin 
ddH2O 

2.5 mg/ml 
30% 
- 

Gene Ruler Mix 100 µl 
700 µl 
200 µl 

Gene Ruler 
TAE 
Gel loading buffer 

 

Gitocher Buffer 10x  
 
 
 
 

Tris, pH 8.8 
Ammonium sulfate 
Magnesium chloride 
Gelatin 
ddH2O 

670 mM 
166 mM 
65 mM 
0.1% 

Laemmli Buffer 4x 1.514 g 
4 g 
20 ml 
10 ml 
200 mg 
Fill up to 50 mL 

Tris 
SDS 
Glycerol 
ß-Mercaptoethanol 50 µM 
Bromophenolblue 
ddH2O 

 

MACS Buffer 1x  
 

PBS 
EDTA 
BSA 

- 
1 mM 
0.5% 

Paraformaldehyde 4% 4 g 
10 ml 

Paraformaldehyde 
10x PBS 

4% 
1x 
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Adjust to pH 7.4  
Fill up to 100 mL  

HCl 
ddH2O 

- 
- 

PBS, selfmade (10x) 180 g 
28.66 g 
 
5.34 g 
Fill up to 2L 

NaCl 
Dinatriumhydrogenphosphat 
Kaliumdihydrogenphosphate 
ddH2O 

 

Protein lysis Buffer  
 
 
 
 
 
 

HEPES 
NaCl 
Glycerol 
CHAPS 
Magnesium chloride 
EGTA 
Sodium Fluoride 
Sodium orthovanadate 
Aprotinin 
Leupeptin 

50 mM 
150 mM 
10% 
0.3% 
1.5 mM 
1 mM 
100 mM 
500 µM 
10 µg/ml 
10 µg/ml 

SDS Running Buffer 
10x 

30.28 g 
187.75g 
10g 
Fill up to 1L 

Tris 
Glycine 
SDS 
ddH2O 

 
 
 
- 

Selfmade ECL Solution 
2 

3 ml 
100 ml 

H2O2 
ddH2O 

3% 
- 

T cell Medium 500 ml 
50 ml 
5 ml 
2 µl 

RPMI + Glutamax 
FCS, heat-inactivated 
Antimycotic/Antibiotic 
ß-Mercaptoethanol 50 µM 

 
10% 
1% 
50 µM 

TAE 1x 4.9 l  
100 ml  

ddH2O 
TAE (50x) 

- 
1x 

TAE 50x 242 g 
27.1 ml 
100 ml 
Fill up to 1L 

Tris 
Acetic acid (99%) 
EDTA (pH 8.0), 0.5M 
ddH2O 

 
 
0.05M 
- 

TBS 10x 12.1 g 
87.7 g 
Adjust pH to 8.0  
Fill up to 1L 

Tris 
NaCl 
HCl 
ddH2O 

 
 
- 
- 

TBS-T 1x 900 ml ddH2O - 
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100 ml 
500 µl 

TBS (10x) 
Tween20 

1x 
0.05% 

Tissue Digestion Buffer 82 µl 
10 µl 
3 µl 
5 µl 

ddH2O 
Gitocher Buffer 
PK 
Triton-X 

 

 

2.1.8 Consumables 

 

Consumable Company 

1.5 ml tubes Eppendorf 

10 ml snap cap tubes Greiner bio-one 

14 ml snap cap tubes Falcon 

15 ml tubes Greiner bio-one 

2 ml tubes Eppendorf 

50 ml Luerlock syringe BD Plastipak 

50 ml tubes Greiner bio-one 

CASY tubes OLS Omni Life Science 

Cell strainer Miltenyi Biotech 

Cover foil for PCR plates Easy Seal Greiner Bio-one 

Disposable cuvettes 1.5 ml semi-micro Brand 

FACS tubes Falcon 

Falcon tubes 15ml and 50ml Falcon 

Filter tips 1-10 µl Starlab TipOne 

Filter tips 2-20 µl Starlab TipOne 

Flüssigkeitsreservoir 60 ml Diagonal 

Gel holder cassette BioRad 

Glass plates BioRad 

Gloves Meditrade 

Hypercassette Dr. Goos Suprema 

Insulin syringe 1 ml Diagonal 

Insulin syringes 0.5 ml Diagonal 

LS column Miltenyi Biotech 

MACS magnet Miltenyi Biotech 

Medical X-ray film, blauempfindlich Röntgen Bender GmbH & Co. KG 

Millex GP Filter unit 0.22 µm Millipore Express 
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Multichannel 1-10 µl (8 channel) Brand 

Multichannel pipette 20-200 µl (12 channel) Brand 

Objektträger Diagonal 

Pasteurpipetten 3 ml, steril Diagonal 

PCR plates Sapphire, Greiner bio-one 

Petri dishes Diagonal 

Pipetboy Accu-jet pro 

Pipette 0.1-2 µl Brand 

Pipette 100-1000 µl Brand 

Pipette 2-20 µl Brand 

Pipette 20-200 µl Brand 

Pipette tips Brand 

Polyamid Siebgewebe 120 µm Klein & Wieler OHG 

Polyamid Siebgewebe 80 µm Diagonal 

RP New, Medical X-ray films, blue CEA 

Restrainer mice Sigma 

Scissors WPI-europe 

Serologische Einmalpipetten Ratiolab 

Staining plates (96-well) Diagonal 

Sterile pipettes 2 ml, 5 ml, 10 ml, 25 ml Diagonal, Greiner bio-one 

Tweezers, small A.Dumont &FILS 

Tweezers, large WPI-europe 

U-bottom 96-well plates Sarstedt 
 

2.1.9 Kits 

 

Kit Company 

Click-iTTM EdU Alexa FluorTM 488 Flow Cytometry As-
say Kit 

Thermo Fisher 

Click-iTTM HPG Alexa FluorTM 488 Protein Synthesis 
Assay Kit 

Thermo Fisher 

mTOR Pathway Antibody Sampler Kit Cell Signaling 

Pierce BCA Protein Assay Kit Thermo Fisher  
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2.1.10 Machines 

 

Machine Company 

-80°C Herafreeze HFU T series Thermo Scientific 

Amnis Imagestream Merck 

autoMACS Miltenyi 

CASY Counter OLS Omni Life Science 

Cell culture hood Flow Safe B-(MaxPro)2-190 Berner  

Centrifuge Heraeus Multifuge X3R Thermo Scientific 

Centrifuge klein 5417 R Eppendorf 

Centrifuge Rotanta 460R Hettich 

Electrophoresis Power Supply EPS200 Pharmacia Biotech 

Eppendorf BioSpectrometer Eppendorf 

Eppendorf ThermoMixer C Eppendorf 

FACS Aria III BD 

FACS Aria Fusion BD 

FACS Canto BD 

FACS Fortessa BD 

Freezer Liebherr 

Fridge Liebherr 

Gel Doc XR+ BioRad 

Incubator New Brunswick, Galaxy 170R eppendorf 

Microscope Leica 

Microwave Bosch 

Mini Protean Tetra System BioRad 

Optimax Developer Protec 

Orbital Rocking Motion Shaker (Taumelschüttler) GFL 

PCR Cycler T Advanced Biometra 

PCR Cycler T1 Thermocycler Biometra 

pH meter WTW inoLab 

Schüttelplatte WB (Wippschüttler) ST5 CAT NeoLab 

Vortex 54119 REAX 2000 Heidolph 

Waage Scout Ohaus 

Water bath JB Series Grant Instruments 

WB Power Supply BioRad 
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2.1.11 Softwares 

 

Program Company 

Affinity Designer Serif (Europe) Ltd 
CASYworX OLS, Omni Life Science 

Endnote 20.6 Clarivate Analytics 

FACS Diva BD 

FlowJo 10 BD 

Gel documentation Intas 

GraphPad Prism 7, 10 Graphpad Software, Inc. 

IDEAS Merck KGaA 

Microsoft Office (Word, Excel, Powerpoint) Microsoft 

tick@lab a-tune software 
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2.2 Methods 
2.2.1 Mice 

2.2.1.1 Breeding and housing of the mice 

Mice were bred and maintained at the animal core facility of the BMC, Ludwig-Maximilians-

University Munich, Germany. All experiments were conducted in compliance with the Ger-

man federal guidelines under the protocols ROB-55.2-2532.Vet_02-22-53 and ROB-55.2-1-

54-2532-84-2015 approved by the government of Upper Bavaria. 

2.2.1.2 Wildtype mice  

Wildtype mice with B6 (C57Bl/6) and B10.BR (B10.BR/Jax) background were purchased 

from The Jackson Laboratory and bred at the animal core facility of the BMC.  

2.2.1.3 TCR transgenic mice 

TCR transgenic mice which carry an OT1 (Tg(TcraTcrb)1100Mjb;Ptprca) or AND 

(Tg(TcrAND)53Hed;Ptprca) transgenic T cell receptor were used for antigen-specific stimula-

tion experiments in vivo and in vitro (Hogquist et al., 1994; Kaye et al., 1989). OT1 mice were 

purchased from The Jackson Laboratory. AND mice were obtained from C. Benoist and D. 

Mathis from the Harvard Medical School, USA. 

The TCR of OT1+ transgenic T cells mainly consists of the Va2 and Vb5 chain, which recog-
nizes the peptide ovalbumin (OVA257-264/SIINFEKL). The AND transgenic T cell receptor 

mainly consists of the Va11 and Vb3 chain, which recognizes a peptide derived from moth 
cytochrome C. The OT1 and AND transgenic mice were crossed with mice expressing the 

congenic marker CD45.1 to obtain the OT1x45.1 and ANDx45.1 mouse lines.  

2.2.1.4 Congenic marker 

The congenic marker CD45.1 was used to distinguish adoptively transferred cells from en-

dogenous cells. CD45.1 originally derives from Ptprca mice which were purchased from The 

Jackson Laboratory. 

2.2.1.5 NR4 reporter mice 

In order to visualize early TCR signaling, a mouse line was used that carries a Nur77-GFP 

reporter cassette (Moran et al., 2011). NR4 mice (Tg(Nr4a1-EGFP/cre)820Khog) were pur-

chased from The Jackson Laboratory and visualize early Nur77 (Nr4a1) expression after 

TCR stimulation. The NR4 mice were crossed to OT1 and AND transgenic mice to obtain 

OT1xNR4 and ANDxNR4 mouse lines.  
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2.2.1.6 mTORC1 and mTORC2-deficient mice 

To investigate the function of mTORC1 and mTORC2, specific knockouts for each complex 

were used; Raptor (Tg(Cd4-cre)1Cwi;Rptortm1.1Dmsa) for mTORC1 (Sengupta et al., 2010) and 

Rictor (Tg(Cd4-cre)1Cwi;Rictortm1.1Klg) for mTORC2 (Tang et al., 2012). Both Raptor and Ric-

tor lines were crossed to the transgene CD4-cre which drives the expression of a Cre re-

combinase gene. The Cre rembinase is mainly expressed in CD4+ T cells during different 

stages during T cell development in the thymus and results in deletion of loxP flanked genes. 

(Sawada et al., 1994).  Both lines were purchased from The Jackson Laboratory and crossed 

to OT1 transgenic mice carrying the congenic marker CD45.1. Another line which carries 

both deletions at the same time, Rap/Ric, was created as well to see effects of both Raptor 

and Rictor deletion.  

2.2.1.7 Bm1 and Bm12 mice 

H2-Ab/bm12 mice were purchased from The Jackson Laboratory and H2-Kb/bm1 were obtained 

from V. Buchholz (Technische Universität München). The bm1 mutation (MGI ID: 3618114) 

contains seven different nucleotides, resulting in three amino acid exchanges (McKenzie et 

al., 1977). Therefore, a different repertoire of self-peptides is presented in the context of 

MHC-I. The bm12 mutation (MGI ID: 3586447) as well contains different nucleotides, leading 

to three amino acid substitutions and thus, binding and presenting a different repertoire in the 

context of MHC-II (McKenzie et al., 1979).  

2.2.2 Adoptive Transfer 

Mice were treated with 20 μg anti-CD40 to activate dendritic cells for immunogenic antigen 

presentation to T cells (Obst et al., 2007). Sterile solutions of anti-CD40 in PBS were pre-

pared and injected intraperitoneally (i.p.) with a maximum of 100 μL per mouse on day -1. 

For in vivo stimulation assays, lymphocytes were harvested from lymph nodes (axillary, in-

guinal, brachial, cervical) in DMEM without BSA. For details on lymphocyte isolation refer to 

chapter 2.2.8. If indicated, cells were labeled with CTV (chapter 2.2.11) and injected in a 

maximal volume of 100 μL DMEM without BSA intravenously (i.v.). Cell numbers varied be-

tween 0.1 x 106 and 2 x 106 cells per mouse depending on the experimental setup.  

2.2.3 Immunization of B10.BR or B6 mice to generate memory T cells 

For memory experiments, lymph nodes and spleen were taken from one B6 mouse and 

erythrocytes depleted by addition of 1 ml Red blood cell lysis buffer (RBC Lysis Buffer). After 

5 minutes incubation at room temperature, cells were spun down and resuspended in fresh 

FACS Buffer without BSA and washed twice. 10x106 splenocytes in 100 µl buffer were in-

jected intraperitoneally (i.p.) into 4 B10.BR mice. Two weeks later there was a second im-
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munization with freshly isolated splenocytes.  4 weeks after the second injection, spleens 

were harvested and processed for cell sorting and reculture. Animals were scored following 

the protocols listed under 2.2.1.1 regarding weight, behaviour and health condition regularly 

on the first 3 days post immunization, later once per week.  

2.2.4 Tissue digestion 

Biopsies were taken from the mice (ear tags or tails) by the animal caretakers in the Core 

Facility Animal Models (CAM) for genotyping. The biopsies were transferred into PCR tubes 

and 100 µl of DNA digestion buffer was added, freshly prepared according to the following 

table: 

Table 1: Ingredients of Tissue digestion buffer 

Reagent Volume 
H2O 82 µl 
Gitocher Buffer 10 µl 

PK 3 µl 

Triton-X 5 µl 

Total 100 µl 

 

Samples were spun down shortly on a mini centrifuge to make sure the biopsies are fully 

immersed by the buffer and incubated at 56°C on a PCR cycler for 6 hours, followed by 10 

min at 95°C step to inactivate the PK. DNA samples were then stored at -20°C until further 

processing.  

2.2.5 Polymerase Chain Reaction (PCR) 

2.2.5.1 General Procedure 

The primers (stock: 100 µM) used for PCR were diluted 1:10 (working conc.: 10 µM) in Ul-

traPure DEPC treated water under the cell culture hood. A mastermix was prepared on ice 

for each primer pair according to the following scheme: 

Table 2: PCR mix 

Component c(stock) c(end) µl per reaction 

H2O - - 13.375 

PCR buffer  10x 1x 2.5  

Enhancer  5x 1x 5  
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Oligo 1  10 µM 0.5 µM 1.25  

Oligo 2 10 µM 0.5 µM 1.25  

dNTPs  10 mM 0.2 mM 0.5  

Taq 5 U/µl 0.125 U/reaction 0.125 

Total  - - 24 
 

1 µl DNA/reaction was pipetted into a PCR tube or a 96-well plate, spun down for 1 minute 

and 24 µl of Mastermix was added to each tube or well. The samples were centrifuged again 

for 1 minute and each sample was overlayed with 1 drop of mineral oil to prevent condensa-

tion. The plate was covered with a transparent foil and put into the PCR cycler as soon as 

95°C were reached. The program ran according to this scheme: 

Table 3: Overview of PCR program sequence 

Denaturation  95°C 5 min  
Annealing   95°C 

55°C 
72°C 

30 sec 
30 sec 
45 sec 

35x  

Extension  72°C 5 min  

 

2.2.6 Agarose gel electrophoresis 

For gel electrophoresis a 1.5% agarose gel was prepared. 3 g of agarose were dissolved in 

200 ml TAE Buffer by heating in the microwave at 800V for 4 minutes. The solution was 

shaken carefully in between until it was completely transparent. The solution was then cooled 

down under running tap water. 1 drop of ethidiumbromide was added under a hood and the 

agarose poured into a prepared chamber. After 20-30 minutes the gel was solid and trans-

ferred in an electrophoresis chamber, which was filled up with TAE buffer. 10 µl of a Gene 

Ruler was loaded into the first and last lane of each row, and in between 15 µl of PCR prod-

uct, mixed with 2-3 µl of Orange G. The electrophoresis was run at 120V for 30-60 minutes, 

depending on the genotype. Afterwards the gel was measured by Geldoku. In Figure 8 rep-

resentative genotyping results for samples from mouse lines OT1xRa (A) and OT1xNR4 (B) 

are shown with the associated genes to be determined.  
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Figure 8: Genotyping of several mouse lines.  
(A), (B) and (C) show examples for gel electrophoresis of PCR products from (A) OT1xRaptorfl/fl mice, 
(B) OT1xNR4. Numbers in () indicate the used primer pair. 

2.2.7 Blood genotyping 

Some genes, such as OT1 and CD45.1 and CD45.2, were occasionally also typed by blood. 

Animal caretakers provided 2-3 drops of blood, mixed with Heparin containing PBS. The 

blood was transferred into 1.5 ml tubes and centrifuged at 1500 rpm for 1 minute. The super-

natant was discarded and 1 ml of Red blood cell lysis buffer, diluted 1:10 with water, added 

and incubated for 5 minutes at room temperature. After incubation time, samples were centri-

fuged as before and the supernatant removed. The cell pellet was resuspended in 200 µl 

FACS Buffer and transferred into a 96-well staining plate. For OT1 typing, cells were stained 

with Va2-FITC, Vb5-PE, CD4-PerCp and CD8-APC. For CD45 congenic marker, cells were 

stained with CD45.1-PeCy7 and CD45.2-APC. For details on surface marker staining, see 

chapter 2.2.16. Samples were then measured with a BD Canto II and analyzed by FlowJo. A 

representative FACS plot is shown below in Figure 9 for two samples.  
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Figure 9: FACS plots of 2 blood samples from the OT1x45.1 mouse line.  
Upper row shows an OT1 negative mouse (247). The lower row shows an OT1 positive mouse (288). 
Both animals were CD45.1/2. 

2.2.8 Organ removal and cell isolation 

Spleen, axillary, inguinal, brachial and cervical lymph nodes were isolated with scissors and 

tweezers and stored in FACS Buffer. By using sterile glass cover slides, the organs were 

carefully ground and washed off with 5 ml of FACS buffer and transferred into 14 ml tubes 

under sterile conditions. 3 ml Ficoll was added on the bottom of the tube with Pasteur pi-

pettes. The cell suspension was then centrifuged through the Ficoll cushion for 10 minutes at 

1500 rpm with reduced brake to remove erythrocytes. The intermediate phase containing the 

lymphocytes was transferred into a fresh tube and washed again with FACS Buffer.  

2.2.9 Cell counting by CASY Cell counter 

The CASY Cell counter determines the viability, volume, and number of cells in a defined 

solution by Electronic Current Exclusion (ECE) and Pulse Field Analysis (Product description 

Omni Life Science, www.ols-bio.de). Therefore, 10 µl of a cell suspension was diluted in 10 

ml Casyton solution. The tube was put on the CASY Cell Counter, which measured the con-

ductivity between the two electrodes between a defined pore. The cell number/ml was de-

termined by the Counter. If required, the cell suspension was diluted in Casyton and the re-

sult calculated considering the dilution factor. Cell volume and diameter could be exported 

from the CASY software and imported into Excel for visualization.  
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2.2.10 Titration and use of inhibitors 

All inhibitors were resolved in DMSO according to the manufacturer’s protocol. Titrations 

were performed for all inhibitors in 1:3 or 1:2 dilutions steps in a 96-well plate to display the 

range of the response. 

Torin-1 was used to block mTORC1 and mTORC2 activity completely (Thoreen et al., 2009). 

Quarfloxin (CX3543, Hölzel) and BMH21 (Selleckchem) were used as RNA Pol I inhibitors 

(Colis et al., 2014; Drygin et al., 2009; Peltonen et al., 2014). Tigecyclin was used as an in-

hibitor of mitochondrial RNA synthesis (Livermore, 2005).  

To investigate the effects of blocking single TCR signaling pathways we used Cyclosporin A 

(Flanagan et al., 1991; Liu et al., 1991), GDC0973 (Hoeflich et al., 2012) and BAY117082 

(Melisi and Chiao, 2007) to block Calcineurin (NFAT), MEK and NFkB signaling pathways, 

respectively. GDC0941 was used as a downstream inhibitor for PI3K to block mTOR activa-

tion (Folkes et al., 2008).  

Tofacitinib (Selleckchem) was used to investigate the effect of JAK/Stat signaling in re-

stimulation experiments (Flanagan et al., 2010).  

2.2.11 CellTrackerViolet (CTV)/ CellTrackerRed (CTR) Labeling 

To visualize cell proliferation, naïve T cells/lymphocytes were labeled with CellTracker Violet 

or CellTracker Deep Red (Thermo Fisher). 2x106 cells were resuspended in pre-warmed 

PBS+0.5% BSA and 1 µl CTV/CTR was added during vortexing. Cells were incubated for 10’ 

in the waterbath and then washed twice with FACS Buffer. The number of divisions was cal-

culated as follows: N = log2(CTV MFIctrl/CTV MFIsample) (Obst et al., 2007). 

2.2.12 MACS sorting of T cells 

Sample preparation 

For isolation of T cells, a cell suspension containing splenocytes was spun through a Ficoll 

cushion as described in chapter 2.2.8. Afterwards the cell pellet was resuspended in a mix-

ture of 180 µl FACS buffer plus biotinylated antibodies per sample, according to Table 4:  

 

Table 4: Mix of biotinylated antibodies for negative selection by MACS 

Antibody Fluorochrome Target µl/mouse 

CD45R Biotin B cells 8 

CD49 Biotin NK cells 5 

Gr-1 Biotin Granulocytes 5 



2 Material and Methods             53 

CD11b Biotin Macrophages 5 

CD11c Biotin Dendritic cells 5 

TER119 Biotin Erythrocytes 5 

CD19 Biotin B cells 5 

CD4 (if required) Biotin CD4 T cells 5 

CD8 (if required) Biotin CD8 T cells 5 

 

Cells incubated for 15 min in the biotinylated antibody mix on ice. Then, 3 ml FACS Buffer 

was added to each tube to wash off unbound antibodies. Samples were centrifuged as de-

scribed before and washed twice. Then, the pellet was resuspended in 100 µl FACS Buffer 

containing 10 µl anti-biotin mAb magnetic beads and incubated for 20 minutes on ice.  

 

Magnetic sorting – LS columns 

For manually magnetic sorting, cells were washed again twice in MACS Buffer and finally 

resuspended in 2 ml MACS Buffer. LS columns (Miltenyi) were placed in a magnet and fresh 

14 ml tubes placed below. The complete 2 ml suspension was pipetted onto the column. By 

running through the column, labeled cells stick to the magnet, while unlabeled cells (CD4 or 

CD8 T cells or both) are collected into the tube. The column was eluted twice with 3 ml 

MACS buffer. The complete flow-through was then centrifuged and resuspended in FACS 

buffer. Post-sort purity was checked by FACS as shown in Figure 10. Generally, purities 

were between 95-100% (lower panel).  

 

Magnetic sorting – autoMACS 

With the same principle, T cells were sorted at the autoMACS (Miltenyi). Cell suspensions 

were transferred into 15 ml Falcon tubes in 100 µl FACS buffer containing Streptavidin (SA)-

magnetic beads. The tubes were placed in a pre-cooled rack and put into the machine. The 

program DEPLETES, supplied by the manufacturer, was chosen and cells were automatical-

ly sorted into fresh 15 ml tubes.  
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Figure 10: Purity check post MACS enrichment of CD8+ T cells.  
Upper panels show cells pre-sort, gated on Singlets, lymphocytes and live CD8+ T cells. Lower panels 
show cells post sorting. The amount of Streptavidin (SA) is shown in the panels on the right, indicating 
that levels of SA-bound cells before and after enrichment.  

 

2.2.13 Culturing and stimulation of T cells 

2.2.13.1 Purified T cells 

MACS-enriched non-TCR transgenic T cells were stimulated with plate-bound anti-CD3 (10 

µg/ml) and anti-CD28 (10 µg/ml) mAbs. For plate coating, µl/plate anti-CD3 and anti-CD28 

antibodies were diluted in 7 ml PBS/plate and 70 µl distributed in the wells of a 96-well round 

bottom plate (Sarstedt, type suspension). The plates were incubated for 90 minutes at 37°C, 

5% CO2 in a tissue culture incubator. 100 µl ice-cold PBS were then added to each well and 

removed. The plates were washed again with 100 µl PBS. Then 1x106 cells/well were plated 

in 200 µl T cell medium/well. 10 µg/ml IL-7 was added to the medium to increase survival.  

2.2.13.2 OT1 transgenic splenocytes 

OT1 splenocytes were cultured at 2x106 cells per well in a 96-well round bottom plate (Sar-

stedt, type suspension) in T cell medium and stimulated with 10 ng/ml OVA peptide (SI-

INFEKL) for the indicated time points. 10 µg/ml IL-7 was added to the culture to increase 

survival. All cells were stained and measured by FACS to confirm their naïve phenotype and 

OT1 genotype, as shown in Figure 11. CD4, CD8 and Va2 staining confirms that the T cells 

are OT+, while CD44int and CD62Lhigh stainings confirm that the cells are naïve.  
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Figure 11: Control staining of OT1 T cells from WT and T-Rapo/o mice.  
T cells are gated for Single cells, separated by FSC-H and FSC-A, lymphocytes by SSC-A and FSC-A 
gating, live cells (DAPI-) and CD4+ and CD8+ T cells. CD62Lhigh CD44int staining confirms naïve state 
of cells. Va2 staining confirms presence of OT1 TCR.  

 

2.2.13.3 Generation of memory-like T cells in vitro 

OT1 splenocytes were stimulated with 10 ng/ml OVA peptide and 10 ng/ml IL-2 for three 

days. On day 3, the cells were washed twice in T cell medium and re-cultured with either 10 

µg/ml IL-2 for effector T cells or 10 ng/ml IL-15 for T cells with phenotypic properties of 

memory T cells for four more days (Carrio et al., 2004). On day 7 post stimulation the T cells 

were further analyzed by flow cytometry. 

2.2.14 5-ethynyl-2’deoxyuridine (EdU) assay 

For 5-ethynyl-2’-deoxyuridine (EdU) pulse/chase experiments, 10 µM EdU was added to the 

stimulation cultures described in chapter 2.2.13.1 on day 2 and incubated for 1 hour. Then 

EdU was washed away, and samples taken after indicated time points (Figure 15). EdU was 

visualized using the Click-iT EdU Flow Cytometry Cell Proliferation Assay Kit according to 

the manufacturer’s protocol (Thermo Fisher). EdU is a nucleoside analog to thymidine which 

is incorporated into the DNA during S phase. By click chemistry, the incorporation is visual-

ized by the reaction between an azide and an alkyne. The alkyne is part of the EdU moiety, 

and the azide is coupled to an Al488 dye. Cells were harvested and labeled for surface 

markers including a live/dead dye (see chapter 2.2.16) and fixed and permeabilized with the 

reagents offered in the kit. For the Click-iT reaction a mix was prepared according to the fol-

lowing table (Table 5):  
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Table 5: Reaction mix for EdU detection 

Reaction components For 1 reaction 

PBS 438 µl 

CuSO4 (Component F) 10 µl 

Fluorescent dye azide 2.5 µl 

Reaction Buffer Additive 50 µl 

Total volume 500 µl 

 

The cells were transferred into 14 ml tubes or 1.5 ml tubes and 500 µl of the Click-iT reaction 

mix added and mixed well. After 30 minutes incubation at room temperature the cells were 

washed twice and counterstained with Hoechst33342 to differentiate cell cycle stages. Sam-

ples were then acquired on a BD LSR Fortessa.  

2.2.15 L-Homopropargylglycine (HPG) assay 

The de novo protein synthesis was measured with the Click-iT HPG Alexa Fluor 488 Assay-

Kit from Thermo Fisher, according to the manufacturer’s protocol. L-Homopropargylglycine 

(HPG) is an amino acid analog to methionine which contains an alkyne part. The azide for 

the Click reaction is included in the Al488 dye.  

On day 2 post stimulation, the cells were harvested, washed twice and re-cultured in methio-

nine-free RPMI culture medium. HPG was added in a 1:1000 dilution and incubated for 1 

hour. Afterwards cells were harvested and stained for surface markers. According to the pro-

tocol, cells were fixed and permeabilized.  For the Click-iT reaction the same reaction mix as 

described in 2.2.14 (see Table 5) was prepared and added. HPG incorporation was then 

measured by flow cytometry with a BD LSR Fortessa.  

2.2.16 Cell surface staining 

T lymphocytes were harvested at indicated time points, washed twice and transferred into 

96-well plates. An antibody mix was prepared in PBS, containing a live/dead dye such as 

FVD780 (1:4000 diluted) or DAPI for live cells (1:1000 diluted). Surface markers for distin-

guishing CD4+ and CD8+ populations as well as other surface antibodies were added in a 

1:400 dilution. 50 µl of the mix were added to the cells and incubated for 20 minutes in the 

fridge. After the incubation time, the cells were washed twice and transferred through a filter 

into FACS tubes. Data were then acquired with a Canto II or LSR Fortessa. 
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2.2.17 Intracellular staining 

2.2.17.1 5’ external transcribed spacer (ETS) staining 

For 5’ ETS staining cells were fixed in 200 µl 2% paraformaldehyde (PFA)/PBS for 10 min at 

room temperature, followed by two washing steps with FACS buffer. Then the cells were 

permeabilized in 100 µl Perm Buffer III (BD Bioscience) for 5 minutes at room temperature 

and washed twice. Cells were washed once in Wash Buffer A (Stellaris), followed by an 

overnight incubation in 100 µl Hybridization buffer (Stellaris) containing 1 µl probe/sample at 

37°C. The probe consists of 48 Oligos. After incubation time, cells were washed again with 

Wash Buffer A and FACS buffer and then stained with Hoechst33342. Samples were meas-

ured using an LSR Fortessa (BD) or an MK II Imaging Flow cytometer (Amnis, Merck).  

2.2.17.2 RNA and DNA staining 

T cells were harvested at the indicated time points post stimulation and counted. 1x106 cells 

were used for each experiment and stained for surface markers and fixed in 2% PFA. Then 

the cells were permeabilized with Perm Buffer III (BD Bioscience), washed twice and resus-

pended in 100 µl Hoechst33342 (stock: 10 mg/mL; diluted 1:1000 in PBS) and incubated for 

10’ at room temperature. After the incubation time, 100 µl Pyronin Y solution (stock: 1 

mg/mL; diluted 1:200 in PBS) was added on top and incubated for further 10’. The cells were 

centrifuged and resuspended in FACS buffer and immediately measured with LSR Fortessa 

or Canto II cytometers (BD).  

2.2.17.3 Phospho-antibody staining 

For intracellular staining with phospho-S6 (pS6) or phospho-H3 (pH3) antibodies, T cells 

were first surface stained with CD8 and fixable viability dye and then fixed in 2% PFA. For 

pS6 staining, the cells were permeabilized in Perm Buffer III, washed twice, and incubated 

with the pS6 antibody (diluted 1:100) for 20 min at room temperature. For pH3 staining, the 

cells were washed after permeabilization in PBS/3% FCS and the antibody added 1:10 dilut-

ed in PBS/3% FCS and incubated for 2 hours at room temperature. Cells were washed twice 

in PBS/3% FCS and counterstained with Hoechst33342.   

2.2.18 Flow cytometry 

Flow cytometry allows rapid analysis of cells at single cell level by scattering of light and 

measuring the fluorescence. The fluorescent-labeled cells move in a fluid stream and pass 

by a laser beam which emits the fluorescence.  

Compensation is necessary due to the spillover of the fluorophores. Therefore, single color 

stainings are prepared on appropriate cells of each experiment and measured in the begin-
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ning. The DIVA software (BD) calculates the spillover and substracts it from the measure-

ments. Compensation matrices were always controlled and, if necessary, later adjusted in 

FlowJo.  

The acquisition files were analyzed with the Flowjo 10 software. Figure 12 shows gating 

strategies of naïve and activated OT1 T cells as examples. By FSC-A and FSC-H parame-

ters doublets can be excluded. The SSC-A and FSC-A plot allows to identify lymphocytes. 

The next gate excludes dead cells based on DAPI or FVD positivity, and then CD8+ target 

populations are identified.  

 

 

Figure 12: Gating strategy of naive and activated OT1 T cells.  
Gating strategy is shown for unstimulated (upper panels) and stimulated OT1+ T cells (lower panels). T 
cells are gated for Singlets, lymphocytes, live and CD8+.  

 

2.2.19 Imaging Flow Cytometry (Amnis) 

OT1+ T cells were stained for 47S rRNA, Hoechst33342 and appropriate surface markers 

and analyzed on an ImageStreamX MkII Imaging Flow cytometer (Merck). Therefore, the 

stained cells were resuspended in 50 µl PBS and transferred into 1.5 ml Eppendorf tubes, 

which could be entered into the Amnis reader. Compensation was done by recording single 

cell stainings and automatic calculations by the IDEAS software.  

CD8+ T cells were gated in the IDEAS Software and a Spot Count mask was applied to count 

47S rRNA spots per cell. Additionally, nucleolus area, cellular and nuclear volume were de-

fined using features of the IDEAS software by the following features and formulas: 
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Table 6: Features and formulas for Amnis analysis 

Marker Feature 

Area cell (µm2) Mask AdaptiveErode(M01,BF1,95) 

Area nucleus (µm2) Mask AdaptiveErode(M07,DAPI,80) 

Area nucleolus (µm2) Mask AdaptiveErode(Spot(M11,47S 
rRNA,Bright,100,1,2),47S rRNA,90) 

Volume cell (µm3) 4/3 x π x (diameter_AdaptiveErode(M01,BF1,95/2)) x 
(diameter_AdaptiveErode (M01,BF1,95/2)) x (diame-
ter_AdaptiveErode (M01,BF1,95/2)) 

Volume nucleus (µm3) 4/3 x π x (diameter_AdaptiveErode(M07,DAPI,80/2)) x 
(diameter_AdaptiveErode (M07,DAPI,80/2)) x (diame-
ter_AdaptiveErode(M07,DAPI,80/2)) 

Volume cytoplasm (µm3) volume cell – volume nucleus 

Spot Count (n) Dilate(Peak(M11,47S rRNA,Bright,15),1) 

 

The data files were then exported as fcs files and further analyzed in FlowJo 10. An example 

for the gating strategy is shown in Figure 13.  

 

Figure 13: Gating strategy for Amnis data.  
Gating strategy of acquired CD8+ T cells in the IDEAS software is shown. T cells are gated for “fo-
cused”, Singlets, DAPI+, live and CD8+.  

2.2.20 Cell Sorting 

Cell Sorting was carried out by Lisa Richter and Pardis Khosravani at the BMC Core Facility 

Flow Cytometry using Aria Fusion or FACS Aria III sorters (BD).  

For volume measurements, the cells were stimulated 0-3 days and stained for DAPI, 1:1000 

diluted in PBS to ensure only live cell acquisition. DAPI- cells were collected in 1.5 ml Eppen-

dorf tubes, spun down and directly used for CASY measurement.  

For sorting memory cells (refer to chapter 2.2.3), lymphocytes were isolated from spleens 

and pooled from 3-4 mice. The cells were stained for DAPI and CD44. DAPI-CD44hi cells 

were sorted as “memory” T cells and DAPI-CD44low cells as “naïve” in 14 ml snap cap tubes. 

The cells were then used in a restimulation assay.  
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The sorting purity was assessed directly post sorting by sample measurement as shown in 

Figure 14. Purities were between 95-100% for all experiments.  

 

Figure 14: Post sort purity assessment of WT (top) and T-Rapo/o (bottom) T cells.  
Upper panels show gating of pre- and post sorted T cells from WT mice, lower panels show T cells pre 
and post sort from T-Rapo/o mice. T cells were gated for Singlets, lymphocytes and live cells. 

2.2.21 Protein lysis of T cells 

MACS-enriched T-WT, T-Rapo/o and T-Rico/o cells were stimulated with anti-CD3 and anti-

CD28 mAbs for 1 or 2 days, harvested and washed twice with cold PBS. The cell pellet was 

resuspended in 25 µl lysis buffer (Copp et al., 2009) per 10x106 cells. Lysis buffer was pre-

pared as decribed in the material section 2.1.7. Leupeptin, aprotinin and sodium orthovana-

date were added freshly to the stock solution every time. Samples were incubated on ice for 

20 minutes and centrifuged at 12000 rpm for 10 minutes at 4°C. The supernatant was trans-

ferred into a new tube and stored at -20°C until further processing, as Bradford assay and 

Western blotting.  
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2.2.22 Detection of protein concentration by Bradford Assay 

The protein concentration of the samples was measured by Bradford assay according to the 

manufacturers protocol. Therefore 1 ml of Bradford solution was pipetted into a 1.5 ml tube 

and 10 µl of pre-diluted BSA standard or 1 µl of sample was added and mixed carefully. After 

a short incubation time of 5-10 minutes, samples were transferred into 1 ml micro cuvettes 

and measured at an Eppendorf BioSpectrometer. The BSA standard was prepared in lysis 

buffer as described in Table 7 (from manufacturers protocol). The generated standard curve 

is shown below in Figure 15. 

Table 7: Preparation scheme of BSA standard for Bradford Assay 

Vial Volume of Diluent (µl) Volume of BSA (µl) Final BSA conc (µg/µl) 

A 0 300 of stock 2000 

B 125 375 of stock 1500 

C 325 325 of stock 1000 

D 175 175 of vial B 750 

E 325 325 of vial C 500 

F 325 335 of vial E 250 

G 325 325 of vial F 125 

H 400 100 of vial G 25 

I 400 0 0 (Blank) 

 

 

Figure 15: Standard curve for Bradford protein assay.  
Different known concentrations of BSA were measured at a BioSpectrometer and corresponding OD 
values (Optical Density) plotted.  
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Concentration of samples could be calculated from the absorbance of unknown samples and 

the known standard concentrations and were automatically calculated by the spectrometer.  

2.2.23 Western Blot 

2.2.23.1 Sample preparation 

Sample volume was adjusted by addition of lysis buffer according to the protein concentra-

tion. Then, 4x Laemmli buffer with freshly added ß-Mercaptoethanol was added 1 in 3. Sam-

ples were incubated at 95°C for 5 min to denature the protein before loading.  

2.2.23.2 Gel separation 

A 1.5 ml thick 8% separation gel was prepared according to Table 8, poured quickly into the 

chamber and overlaid with isopropanol. The separation gel needed around 15 minutes to 

solidify. The isopropanol was then poured off and the gel rinsed with VE water and dried with 

a filter paper. All reagents and buffers for the collection gel were combined (see Table 8) and 

poured on top of the separation gel with a comb with 8 lanes inserted into the gel. After 20 

minutes the gel was put into the electrophoresis chamber, filled with 1x SDS Running Buffer. 

7 µl of High range protein ladder and desired amount of protein samples (10-30 µg) were 

loaded onto the gel. The gel was run at 80V for 15 minutes until samples entered the separa-

tion gel and then at 120V for 1-2 hours, dependent on protein size.  

 

Table 8: Reaction mix for separation and collection gel 

Ingredient 8% separation gel (10 ml) Collection gel (5 ml) 

H2O 4.6 ml 3.4 ml 

Acrylamide 2.7 ml 830 µl 

1.5M Tris/HCl, pH 8.8 2.5 ml - 

1M Tris/HCl, pH 6.8 - 630 µl 

10% SDS 100 µl 50 µl 

TEMED 10 µl 5 µl 

10% APS 100 µl 50 µl 

 

2.2.23.3 Blotting 

The gel was removed from the chamber and transferred onto 2 Whatman Filters (6.5 cm x 9 

cm) inside the gel-holder cassette. A PVDF membrane was cut to the same size, activated in 

Methanol and then laid on top of the gel. Two more Whatman Filters were laid on top of the 
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membrane and air bubbles removed. The gel holder cassette was closed and fixed into the 

chamber which was filled with Blotting buffer. Blotting ran at 4°C and 40V overnight on a 

magnetic stirrer.  

2.2.23.4 Blocking and Primary antibody incubation 

On the next day, the membrane was carefully transferred to a container and incubated in 5% 

BSA/ TBS-T for 1-2 hours on a shaking plate for blocking. Primary antibodies used were 

specific for mTOR, Raptor, Rictor and pS6 (all from Cell Signaling, rabbit IgG) and were di-

luted 1:1000 in 10 ml 5% BSA/TBS-T. Sodium azide was added 1:1000 to prevent bacterial 

growth. Primary antibodies were added onto the membrane in a closed container and incu-

bated at 4°C on a slow shaker overnight. Primary antibodies were reused and stored at 4°C 

after each incubation. Alpha-tubulin (Cell Signaling, species rabbit) was used as control anti-

body and diluted 1:2000 in 5% BSA/TBS-T.  

2.2.23.5 Secondary antibody incubation and detection 

After overnight incubation, the membrane was washed three times for 5 minutes with TBS-T. 

Then a secondary goat anti-rabbit HRP-linked antibody was added (1:1000 in 5% BSA/TBS-

T) and incubated for 1 hour. The membrane was washed three times with TBS-T and trans-

ferred into a new container. 3 µl of ECL solution 2 was mixed with 1 ml of ECL solution 1 

(self-made) and pipetted over the membrane for around one minute. The membrane was 

transferred into a hypercassette and developed in the Developer in a dark room. Films were 

exposed between 2 seconds for alpha-tubulin and 1:30 minutes for the other proteins tested.  

2.2.24 Statistical analysis 

Statistical analysis of FACS data was performed using GraphPad Prism 7c, 7e and 10. Ge-

ometric mean or percentages were exported from Flowjo10 and analyzed by unpaired Stu-

dent’s t-test if not indicated otherwise. P values <0.05 were considered statistically significant 

with * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001, ns = P > 0.05. 
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3. Results 

3.1 Reciprocal regulation of mTORC1 and ribosomal biosynthesis 
determines cell cycle progression 

3.1.1 Description and confirmation of T cell specific deletion of 
Raptor and Rictor subunits 

 

To investigate the relation between mTOR signaling, proliferation and the ribosomal biosyn-

thesis in T cells, conditional knockout mice carrying loxP-flanked alleles of either Raptor or 

Rictor genes or both were used in this thesis and referred to as T-Rapo/o, T-Rico/o and T-

Rap/T-Rico/o, respectively. The CD4-cre transgene (Tg(CD4-cre)1Cwi) (Lee et al., 2001) is 

used to delete exon 6 of the Raptor gene or exon 11 of the Rictor gene in CD4+ and CD8+ T 

cells. The mutations cause frameshifts in the respective open reading frames and create null 

alleles. In a first step, the deletion of Raptor and Rictor protein was verified by Western Blot-

ting (Figure 16A). Purified T cells were stimulated for one day with 10 µg/ml anti-CD3/anti-

CD28 mAbs, lysed, separated by SDS-PAGE and blotted. Different protein concentrations 

were loaded as indicated in Figure 16A. We observed that the mTOR protein is equally ex-

pressed in all samples, while Rictor expression is missing in T-Rico/o, and Raptor in T-Rapo/o 

T cells as expected.  

As a marker for mTORC1 activity, the phosphorylation of the S6 ribosomal protein can be 

measured as it is rapidly phosphorylated by S6K1 upon mTORC1 activation. Within 2 hours 

of stimulation in vitro, the phospho-S6 (pS6) S235/236 signal is very high, as shown in Figure 

16B, upper panel. In contrast, T-Rapo/o and T-Rap/Rico/o T cells show a reduction in pS6 ex-

pression, indicating mTORC1 activity is strongly reduced when Raptor is deleted. Rictor de-

letion alone does not lead to decreased pS6 levels and is ashigh as in the wildtype T cells 

(Figure 16B, lower panel).  
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Figure 16: Identification of specific knockouts for mTORC1 and mTORC2.  
(A) Western Blot of purified T cells, isolated from wildtype, T-Rapo/o and T-Rico/o mice and stimulated 
for 24 hours with anti-CD3/CD28 mAbs. The expression of mTOR, Raptor and Rictor protein is shown. 
(B) Expression of mTORC1 downstream target phospho-S6 2 hours post stimulation of the indicated 
genotypes. Histograms are shown for all four genotypes and statistics plot shows the result of 6 indi-
vidual experiments. Empty histograms represent unstimulated T cells, filled histograms stimulated T 
cells. Data are shown as mean gMFI. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001, ns 
= P > 0.05; unpaired Student’s t-test. 
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3.1.2 mTORC1 controls cell cycle progression and cell division in T 
cells 

 

To investigate mTORC1 and mTORC2-dependent proliferation in vivo, we isolated T cells 

from lymph nodes of WT, T-Rapo/o and T-Rico/o mice, labeled them with CTV and transferred 

the T cells into H2-Ab/bm12 (Figure 17A) or H2-Kb/bm1 recipients (Figure 17B) and control H2-

Ab/b and H2-Kb/b mice. Mice were injected intraperitoneally (i.p.) one day before transfer with 

20 µg anti-CD40 to activate dendritic cells for immunogenic antigen presentation (Obst et al., 

2007).  

The bm1 mutation of the H-2Kb gene carries 7 nucleotide differences leading to three amino 

acid substitutions (McKenzie et al., 1977), while the bm12 mutation differs from H-2Ab only 

by three nucleotides, resulting in three different amino acids (McKenzie et al., 1979). There-

fore, cells of both mice containing these mutations present an altered repertoire of self-

peptides and act as strong alloantigens (Rosenberg and Singer, 1992). Alloreactivity de-

scribes a response of 1-10% of T cells against variants of the MHC molecules (Suchin et al., 

2001). One would expect that adoptively transferred CD4+ T cells with b/b background start 

proliferating in a graft-versus-host response to alloantigens in H2-Ab/bm12, and CD8+ T cells in 

H2-Kb/bm1 recipients. H2 heterozygous recipients were used as they are tolerant to H2b. Pre-

vious data from our lab indicated that Raptor-deficient T cells proliferate less in this allogene-

ic system.  

We reproduced these findings, in combination with T-Rico/o T cells, as shown in Figure 17 

C+D. CTV dilution was observed five days post transfer as shown in Figure 17C for trans-

ferred CD4+ T cells in b/b and b/bm12 recipients, and in Figure 17D for transferred CD8+ T 

cells into b/b and bm1 mice. We found that within 5 days WT and T-Rico/o T cells have divid-

ed up to 6 times, while T-Rapo/o and T-Rap/Rico/o only completed up to two divisions on aver-

age but were spread from 1-6 divisions.  As expected, the T cells did not proliferate in the 

control mice (b/b), shown in the upper panels.  

Altogether these data show that mTORC1 is essential in allogeneic T cell responses and is a 

rate-limiting factor for proliferation for each consecutive cell division.  
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Figure 17: In vivo proliferation depends on mTORC1, but not C2. 
(A) Experimental Scheme. Mice were injected i.p. with 20 µg anti-CD40 on day -1. CTV-labeled WT, 
T-Rapo/o and T-Rico/o T cells, isolated from lymph nodes, were adoptively transferred into b/bm12 and 
control (b/b) mice on d0. Spleens were harvested and analyzed 5 days post transfer. (B) Experimental 
Scheme. Mice were injected i.p. with 20 µg anti-CD40 on day -1. CTV-labeled WT, T-Rapo/o and T-
Rico/o T cells, isolated from lymph nodes, were adoptively transferred into b/bm1 and control (b/b) mice 
on d0. Spleens were harvested and analyzed 5 days post transfer. (C) CTV dilution of transferred 
CD45.1+ B6, Raptoro/o or Rictoro/o purified T cells into b/b and b/bm12 (C) and b/b and b/bm1 (D) mice 
5 days post transfer. Data are representative of two independent experiments with n=1 per condition. 
(C-D) Data are shown as mean number of divisions. * = P < 0.05, ** = P < 0.01, ns = P > 0.05; un-
paired Student’s t-test. 
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As we found a reduced proliferative rate in vivo, we looked at in vitro proliferation at different 

time points to investigate whether T-Rapo/o T cells divide slower, have a delayed onset of 

proliferation, or possibly die earlier. OT1-WT and OT1-T-Rapo/o spleen cells were labeled with 

CTR and stimulated them with 10 ng/ml pOVA. We took samples at different time points as 

indicated in Figure 18A. After 48 hours all WT T cells had divided at least once 

(Nmean=2.3±0.986) while T-Rapo/o cells had divided just once or not at all (Nmean=0.75±0.096). 

Only after 72 hours, T-Rapo/o T cells had completely entered proliferation, but with fewer divi-

sions compared to WT T cells (Nmean=2.1±0.1 vs. Nmean=4.9±1.4). These data confirm that T-

Rapo/o T cells have a delayed cell cycle entry and divide slower than WT T cells. This finding 

was additionally corroborated in an in vivo proliferation experiment in our lab by using TCR-

transgenic cells. In that experiment, AND+ CD4+ T cells and OT1+ CD8+ T cells were trans-

ferred into iMCC and iOVA-specific mice and harvested at different time points post transfer 

(Pennavaria, 2019). We saw that the proliferation of T-Rapo/o T cells was delayed at all time 

points and not just the first division as published by Yang et al. (2013). Additionally, we ob-

served a decreased accumulation of cells in the spleen, which could not be explained by the 

reduced proliferative rate but by apoptosis.  

To examine in which cell cycle phase T cell proliferation is slowed by the Raptor deletion, we 

investigated the passing of T cells through the cell cycle by incorporation of EdU as shown in 

Figure 18B. OT1 T cells of the indicated genotypes were stimulated with 10 ng/ml pOVA for 2 

days, followed by a one-hour incubation with 1 µM EdU which is a thymidine analog and is 

incorporated into the DNA during the S-phase of the cell cycle. After one hour the cells were 

washed and recultured to follow EdU-labeled cells through the cell cycle stages. In Figure 

18B around 80% of WT cells were actively in S-phase during the labeling period, but only 

50% of the T-Rapo/o cells (upper gate). Gated in the lower left corner are cells in G1 phase 

and gated in lower right are cells in M phase. After 3 hours in culture, the EdU/DNA plot 

shows a new population in the upper left corner, which includes cells that were initially la-

beled with EdU, completed one cell cycle and are back in G1 phase. From the initially la-

beled WT population, around 20% of the cells have completed one cell division by then and 

are again in G1 phase. However, of the T-Rapo/o cells only 5% had finished one cell cycle at 

the end of the 3-hour chase. Altogether these data indicate that T-Rapo/o cells are cycling less 

and need more time to progress through the S/G2/M phases. T-Rico/o cells, expectedly, 

showed a similar behavior as WT cells, and T-Rap/Rico/o cells displayed a reduced prolifera-

tive rate and speed as T-Rapo/o cells did. Unfortunately, the experiments with cells of the lat-

ter genotypes could not be repeated due to the lack of animals. 

As we found a reduced number of labeled and divided cells in Figure 18B, we asked whether 

mTORC1-deleted T cells might encounter additional cell cycle restrictions. Therefore, we 

stained T cells of the indicated genotypes on day 2 with Hoechst and an antibody for Phos-
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pho-H3 (H3P), a histone which is highly phosphorylated in metaphase in eukaryotic cells and 

is a widely used marker for cells in mitosis (Hans and Dimitrov, 2001). We saw that T-Rapo/o 

cells expressed less H3P (1.6% vs. 2.9% in WT), indicating that T-Rapo/o cells have a de-

layed cell cycle completion (Figure 18C). Furthermore, the percentage of cells in the G2 

phase was comparable between WT and T-Rapo/o cells (19.8% vs. 17.0%), however, the per-

centage of cells in M phase among all cells in the G2/M phases is also reduced in T-Rapo/o 

cells (Figure 18C). This indicates that the G2/M transition is delayed in T-Rapo/o cells, result-

ing in slower completion of each cell cycle and thus, a reduced proliferative capacity. T-Rico/o 

cells had a similar percentage of cells in G2 and M phase as WT cells and are thus unaffect-

ed.  

From these data we conclude that the onset of proliferation as well as the progression 

through the cell cycle is dependent on mTORC1, but not on mTORC2. Both the G1/S and 

the G2/M transition points are affected by the Raptor deletion leading to an overall reduced 

proliferative rate. 
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Figure 18: In vitro proliferation and cell cycle progression is regulated by mTORC1.  
(A) CTR dilution of in vitro activated OT1 WT and T-Rapo/o CD8+ T cells over time. T cells were stimu-
lated with 10 ng/ml pOVA and samples taken to the indicated time points. Inset numbers indicate the 
corresponding division of each peak. Statistics panel shows result of three independent experiments. 
(B) OT1 T cells of indicated genotypes were stimulated with 10 ng/ml pOVA for 2 days, then pulsed 
with EdU for 1 hour and samples taken directly after the pulse and 3 hours later. Incorporation of EdU 
was analyzed by click chemistry and subsequent flow cytometry. Upper gate marks cells that incorpo-
rated EdU during S-phase, lower left G1 phase and lower right gate shows cells in M phase. Additional 
3-hour gate in the upper left corner marks cells that were initially labeled with EdU and fully completed 
one cell cycle. Statistics panel shows result of three independent experiments for WT and Raptoro/o. 
(C) Phospho-H3 expression of WT, T-Rapo/o and T-Rico/o T cells on day 2 post stimulation with pOVA, 
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showing the percentage of cells in the M-phase of the cell cycle. Statistics panel shows two independ-
ent experiments. (A-C) Data are shown as mean. * = P < 0.05, ** = P < 0.01, ns = P > 0.05; unpaired 
Student’s t-test. 

3.1.3 TCR induces mTORC1 signaling  
 

As indicated in Figure 16B, mTORC1 signaling is induced very quickly after TCR stimulation 

as shown by pS6 upregulation 2 hours after TCR stimulation. It was published before that 

mTORC1 is essential for the onset of proliferation, the “exit of quiescence”, but not for later 

cell divisions (Yang et al., 2013). As we observed a delayed cell cycle progression of Raptor-

deficient T cells in vivo and in vitro also on day 2 and 3, we asked whether mTOR signaling 

can be activated late following TCR signaling or IL-2-induced (Figure 19A). OT1 spleen cells 

were stimulated with 10 ng/ml pOVA for 48 hours leading to high pS6 expression in CD8+ 

OT1 T cells after 4 hours and still after 48 hours, albeit slightly reduced (Figure 19B). At this 

timepoint, the cells have divided at least once (Figure 18A). Then, the cells were rested 

overnight without stimulation, which significantly reduced pS6 levels. At the same time CD25 

expression increased over two days and remained at high levels even after TCR signaling 

stopped (Figure 19B). The cells were restimulated with 10 µg/ml anti-CD3 or 10 ng/ml IL-2 

for 4 hours, as this timepoint is enough for initial upregulation of pS6. We observed that both 

anti-CD3 and IL-2 stimulation were able to re-induce mTORC1 signaling (Figure 19C).  

Additionally, 1 µM Tofacitinib was added, which blocks IL-2R-associated Janus kinases 

(JAK) 1 and 3 signaling irreversibly (Preston et al., 2015). We found that stimulation with anti-

CD3 was enough to induce mTORC1, irrespective of JAK1 and 3. However, IL-2 signaling 

alone was found to be strongly dependent on JAK1/3 and required its activity to induce 

mTORC1 signaling.  

Altogether these data show that mTORC1 activity can independently be induced by late 

stimulation through CD3 and IL-2 signals in activated CD25+ T cells.   
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Figure 19: mTORC1 signaling can be induced by CD3 and IL-2, but only the latter depends on 
JAK/Stat signaling.  
(A) Experimental Scheme. OT1 T cells were stimulated with 10 ng/ml pOVA for 48 h, then rested 
overnight and re-stimulated with anti-CD3 or IL-2 ± 1 µM Tofacitinib for 4 hours. (B) Histograms show 
phospho-S6 and CD25 expression to the indicated time points. (C) Panels show phospho-S6 expres-
sion 4 hours post restimulation, ± 1 µM Tofacitinib. Statistics panel shows result of four independent 
experiments. Data are shown as mean. * = P < 0.05, ** = P < 0.01, ns = P > 0.05; unpaired Student’s 
t-test. 

 

Upon peptide-MHC binding, T cell receptor signaling leads to the activation of several down-

stream effectors which prepare the T cells for cell division and effector cell differentiation. We 

generally used anti-CD3 and anti-CD28 mAbs at a high concentration to stimulate T cells in 

vitro. To see the stimulatory range and effect of CD28 co-stimulation, we performed titration 

experiments as shown in Figure 20A. Purified CD8+ and CD4+ (not shown) T cells were stim-

ulated for 16 hours with immobilized anti-CD3, over the range of 10 µg/ml to 0.5 ng/ml. Dark 

filled circles show cells stimulated in the presence of additional immobilized 10 µg/ml anti-
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CD28 mAb. Left panels show the expression of CD69, an early activation marker indicating 

conventional TCR stimulation. CD3 stimulation alone required high concentrations to induce 

CD69 surface expression (>1 µg/ml). CD28 stimulation lowered the stimulatory threshold for 

CD69 induction 100-fold (Figure 20A, left). A similar effect is seen with pS6 expression on 

the right, indicating that both conventional TCR signaling and mTORC1-dependent signaling 

are equally affected by CD28 costimulation. These data confirm Yang et al. 2013. 

We then asked whether the classical TCR signaling pathways via Ca2+/Calcineurin/NFAT, 

NF-kB and MAP kinases, must be fully active for CD69 expression. Cyclosporin A, a cal-

cineurin inhibitor, GDC0973, a MEK inhibitor also known as Cobimetinib, and BAY117082, a 

NFkB inhibitor (IkB/IKK) were titrated and added to stimulated OT1+ T cells for 16 hours. As 

shown in Figure 20B all three pathways are required for CD69 expression and thus all three 

have to be properly activated to ensure a proper consecutive T cell response.  

 

 
Figure 20: Crosstalk between conventional and mTORC1 signaling  
(A) Surface CD69 and intracellular phospho-S6 expression in T cells stimulated with titrated CD3 ± 10 
µg/ml CD28 immobilized on the culture plate. Titrated amounts of anti-CD3 mAb in the absence (open 
dots) or presence (filled dots) of 10 µg/ml immobilized anti-CD28 mAb. Statistics panel shows result of 
two independent experiments.  (B) Titration of TCR signaling inhibitors Cyclosporin A, GDC0973 and 
BAY117082 on OT1 T cells, start concentrations are indicated in the upper panel. CD69 expression of 
each concentration is shown and quantified as percentage (%) CD69+ cells. Data are representative of 
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three independent experiments for Cyclosporin A treatment, two experiments for GDC0973 and one 
for BAY117082.  (A-B) Data are shown as mean. * = P < 0.05, ** = P < 0.01, ns = P > 0.05; unpaired 
Student’s t-test. 
 

3.1.4 Torin-1 blocks downstream signaling of mTORC1 
 

The experiments on the classical TCR signaling through CD3 or peptide stimulation showed 

that phosphorylation of the mTORC1 target S6K occurs within 2 hours post stimulation 

(Figure 16), is sustained for 2 days and induced by late stimulation via the IL-2R (Figure 19); 

that costimulation with CD28 lowers the stimulatory threshold for CD69 and pS6 expression 

(Figure 20) and, that all three classical signaling pathways are required for complete induc-

tion of CD69 expression on T cells (Figure 20).  

These three pathways involving Calcineurin/NFAT, PI3K/NF-kB and the Ras/Raf pathway 

are shown to be essential to induce gene transcription inside the nucleus in the first place. 

Besides these pathways, mTOR is activated via the PI3K signaling pathway by activation of 

Akt which negatively regulates TSC1/2. TSC1/2 is an upstream inhibitor of Rheb, which then 

activates mTORC1 and its targets S6K, 4EBP and many others. mTOR is known to be a key 

metabolic integrator and essential for the rapid activation and proliferation of T cells. There-

fore, the direct actions of mTOR will be further investigated by specific inhibitors.  

Torin-1 is a selective ATP competitive mTOR inhibitor, which inhibits both mTOR complexes. 

A titration over 2 µM to 7 nM showed that mTORC1 activity, marked by pS6 expression, was 

fully blocked at a concentration of 200 nM and above as shown in Figure 21A in the left pan-

els. Classical TCR signaling, however, as indicated by CD69 and NR4a1 expression, meas-

ured by a Nur77-eGFP reporter, are regulated independently of mTOR activity.  

We then asked whether mTORC1 affects the TCR signaling threshold and thus titrated 

pOVA from 10 ng/ml to 0.1 pg/ml. Indeed, we found that the presence of Torin-1 increased 

the threshold of CD69 (Figure 21B) and NR4a1 (Figure 21C) expression 3-fold, indicating 

that mTORC1 signaling tunes TCR sensitivity.  
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Figure 21: mTORC1 contributes to conventional TCR signaling.  
(A) Histograms represent pS6, intracellular Nur77-GFP and surface CD69 expression of OT1 CD8+ T 
cells after overnight activation with titrated Torin-1 (ranging from 2 µM to 8 nM). Data are representa-
tive of at least three independent experiments. (B) Surface CD69 expression of T cells ± 500 nM 
Torin-1 after 24h with titrated OVA peptide (ranging from 10 ng/ml to 100 fg/ml). Data in all panels are 
representative of five independent experiments. (C) Intracellular Nur77 expression of T cells ± 500 nM 
Torin after 24h with titrated OVA peptide (ranging from 10 ng/ml to 100 fg/ml). Data in all panels are 
representative of five independent experiments. (A-C) Data are shown as mean. * = P < 0.05, ** = P < 
0.01, ns = P > 0.05; unpaired Student’s t-test. 
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3.1.5 RNA levels are reduced in Raptor-deficient T cells 
 
Following stimulation, T cells increase their protein synthesis and undergo many metabolic 

changes towards an anabolic metabolism to fulfill their energy demands. Protein synthesis 

and translation require high ribosomal activity, which is known to be mTORC1-dependent. In 

the lab a staining protocol for RNA using the fluorescent dye Pyronin Y had been established 

(Pennavaria, 2019). In combination with DNA staining, it can be used to distinguish the G0 

and G1 phases of the cell cycle, as well as the S phase entry (Shapiro, 1981).  

We stimulated OT1 T cells with 10 ng/ml pOVA for 2 days and stained the cells’ RNA and 

DNA as shown in Figure 22A. Unstimulated control cells on the left show low RNA levels and 

thus all cells in the G0 phase of the cell cycle. Upon stimulation, shown in the second panel 

from left, cells increase their RNA levels 9-fold, move from G0 to G1 and go through S phase 

with high RNA levels until they reach the G2 and M phases. However, T-Rapo/o cells increase 

their RNA levels only 5-fold and enter the S-phase without increasing RNA expression in G1. 

Additionally, only 27% of T-Rapo/o cells are actively cycling, as indicated on the upper histo-

grams of DNA levels with a gate on the S-G2-M phases. In comparison, 54% of the WT cells 

are within this gate. Again, T-Rico/o cells show no alteration of their RNA expression and re-

semble WT cells.  

Figure 22B shows a kinetic of pS6 expression comparing WT and T-Rapo/o cells for which we 

stimulated OT1 T cells of both genotypes and harvested samples at different time points. 

Grey histograms in the background are FMO controls which visualize changes of autofluo-

rescence due to the volume increase upon stimulation. We see that pS6 levels in WT cells 

are increased 3 hours post stimulation until 48 hours and afterwards decrease. However, in 

T-Rapo/o T cells no pS6 staining above FMO controls could be detected, indicating that S6 

phosphorylation at Ser235/236 is an authentic indicator of mTORC1 activity. At the same 

time, RNA kinetic is depicted in Figure 22C and shows that WT T cells increase RNA from 18 

hours post stimulation and further increase their levels until 48 hours. However, T-Rapo/o T 

cells very slowly induce their RNA levels after 24 hours post stimulation and even after 48 

hours or 72 hours (not shown) do only reach around 50% of WT levels.  

Altogether these data indicate that mTORC1 is required for the boost of RNA transcription in 

T cell activation. 
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Figure 22: Induction of RNA synthesis is regulated by mTORC1.  
(A) DNA and RNA levels of OT1 T cells of the indicated genotypes after 2 days in culture with 10 
ng/ml pOVA. Percentages in upper DNA plots show cells in S, G2 and M phases of the cell cycle. 
Numbers in statistics panel indicate fold change of total RNA from unstimulated to stimulated for each 
genotype. Statistic panel shows the result of five independent experiments. (B) PS6 time course of in 
vitro activated WT and Raptoro/o T cells. Light grey histograms represent FMO control. Data are repre-
sentative of two independent experiments. (C) Time course of RNA expression of in vitro activated WT 
and Raptoro/o T cells. Data are representative of three independent experiments. (A-C) Data are shown 
as mean. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001, ns = P > 0.05; unpaired Stu-
dent’s t-test. 

 

3.1.6 Rictor deletion does not lead to increased Raptor function 
We observed from time to time a higher expression of pS6 and RNA, as well as a tendency 

towards an increased proliferation rate in the T-Rico/o T cells, though never significant. We 

thus asked whether Rictor deletion leads to increased mTORC1 activity as more mTOR 

components are available due to the loss of Rictor. Therefore, we titrated immobilized anti-

CD3 mAb over a large range of concentrations in the absence or presence of anti-CD28 mAb 

and tested for pS6 and CD69 expression levels. Figure 23A shows the CD69 expression of 

purified WT and T-Rico/o T cells. We observed no significant differences at any of the concen-

trations tested. pS6 levels were also comparable to WT T cells (Figure 23B). The addition of 

anti-CD28 to the stimulation decreased the activation threshold of the cells 100-fold without 

any difference between the two genotypes (Figure 23C+D).  
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In conclusion, these data show that the activation of T cells through CD3 ± CD28 is inde-

pendent of mTORC2 and especially, not improved by its absence. 
 

 

Figure 23. Rictor-deficient T cells are activated similarly by TCR signaling as WT T cells. 
(A) Anti-CD3 was titrated with a start concentration of 10 µg/ml. Histograms show the surface CD69 
expression of purified WT and Rico/o T cells for each concentration. (B) Same titration as in (A). Histo-
grams show intracellular pS6 expression levels for each concentration. (C) Anti-CD3 titration as in (A) 
and (B) with constant 10 µg/ml anti-CD28. CD69 expression of WT and Rico/o T cells is shown. (D) 
Anti-CD3 titration as in (A) and (B) with constant 10 µg/ml anti-CD28. Histograms show pS6 expres-
sion. (A-D) Data are representative of two independent experiments. 

 

3.1.7 Late TCR signaling is essential for complete RNA induction 
and proliferation of T cells 

 
We next asked whether “late” TCR signaling, meaning later than the initial 18 hours of TCR 

engagement, is essential for proliferation and RNA synthesis and if all conventional TCR and 

mTORC1 signaling pathways equally contribute to this effect. Hence, graded amounts of 

Cyclosporin A (5 µM – 0.02 µM) and GDC0973 (20 µM – 0.08 µM) were added on day 1 to 

OT1 T cell cultures which were stimulated with 10 ng/ml pOVA. The cells were analyzed one 

day later. We found that proliferation is blocked by inhibition of calcineurin by high concentra-

tions of Cyclosporin A and by MEK inhibition by GDC0973 (Figure 24A). At the same time 

RNA levels were reduced as well (Figure 24B).  
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GDC0941 is a PI3 kinase inhibitor which was added at concentrations from 20 µM to 0 µM to 

the OT1 cells, similar to Figure 24A+B. On day 2 DNA and RNA expression levels were ana-

lyzed as shown in Figure 24C. We saw that blocking PI3K has the same effects as direct 

blocking of mTOR with Torin, with a reduction in DNA and RNA synthesis in a dose-

dependent manner.  

Altogether these data show that late signaling of Calcineurin and MEK is still essential and 

contributes to full proliferative capacity and RNA synthesis in T cells. Blocking PI3K results in 

a dose-dependent downregulation of RNA synthesis and cell cycle induction similar to direct 

mTOR inhibition by Torin-1.  

 

 

 

Figure 24. Late TCR signaling affects PY and CTV.  
OT1 T cells were stimulated with 10 ng/ml pOVA for 48 hours. As indicated, titrated inhibitors were 
added after 18 hours of stimulation to the culture. (A) CTR dilution of Cyclosporin A (left) and 
GDC0973 (right) treated T cells. (B) RNA expression levels of T cells treated with Cyclosporin A (left) 
and GDC0973 (right). (C) DNA and RNA levels of T cells with titrated GDC0941, PI3K inhibitor. (A-C) 
Data are representative of at least two independent experiments.  

 

Besides TCR signaling, Tan et al. (2017) showed that Raptor-deficient T cells had decreased 

mitochondrial biogenesis as well as reduced expression of several mitochondrial ribosomal 

proteins. Tigecyclin, an inhibitor of mitochondrial translation (Skrtic et al., 2011), affected T 

cell proliferation due to a defect in S phase entry, while survival and CD25 expression was 
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not affected (Tan et al., 2017). As mitochondrial ribosomal RNA is also a direct target of 

mTORC1, we asked whether its inhibition affects total RNA induction. Thus, we stimulated 

OT1 T cells with titrated amounts of Tigecyclin for 2 days. We found a dose-dependent effect 

as well on proliferation (Figure 25, left panel) and RNA levels (Figure 25, middle). At the 

same time, FSC-A was reduced accordingly (Figure 25, right).  

These data show that mitochondrial translation is not only affected by mTORC1 deletion 

(Tan et al., 2017), but also affects T cell proliferation and RNA induction in a similar manner 

as mTORC1 and contributes to full T cell activation and cell cycle progression.  

 

Figure 25: Mitochondrial protein translation contributes to T cell expansion.  
OT1 T cells were cultured ± titrated Tigecyclin, ranging from 50 µM to 0 µM. CTR dilution, RNA ex-
pression and FSC-A are shown in the histograms for each concentration step. Data are representative 
of three individual experiments. Data are shown as mean.  

 

3.1.8 Visualization of rRNA transcription with 5’ETS rRNA FISH 
probes 

 
We observed before that total RNA levels, measured by Pyronin Y, are reduced in T-Rapo/o T 

cells. 85% of RNA in naïve and activated T cells is ribosomal RNA (Pennavaria, 2019). How-

ever, it is unclear if this increase is due to increased transcription or processing or decreased 

decay. Therefore, we established a way to detect the 47S rRNA precursor which is the initial 

substrate of RNA processing before being cleaved into 18S, 28S and 5.8S rRNA in ribosome 

biogenesis (Jorgensen and Tyers, 2004; Mayer and Grummt, 2006). Ribosomal RNA is tran-

scribed by RNA Polymerase I which was shown before to be regulated by mTOR in yeast 

and cancer cell lines (Iadevaia et al., 2012; Li et al., 2006; Mahajan, 1994; Tsang et al., 

2010). We designed Oligo probes for the 5’ETS site of the 47S pre-rRNA for use in a cell-
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based RNA hybridization assay. Therefore, we stimulated OT1 T cells with 10 ng/ml pOVA 

for 2 days and harvested the cells as before. After surface staining, fixation and permeabili-

zation, the cells were incubated in a Hybridization buffer containing the 5’ETS oligo probes 

for 16 hours at 37°C. We observed that WT and T-Rico/o T cells on day 2 post stimulation 

have a 10- and 11-fold increase in 47S rRNA, respectively (Figure 26A). In contrast, T-Rapo/o 

T cells only increased their 47S ribosomal synthesis 5-fold. We also measured mRNA levels 

by RNA hybridization with an Oligo dT probe, binding to the polyA tail of mRNA. mRNA lev-

els were as well slightly reduced in T-Rapo/o cells but the effect of the mTORC1 deletion was 

limited, contrasting with the results on rRNA (Figure 26A, right panels). This indicates that 

the transcription of 47S pre-rRNA is dependent on mTORC1 while processing seems unaf-

fected. 

To visualize the nucleolar sites of rRNA transcription, we acquired data of hybridized cells on 

an Imaging Flow Cytometer. We observed the expression of 47S rRNA over time, with sam-

ples stimulated for 1, 2 or 3 days and naïve cells as controls. As shown in the images in Fig-

ure 26B on the right, 5’ETS rRNA appears as 1-4 small dots per cell inside the nucleus, 

probably marking the fibrillar centers of nucleoli of the cell where RNA Pol I transcription 

takes place (Frottin et al., 2019).  

These spots were quantified with the IDEAS software and shown in relation with their area in 

µm2. We observed that WT, T-Rapo/o and T-Rico/o T cells all increased the number of 5’ETS+ 

sites 24 hours post stimulation (Figure 26B). However, only in WT and T-Rico/o T cells these 

nucleoli also increase in size, from naïve 17.5 ± 1.3 µm2 to 50.2 ± 4.4 µm2 on day 1 in WT. 

Two days after stimulation the T-Rapo/o T cells further increased their number of nucleoli to 

2.5 ± 0.2 nucleoli/cell while WT and T-Rico/o nucleoli were slightly reduced (1.8 nucleoli/WT 

cell). Also, the area of the T-Rapo/o nucleoli further increased but were still smaller than those 

from WT and T-Rico/o cells. On day three the size of T-Rapo/o nucleoli were higher compared 

to WT and T-Rico/o T cells (41.8 ± 2.6 versus 27.5 ± 4 µm2), but still did not reach the tallest 

size of WT and T-Rico/o nucleoli on day 1 (50.15 ± 1.3 µm2 in WT).  

These data indicate that mTORC1 is essential for the rapid increase of rRNA, marked by a 

rapid increase in size of 5’ETS sites indicating high levels of 47S pre-rRNA transcription. 

Raptor-deficiency induces a deregulation of nucleoli with a delayed response and decreased 

pre-rRNA synthesis during the first days of T cell activation. These findings are in agreement 

with the RNA quantification with Pyronin shown in Figure 22A.  
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Figure 26: Nascent 47S ribosomal RNA is reduced in Raptoro/o T cells.  
(A) 5’ETS and mRNA expression levels of OT1+ WT, Raptoro/o and Rictoro/o T cells two days post stim-
ulation in vitro. Statistics panel shows result of five independent experiments. Numbers indicate the 
fold change from unstimulated to stimulated for each genotype. (B) Imagestream analysis of 5’ETS 
size and numbers over time in WT, Raptoro/o and Rictoro/o T cells. Analysis and calculation of spots 
was performed in IDEAS software. Pictures on the right were taken from the IDEAS Software and 
show Brightfield, DAPI, mRNA and 5’ETS staining of representative CD8+ T cells. Data are repre-
sentative of four independent experiments.  (A-B) Data are shown as mean. * = P < 0.05, ** = P < 
0.01, *** = P < 0.001, **** = P < 0.0001, ns = P > 0.05; unpaired Student’s t-test. 
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The Imaging data allowed us to quantify the size and volume increase of the nucleus, cyto-

plasm and cell as shown in Figure 27. The nuclear volume of WT T cells increased within 

one day from 100.7 ± 13.3 to 315.5 ± 109 µm3, and then decreased by day two (215.3 ± 41.1 

µm3) and three (182 ± 25.6 µm3). We found the same dynamic for cytoplasmic volume 

(Figure 27, middle panel) with the highest volume of 453.75 ± 26.4 µm3 on day 2 with subse-

quent decrease the following day. In agreement with these findings, the total cellular volume 

was at its peak on day 1 with 672.75 ± 55.4 µm3 and then decreased. In contrast, T-Rapo/o T 

cells showed a delayed response at the nuclear, cytoplasmic and cellular volumes which 

slowly increased over time with the highest volumes reached on day three post stimulation 

(655.6 ± 43.9 µm3).  

These results underline the finding that mTORC1 is an essential coordinator of the rapid in-

crease of compartmental volumes of an activated T cell.  

 

 

Figure 27: The increase of nuclear, cytoplasmic and cellular volumes is delayed in T-Rapo/o T 
cells.  
Volume measurements of nucleus, cytoplasm and cell by Imagestream Analysis, arranged by geno-
type. Volume of nucleus, cytoplasm and cell were calculated in the IDEAS software. Statistics panel 
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shows result of four independent experiments. Data are shown as mean. * = P < 0.05, ** = P < 0.01, 
ns = P > 0.05; unpaired Student’s t-test. 

 

3.1.9 T cell volume increase is mTORC1-dependent 
 

In order to obtain exact cell volume measurements of live cells, we used volume impedance 

measurements suggested as a “gold standard” of cell size measurement (Tzur et al., 2011). 

We purified T cells from WT and T-Rapo/o mice and stimulated them with anti-CD3/CD-28 for 

1, 2 or 3 days and compared it with naïve, freshly isolated T cells as shown in Figure 28A. 

The cells were stained with DAPI and live cells sorted with a BD AriaFusion sorter to ensure 

live cells were used for volume measurements by the CASY counter, where no further gating 

is possible. Histograms of live cell volume were acquired, and the mean diameter and vol-

ume of the cells determined. We found that WT T cells increase their total volume from 120 fl 

to 615 fl ± 15 within two days (Figure 28B), which accounts for a 5-fold increase from naïve 

to activated cells. This massive increase is in agreement with electron microscopy data in 

human T cells (Wolf et al., 2020). On day 3, the volume of WT T cells slightly decreased but 

was still high with 588 fl ± 20. However, T-Rapo/o T cells increased their volume slower and 

reached a maximum of 538 fl ± 9 on day 3, which is still smaller compared to WT levels 

(Figure 28B). There were no quantitative differences between naïve WT and T-Rapo/o T cells.  

The sorted live T cells were also analyzed by FACS for FSC-A, as shown in Figure 28C. By 

FSC-A measurements, we found only a 2-fold increase in both WT and T-Rapo/o T cells with 

almost no difference on day two and three. Only on day one, the difference of WT and T-

Rapo/o T cell size was visible, albeit not significant.  

In summary, we show that mTORC1 regulates the T cell volume in response to TCR stimula-

tion which is underestimated by FSC-A data. In comparison to the Imaging data (Figure 27), 

the electronic volume measurements by the Coulter principle have the advantage that live 

cells are measured more accurately (5-fold increase vs. 3-fold increase). However, Imaging 

data include information on substructures as the nucleolus, nucleus and cytoplasm, revealing 

important insights in cellular changes and adaptations during T cell activation.    
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Figure 28: Volume increase is diminished in mTORC1-deficient cells.  
(A) Experimental Scheme. Purified T cells were cultured with immobilized anti-CD3/CD28 mAbs for 
the indicated time points (0-3 days). T cells were then sorted for DAPI- cells to assure live cell meas-
urement. Cell suspensions were then measured at the CASY Counter and at the Canto for compari-
son. (B) Volume in [fl] of WT and Raptoro/o T cells to the indicated time points. Inserted numbers show 
mean ± SD and fold change to naïve cells. Vertical lines demonstrate median of WT cells to visualize 
differences to Raptoro/o volumes below. (C) FSC-A levels of WT and Raptoro/o T cells to the indicated 
time points. Numbers indicate the mean gMFI ± SD, as well as fold changes to naïve levels. (B-C) 
Data are representative of three independent experiments with n=1-2. Data are shown as mean ± SD. 
* = P < 0.05, ** = P < 0.01, ns = P > 0.05; unpaired Student’s t-test. 
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3.1.10 mTORC1 is essential for cell division and RNA biosynthesis 
throughout the expansion phase 

 
Data depicted in Figure 18 suggest that mTORC1 is essential for each cell division so that 

proliferation is significantly delayed in T-Rapo/o T cells. To further investigate this issue, we 

added Torin-1 to stimulation cultures on day 1, day 2 or day 3 to block mTORC1/2 and the 

cells were analyzed 24 hours later. We had observed before that 47S rRNA expression is 

decreased in stimulated T-Rapo/o T cells (Figure 26A) and thus analyzed 5’ETS rRNA ex-

pression in this context now. Inhibition of mTORC1/2 in the first 24 hours blocked expression 

of 5’ETS completely and thus confirmed our finding with T-Rapo/o T cells (Figure 29A, left 

panel). In untreated cells, nascent pre-rRNA is highly expressed after 24 hours. When Torin-

1 was added after 24 hours of stimulation, i.e. when 5’ETS is highly expressed, we observed 

a significant decrease of 5’ETS rRNA levels on day 2 compared to WT levels, showing that 

mTORC1/2 maintains the high levels throughout the first 2 days after stimulation (Figure 

29A, middle panel). However, inhibition after day 2 does not change the expression of 47S 

rRNA (Figure 29A, right panel), suggesting that pre-ribosomal RNA can be stored in the nu-

cleolus upon Pol I inhibition as it was described in tumor cells (Szaflarski et al., 2022). 

In agreement with decreased 47S rRNA levels on day 2, the proliferation was also signifi-

cantly slowed down as shown in Figure 29B (left panel). Proliferation was also affected by 

mTOR inhibition between days 2 and 3 (Figure 29B, right panel), although 5’ETS rRNA was 

detectable as in untreated cells. One explanation could be that, as described above, pre-

rRNA is stored in the nucleolus but cannot re-enter ribosomal biogenesis and cannot be used 

by the cell.  

Analyzing the cell cycle, we observed that Torin-1 treatment from day 1 until day 2 reduced 

RNA levels by half, measured by Pyronin Y (Figure 29C). In addition, 38% of cells were ac-

tively in cell cycle in S-G2-M phase, while in untreated cells over 65% were in these cell cy-

cle phases. We quantified the cell cycle stages shown in Figure 29C (bar chart on the right) 

by Hoechst and Pyronin Y levels. These findings are in agreement with in vitro stimulated T-

Rapo/o T cells that divide slower as WT T cells (Figure 18A). 

Late inhibition (24 + 48 hours post stimulation) of mTORC1/2 also reduced the levels of 

phosphorylated H3 (H3P) as shown in Figure 29D, similar to T-Rapo/o cells (Figure 18C). The 

percentage of cells in M phase is significantly higher in WT T cells compared to T-Rapo/o 

(2.7% vs. 1.4%). However, there are fewer T-Rapo/o cells actively cycling due to the block in 

G1/S transition. Therefore, we looked at the percentage of cells in M phase of all cells in 

G2/M and found a significant reduction in T-Rapo/o cells as well (13% vs. 9%). We conclude 
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that the cells are not only blocked at the G1/S transition point by mTOR inhibition, but also at 

the G2/M transition leading to an additional delay in cell cycle progression. 

 

 

Figure 29: mTORC1 regulates RNA synthesis and cell cycle progression, but the effect de-
creases over time.  
OT1 T cells were stimulated with 10 ng/ml pOVA and treated with Torin-1 to the above indicated 
timepoints. (A) 5’ ETS expression of untreated vs. 24 h Torin-treated cells at different time points. Data 
are representative of at least two independent experiments.  (B) CTR dilution of Torin vs. untreated 
OT1 T cells on day 2 and day 3. Inserted numbers indicate mean number of divisions ± SD. Data are 
representative of at least three independent experiments. (C) DNA and RNA expression of untreated 
vs. Torin-treated T cells. On the right, G1, S and G2M distribution of untreated and Torin treated cells 
are quantified. Data are representative of at least three independent experiments. (D) H3P expression 
of untreated and Torin-treated cells. Numbers indicate percentage of H3P+ cells. Data are representa-
tive of five independent experiments. (A-D) Data are shown as mean. * = P < 0.05, ** = P < 0.01, ns = 
P > 0.05; unpaired Student’s t-test. 

 

As early and late inhibition of mTORC1/2 were shown to have strong effects on the expres-

sion levels of 5’ETS (Figure 29), we further assessed the dynamics of Torin-1 inhibition re-

garding proliferation and RNA induction and furthermore asked, to which extent Torin inhibi-

tion is reversible. As indicated in Figure 30A, OT1 T cells were stimulated for 2 days with 10 

ng/ml pOVA and then treated with 1 µM Torin on day 3 and 4. The cells are compared to 
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untreated cells. By Torin-1 addition on day 3 proliferation was slowed down, however not 

significantly different from untreated cells yet. Continued inhibition until day four reduced pro-

liferation in Torin-1 treated cells significantly (Figure 30A). We analyzed DNA and RNA levels 

of these cells and found a significant reduction of RNA on day three, in accordance with pre-

vious findings of Pyronin Y and 47S levels (Figure 30B). On day 4, Torin-treated cells had 

very low RNA levels, however, untreated cells also had started to downregulate their RNA 

levels. 

To explore the reversibility of Torin-1 activity, we treated cells with Torin-1 from the beginning 

of the culture and released some of the cells on day 2. Proliferation had not begun by day 2 

in the presence of Torin inhibition and RNA levels remained very low. However, as soon as 

Torin was washed away the cells started proliferating within one day and completed already 

1.2 cell divisions (mean divisions) in the first 24 hours (Figure 30C) and 3.3 divisions until 

day 2. This shows, first, that mTOR inhibition is reversible and, second, that upon Torin re-

lease on day 2 the cells were able to enter S phase immediately, indicating that the cells 

were prepared for cell cycle progression except for mTOR signaling. At the same time RNA 

levels increased very quickly after Torin release on day three and four (Figure 30D), albeit 

less extensively than untreated cells (Figure 30B).  

 

 
 

Figure 30: Effects of early and late mTORC1 inhibition.  
(A) OT1 T cells were as indicated treated with 1 µM Torin from day 2 – day 4. CTR dilution is shown 
for T cells ± Torin on day 2, 3 and 4. Numbers in the upper left corner indicate mean number of divi-
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sion and inserted numbers in white the number of peaks. (B) PY expression of the cells treated as in 
(A). (C) Torin is added to the culture from the beginning and in upper panels washed way on day 2. 
CTR dilution is shown of Torin-inhibited and -released cells. (D) RNA expression of cells treated as in 
(C). (A-D) Data are representative of at least three independent experiments. Data are shown as 
mean. * = P < 0.05, ** = P < 0.01, ns = P > 0.05; unpaired Student’s t-test. 

 

3.1.11 Nascent protein synthesis is regulated partially by mTORC1 
in ongoing proliferation 

 

Protein synthesis is one of the most important and best described effects of mTORC1 activa-

tion in T cells (Saxton and Sabatini, 2017). Protein synthesis is transmitted via mTORC1 

downstream target 4EBP1. The translational machinery is a critical step during protein syn-

thesis and was shown to be dynamically regulated by antigen stimulation and mTOR signals 

in activated T cells (Araki et al., 2017). Further studies showed a reduction of translation in 

cells treated with the mTOR inhibitors rapamycin or Torin-1 (Howden et al., 2019; Thoreen et 

al., 2012). We asked if differences of overall translation rates can be detected in cells that 

express only around 50% of RNA and ribosomes (Figure 22A and Figure 26A). We stimulat-

ed WT, T-Rapo/o and T-Rico/o OT1 T cells with 10 ng/ml pOVA for two days, then harvested 

and washed the cells, and recultured the cells in methionine-free medium. L-

Homopropargylglycine (HPG), a methionine analog, was added to the culture in a 1:1000 

dilution according to the manufacturers protocol (Figure 31, top). HPG is incorporated into 

the protein sequence instead of methionine and can then be visualized by Click chemistry as 

described in section 2.2.15. We found that HPG levels were about 20% reduced in T-Rapo/o 

cells compared to WT T cells (Figure 31) albeit not significantly different, although we ob-

served a reduction of RNA by 50% (Figure 26A). T-Rico/o cells incorporated similar levels of 

HPG as WT T cells. However, latest experiments in the lab with T cells isolated from 

ANDxRap mice, where Raptor is deleted in CD4+ T cells, showed a 50% reduction in HPG 

signals on day 2 and 3 after stimulation with anti-CD3/28. 

Altogether these data suggest that protein synthesis is slightly reduced in Raptor-deficient T 

cells but clear changes in overall translation are not detectable with this assay at that 

timepoint. 
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Figure 31: Protein synthesis on day 2 is slightly reduced in Raptor-deficient mice.  
Experimental Scheme of L-Homopropargylglycine (HPG) assay. OT1 T cells were stimulated with 10 
ng/ml pOVA for 2 days, then washed and re-cultured in methionine-free T cell culture medium ± HPG 
(1:1000 diluted) and incubated for 1 hour. HPG incorporation was detected by click chemistry and 
subsequent flow cytometry. Histograms show HPG incorporation of the indicated genotypes. Unfilled 
histograms represent unstimulated controls. Data are representative of at least three independent 
experiments. Data are shown as mean. * = P < 0.05, ** = P < 0.01, ns = P > 0.05; unpaired Student’s 
t-test. 

 

3.1.12 Inhibition of RNA Pol I affects cell cycle progression and 
RNA synthesis similar to mTORC1 inhibition 

 

We further investigated the function of RNA Polymerase I and the nucleolus, as we observed 

not only functional, but also structural differences (Figure 26). To block RNA Pol I function, 

we used the two chemical inhibitors Quarfloxin (CX-3543) and BMH-21. To verify the mode 

of action of Quarfloxin, we stimulated OT1 T cells for one, two or three days and applied 

Quarfloxin for the last 24 hours. On day 1, 47S rRNA is entirely undetectable, showing that 

RNA Pol I activity is inhibited (Figure 32A, left panel). On day 2, the 47S rRNA signal is still 

significantly reduced (Figure 32A, middle panel). However, on day 3 post stimulation we ob-

served a slightly reduced, but insignificant difference of 47S rRNA expression (Figure 32, 

right panel). This indicates the accumulation of unprocessed 47S rRNA intermediates as it 
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was observed in tumor cells and yeast before, once the rRNA transcription is blocked 

(Schneider et al., 2007; Szaflarski et al., 2022). 

We also found that proliferation was affected by RNA Pol I inhibition as shown in Figure 32B. 

On day 2 as well as on day 3 post stimulation, proliferation was significantly reduced com-

pared to untreated cells when RNA Pol I was inhibited 24 hours before. These findings indi-

cate that T cell division is dependent on RNA Pol I regulated transcription.  

We then analyzed the cell cycle by DNA and RNA staining and found that Quarfloxin inhibits 

the cell cycle at two checkpoints (Figure 32C). One is at the G1/S transition and the second 

one at the G2M/G1 transition. This effect was seen at both timepoints of addition. BMH21 

treatment confirmed this finding, as shown in Figure 32D. We quantified the cell cycle stages 

according to the cells’ DNA content and found a 3-fold increase in G2/M phase in Quarfloxin-

treated T cells on day 2, and a 1.8-fold increase in G2/M even on day three. At the same 

time cells in S phase almost disappeared (Figure 32C, lower bar graphs). Likewise, in BMH-

21 treated cells the percentage of cells in G2/M was increased (3.4-fold) and in accordance 

with that, almost no cells entered S-phase. It was shown in tumor cells, that Pol I transcrip-

tion is highest during S and G2 phase (Iyer-Bierhoff and Grummt, 2019) and a similar regula-

tion is indicated by these results in T cells. The G2/M block was also shown to be mTORC1 

dependent (Figure 18B+C), suggesting a co-regulation by RNA Pol I and mTORC1. 

We further assessed the phosphorylation of H3 on day three to identify cells in mitosis. 

Therefore, we stimulated OT1 T cells for 2 days and then treated them with or without 750 

nM BMH-21. The H3P signal was clearly higher in untreated T cells than in BMH-21 treated 

cells (2.7% and 0.2%), indicating that ribosomal RNA transcription is required for the initiation 

of mitosis (Figure 32E). BMH-21 trapped the cells in the G2 phase (43.3% and 18.7% of WT 

T cells) indicating that ribosomal RNA transcription is essential for the G2/M transition. 

Altogether these data on Quarfloxin and BMH-21 effects indicate that RNA Pol I is regulating 

cell division in T cells at two restriction points. T cells which were already in cell cycle pro-

gress through the S-phase and are then blocked at the G2/M while other cells are blocked at 

the G1/S transition. Both cell cycle checkpoints are thus regulated by RNA Pol I. RNA Pol I 

transcription was shown to be highly active during S and G2 phase in tumor cells (Iyer-

Bierhoff and Grummt, 2019) and our findings suggest a similar regulation of the cell cycle in 

T cells.  
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Figure 32: RNA Pol I controls cell cycle progression partially via mTOR.  
OT1+ T cells were stimulated with 10 ng/ml pOVA and treated with inhibitors as indicated in each plot 
and harvested between d1-d3 post stimulation. QF is short for Quarfloxin (CX-3543) and BMH for 
BMH-21, another RNA Pol I inhibitor. (A) 5’ETS rRNA staining on d1, d2 and d3. Quarfloxin was add-
ed 24 hours before analysis. Data are representative of at least two independent experiments. (B) 
CTR dilution of untreated and Quarfloxin-treated cells on d2 and d3 post stimulation. 200 nM Quarflox-
in were added to the culture 24 hours before. Data are representative of three independent experi-
ments. (C) RNA and DNA levels, indicating the different cell cycle stages. (D) RNA and DNA levels of 
T cells treated with 750 nM BMH-21 for 24 hours as indicated. Cell cycle stages are quantified in per-
centage and shown below. (E) H3-phospho staining of BMH-21 and untreated cells on d3, indicating 
the amount of cells in mitosis. Data are representative of least five independent experiments. (A-E) 
Data are shown as mean. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001, ns = P > 0.05; 
unpaired Student’s t-test. 

 

To assess further effects of Pol I inhibition, we investigated whether RNA Pol I has an impact 

on early targets of mTORC1 signaling such as phosphorylation of S6 protein and size in-

crease. Thus, we titrated Quarfloxin, starting from 0.5 µM, and cultured OT1 T cells with and 

without the titrated inhibitor overnight. We found that Quarfloxin inhibited the size increase, 
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measured by FSC-A (Figure 33A, left) and also reduced S6 phosphorylation in a dose-

dependent manner (Figure 33A, right), indicating that there is a feedback mechanism to 

mTOR signaling through RNA Pol I.  

To assess how rRNA transcription and mTORC1 signaling are connected, we stimulated 

OT1 T cells for 21 hours, when 47S rRNA has reached maximal expression and mTORC1 

showed maximal activity, and then added Quarfloxin to see a time-dependent effect. At 2 

hours no difference was detected for both parameters. After 4 hours both pS6 and 47S rRNA 

decreased equally and were completely blocked after 6 hours (Figure 33B).  

These data suggest that RNA Pol I activity and mTORC1 signaling are co-regulated and mu-

tually dependent. Both are required to allow full T cell activation and rapid proliferation in 

response to antigen stimulation.  

 

 

Figure 33: RNA Pol I and mTORC1 signaling are reciprocally regulated.  
(A) FSC-A and pS6 expression of OT1 T cells treated with titrated Quarfloxin, ranging from 500 nM to 
62.5 nM after overnight culture. Data are representative of three independent experiments. (B) pS6 
and 5’ ETS rRNA expression post QF addition on day 1. Data are representative of three independent 
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experiments. (A-B) Data are shown as mean. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 
0.0001, ns = P > 0.05; unpaired Student’s t-test. 

 

Our findings on FSC-A and pS6 expression were confirmed by using a second RNA Pol I 

inhibitor BMH-21 with a different mechanism of inhibition (Peltonen et al., 2010; Pitts and 

Laiho, 2022), as shown in Figure 34. Also here, we found a dose-dependent effect of RNA 

Pol I inhibition, underlining the importance of RNA Pol I for mTORC1 activity and T cell func-

tionality.  

 

Figure 34: BMH21, another RNA Pol I inhibitor, confirms feedback signaling to mTORC1. 
FSC-A and pS6 expression of OT1 T cells treated with titrated BMH-21, a RNA Pol I inhibitor, ranging 
from 5 µM to 0 µM after overnight culture. The first two concentrations were excluded due to cell 
death. N=1.  
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3.2 Re-challenge of memory T cells induces RNA levels to 
a similar level as naïve T cells 

 

Following acute infection or vaccination, naïve CD8+ T cells are activated and undergo clonal 

expansion to become T effector cells. During differentiation towards Teff cells many transcrip-

tional and metabolic changes occur and cytokines are produced (Powell et al., 2012). CD8+ 

effector T cells directly kill infected target cells and thereby control the infection. After antigen 

clearance, most of the T cells die. Memory T cells are a small subset of cells that persist long 

time after an infection has been cleared as long-lived cells with stem cell-like features. They 

characteristically show a downregulated effector program and different metabolic capacities 

that is responsible for promoting persistence (O'Sullivan, 2019). As memory T cells are 

known to induce a strong and rapid immune response after a re-challenge (Barber et al., 

2003; Lalvani et al., 1997), we wondered whether this is accompanied by an increased rate 

of RNA synthesis compared to naïve T cells.  

We generated memory-like cells in vitro as described by T. Malek and colleagues (Carrio et 

al., 2004) (Figure 35A). OT1 T cells were stimulated with 10 ng/ml pOVA and 10 ng/ml IL-2 

for three days, then washed and re-cultured either with 10 ng/ml IL-15 for memory-like T cells 

(Tmem) or 10 ng/ml IL-2 for effector T cells (Teff) for four more days. On day 7, the cells were 

washed again and restimulated with 10 ng/ml pOVA and IL-2. We could show that on day 3 

all cells were effector cells, with a CD44high, CD62Lint phenotype and high expression of CD25 

and CD69 (Figure 35B). On day 7, Teff cells showed only low levels of the memory cell mark-

er Ly6C, whereas Tmem cells expressed high levels of Ly6C (Figure 35C). Upon restimulation, 

we found similar kinetics in RNA induction levels in such Tmem cells compared to freshly iso-

lated naïve T cells (Figure 35D). Also, FSC-A levels increased simultaneously in both Tmem 

and naïve T cells. 

Altogether these data indicate that memory T cells generated in vitro induce their RNA levels 

in a similar manner as naïve T cells do.  
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Figure 35: In vitro generated memory T cells upregulate RNA similar to naive cells. 
(A) Experimental Scheme. OT1 T cells were stimulated with 10 ng/ml pOVA and 10 ng/ml IL-2 for 3 
days. On day 3, cells were washed and re-cultured with either 10 ng/ml IL-2 (“effector T cells”) or 10 
ng/ml IL-15 (“memory T cells”) for additional four days. Cells were then washed and restimulated with 
pOVA and IL-2 for 2 days. (B) Expression of activation markers CD62L, CD44, CD25 and CD69 in 
effector T cells three days post stimulation. (C) Ly6C expression of unstimulated, effector T cells and 
memory T cells on day 7 post stimulation. (D) Time course of RNA levels post restimulation, compar-
ing memory T cells and freshly isolated naïve T cells. (E) Time course of FSC-A post restimulation, 
comparing memory and freshly isolated naïve T cells. Data are representative for at least one experi-
ments for some time points.  

As memory T cells generated in vitro are considered memory-like T cells and do not show all 

features compared to real memory cells, we further investigated this question with in vivo 

generated T cells. B10BR mice were twice immunized with B6 splenocytes by intraperitoneal 

injection (i.p.) as depicted in Figure 36A. 4 weeks later we harvested the spleens, purified T 

cells and stained them for CD44, which marks effector and memory T cells. The T cells were 
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then sorted by the flow cytometry into CD44high (Tmem) and CD44low (Tnaïve) cells. After sorting, 

Tmem and Tnaive cells were restimulated with anti-CD3/CD28, and samples taken at indicated 

time points. 

Directly after the cell sort, Tmem cells expressed high levels of CD25, CD69, Ly6C and CD127 

(Figure 36B, dark red histograms), which are all typical markers for the characterization of 

memory cells, while Tnaive cells expressed very low levels of these markers (Figure 36B, dark 

grey histograms).  

Upon restimulation, both CD4+ and CD8+ Tmem and Tnaive cells displayed similar S6 phos-

phorylation levels, indicating high mTOR activity 18 hours after restimulation. We investigat-

ed RNA levels 22 hours post restimulation and found equal levels in Tnaive and Tmem cells. The 

experiment was repeated at different time points (not shown). At all of them RNA levels were 

upregulated similarly.  

In summary, these data show that in vitro as well as in vivo generated memory T cells have 

similar kinetics in RNA upregulation, size increase and mTOR activity. Thus, mTORC1 and 

ribosomal RNA synthesis regulate the activation of both naïve and memory T cells in a simi-

lar manner.  
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Figure 36: In vivo generated memory T cells have similar RNA and pS6 upregulation as naive T 
cells upon restimulation in vitro.  
(A) Experimental Scheme. B10BR mice were immunized with splenocytes from a B6 mouse by intra-
peritoneal (i.p.) injection. 2 weeks later the same B10BR mice were immunized a second time with B6 
splenocytes. After 4 weeks, mice were sacrificed, and T cells isolated from spleens. T cells were sort-
ed regarding their expression of CD44 for CD44high (“memory”) and CD44low (“naïve”) population. The 
two populations were then restimulated with 10 µg/ml anti-CD3/CD28 and analyzed after one day. (B) 
Surface expression of CD25, CD69, Ly6C and CD127 in memory (dark red) versus naïve (dark grey) 
T cells post sorting. (C) pS6 expression levels of unstimulated, naïve and memory T cells 18 hours 
post restimulation. (D) RNA expression of unstimulated, naïve and memory T cells 22 hours post res-
timulation. Data are representative for at least one experiment. 
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4. Discussion  

4.1 Downstream TCR signaling depends on mTORC1 activity 

4.1.1 TCR signaling induced NR4 and CD69 expression 

TCR signaling is induced within seconds after a peptide-MHC complex has bound to the T 

cell receptor. Among the three major signaling pathways downstream of TCR are the MAP 

kinase pathway, NF-kB signaling and the Ca2+/NFAT pathway. Altogether these signaling 

cascades result in translocation of essential transcription factors, including NFAT, AP1 and 

NF-kB, into the nucleus, where they induce the transcription of genes important for T cell 

activation, differentiation and effector functions. 

Besides p-MHC binding to the TCR, T cells can get activated indirectly by Interleukins or in-

flammatory mediators (Moran et al., 2011; Sun et al., 1998). To fully understand the mecha-

nism and effects of T cell activation it is essential to distinguish between TCR-mediated acti-

vation and stimulation by other factors. Nur77, also known as NR4a1 transcriptional activa-

tor, is a specific reporter for TCR signaling (Moran et al., 2011; Zikherman et al., 2012), 

which is expressed very early, but does not respond to cytokine or interferon stimulation 

(Moran et al., 2011). It was shown to define antigen-activated lymphocytes more effectively 

compared to other activation markers like CD69 (Ashouri and Weiss, 2017). However, in this 

study we looked at both markers to evaluate the activation status of the cell.  

We could show that Nur77 and CD69 expressions are induced very quickly after stimulation 

in vitro (Figure 21A). Downstream inhibition of mTOR signaling by Torin-1 did not affect the 

expression levels (Figure 21A). It was shown in another study by Ashouri et al., that rapamy-

cin treatment did not affect Nur77 expression in CD4+ T cells (Ashouri and Weiss, 2017). 

However, in response to limiting amounts of antigen, we observed that Torin-1 treated cells 

have reduced levels of Nur77 and CD69 compared to untreated WT T cells (Figure 21B+C). 

This shows that Torin-1 inhibition lowers the sensitivity of the OT1 TCR 3- to 9-fold when the 

amount of antigen is limited and thus increases the threshold for full activation of the T cell. 

We could show that all major conventional TCR signaling cascades have to be fully active to 

allow full expression of CD69, as depicted in Figure 20B. The inhibition of each conventional 

signaling pathway, including the Ca2+/Calcineurin/NFAT, MAP kinase/AP-1 and PI3K/Akt 

singnaling pathway, reduced the levels of CD69 in a dose-dependent manner.  

Altogether, in our study CD69 turned out to be as effective as Nur77 as markers for T cell 

activation as we stimulated the T cells in vitro under controlled conditions with anti-

CD3/CD28 antibodies or TCR transgenic T cells were stimulated with their specific antigen. 

Thus, the effect of other stimulatory molecules besides TCR could be minimized. Further-
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more, our data underline that mTORC1 integrates signals initiated by the TCR and can affect 

its sensitivity. 

4.1.2 mTORC1 signaling via downstream targets S6K1/2 and 4EBP1/2 

mTORC1 signaling is activated via the PI3K/AKT pathway following TCR stimulation and 

functions through its downstream targets 4EBP1/2 and S6K1/2. S6K phosphorylates the ri-

bosomal protein S6, which occurs quite fast following TCR stimulation (Fumagalli and Pende, 

2022; Meyuhas, 2015). 2 hours post antigen stimulation, the signal is already high and in-

creases further until 24 hours as shown in Figure 16B and Figure 22B. The S6 protein is also 

phosphorylated to a certain extent by RSK (p90RSK) following TCR stimulation (Salmond et 

al., 2009), and thus MEK inhibition reduced pS6 levels via RSK signaling, independent of 

mTORC1. However, it can be distinguished by different phosphorylation sites, and with our 

pS6 antibody we mainly investigated the mTORC1-dependent site at S235/S236. We could 

show that Torin-1 blocks the phosphorylation of S6 in a dose-dependent manner (Figure 

21A). We had some indications from previous experiments that Rictor-deficiency leads to 

increased phosphorylation of rS6 or CD69 expression and suggested mTORC1 compen-

sates the loss of Rictor by expressing more binding sites for Raptor. However, this was not 

the case when tested (Figure 23). Even in limiting amounts of antigen, WT and T-Rico/o cells 

behaved likewise and the addition of anti-CD28 increased the stimulatory threshold 100-fold 

in both cell types. 

We also found that co-stimulation with anti-CD28 increases the levels of pS6 100-fold in 

suboptimal CD3 stimulatory conditions for both CD69 and pS6 expression (Figure 20A), indi-

cating that costimulation is regulated similarly in conventional and mTORC1-dependent TCR 

signaling. 

Besides functioning via its classical downstream targets, mTORC1 induces the phosphoryla-

tion of around 3260 proteins following T cell activation, including NFAT, NfkB and MAPK 

components (Tan et al., 2017). Altogether, as mTORC1 was shown to affect TCR sensitivity 

and integrates cytokine signals, it is a key regulator of immune responses.  

4.2 mTORC1 regulates proliferation, RNA levels and growth 

4.2.1 Proliferation in T cells depends on mTORC1 

It was shown in previous studies that mTOR regulates the exit of quiescence in T cells, but is 

not required for ongoing cell divisions (Howden et al., 2019; Terada et al., 1993a; Yang et al., 

2013). Previous work in our lab with antigen-specific TCRs showed that the proliferation in 

vivo is delayed over time in Raptor-deficient T cells. We found as well that WT T cells prolif-
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erate three times per day in vivo (Obst, 2015), whereas Raptor-deficient T cells only divide 

once per day. As shown in Figure 17, Raptor-deficient T cells were also unable to divide in 

H2-bm1 and bm12 mice, while Rictor-deficient T cells did not show any defects and behaved 

like WT cells. However, we observed a small percentage of Raptor-deficient T cells which 

divided as well but delayed. To further investigate these findings, in vitro assays measuring 

EdU incorporation were performed. These experiments revealed that first of all, less Raptor-

deficient T cells are in S phase (59%) 42 hours post stimulation with OVA peptide and sec-

ond, 3 hours later the cells still have not completed one cell cycle (Figure 18B). At the same 

time, 71% of WT T cells were in S-phase and 3 hours later we could find around 15% of 

these labeled cells back in G1, showing that cell cycle progression is much faster. Altogether, 

these data show that not only the first cell cycle but also all consecutive cell cycles are de-

pendent on mTOR and that mTOR activation leads to three-fold faster responses.  

In addition, late inhibition with mTOR inhibitor Torin-1 as well delayed cell cycle progression 

and led to a reduced proliferation rate (Figure 29B, Figure 30A), corroborating that mTOR 

signaling is required throughout the expansion phase for proper T cell function.  

Other groups could not show the necessity of mTOR activity for ongoing proliferation, alt-

hough similar experiments were performed (Yang et al., 2013). However, one difference is 

that only in vitro proliferation was investigated. We have shown before that transferred WT T 

cells into an antigen-inducible mouse model divided and accumulated in lymphoid organs 

with a rate of 3 divisions per day, while T-Rapo/o T cells divided less and died after day 5. We 

observed a delayed start of proliferation of transferred T-Rapo/o T cells and slowed down pro-

liferation, but not a complete block of proliferation (Pennavaria, 2019). Another difference 

were the timepoints of the EdU experiments, which could not reveal differences in EdU in-

corporation in other studies. We found that especially the time frame how long a cell needs to 

progress through the cell cycle is different between WT and Raptor-deficient T cells and can 

only be observed by time course pulse chase experiments, which were not performed by 

other groups. As reason for a delayed exit of quiescence, Yang et al. showed a decreased 

expression of various cell cycle regulators such as cyclin D2, E and CDK2, 4 and 6 in Rap-

tor-deficient T cells, but a delay in proliferation was not further investigated. Our data thus 

makes inhibition of mTORC1 a more reasonable therapeutic target in manifested autoim-

mune and inflammatory diseases. 

4.2.2 Volume increase is mTORC1 dependent 

Following TCR stimulation, the T cell has to adjust and prepare for rapid clonal expansion. 

One important characteristic is that the T cells massively increase their cellular volume for 

complete T cell functionality. That volume increase in T cells is known to be mTOR-

dependent, however, exact sizes are not known. We activated sorted WT and T-Rapo/o T 
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cells with anti-CD3/28 for 1, 2 or 3 days and measured the size of the cells with a 

CASYCounter. With this method we found that naïve WT and T-Rapo/o T cells both have the 

same size of ~121 fl. Following stimulation both cell types increased their volume, whereas 

WT T cells reached a maximum on day 2 with 615 fl, while T-Rapo/o T cells reached their 

maximum volume of 538 fl only on day 3. However, the biggest differences we observed on 

day 1 post stimulation, when WT T cells had 418 fl and T-Rapo/o T cells only an increase to 

195 fl, which makes a fold increase of 3.5 and only 1.6 in WT and T-Rapo/o T cells, respec-

tively (Figure 28B). We saw this immense difference on day 1 as well with the FSC-A in 

common FACS data, with WT T cells showing 116 (x103), while T-Rapo/o T cells only reached 

93 (x103) (Figure 28C). In contrast, in human T cells the size was shown to increase from 

82.5 fl in naïve, to 670 fl in stimulated T cells, measured by electron microscopy (Wolf et al., 

2020), which accounts for a 8-fold increase compared to the 5-fold increase in our murine 

cells but are in overall agreement with our measurements.  

Looking further into cellular compartments by Imaging flow cytometry, we found that the re-

duced volume in Raptor-deficient T cells involves both nuclear volume and cytoplasm. The 

nuclear volume was reduced on day 1 only, but cytoplasm was reduced on day 1 and day 2. 

Total cell volume was reduced throughout all timepoints in Raptor-deficient T cells (Figure 

27), while Rictor-deficient T cells did not show any defects in cellular adaptation.  

Altogether these data provide exact numbers of the volume increase of activated murine T 

cells over time, showing Raptor has the most effect on volume increase already on day 1 of 

stimulation, however, Raptor-deficient T cells never reach the maximal values of WT T cells. 

Furthermore, mTORC1 regulates the rearrangement of cellular compartments upon stimula-

tion to allow the cell to quickly adapt to the increased demands posed by rapid cell divison. 

4.2.3 Total RNA and ribosomal RNA induction regulated by mTORC1 

Pyronin Y was first described in 1981 by Shapiro as a fluorescent dye that stains dsRNA 

(Darzynkiewicz et al., 2004; Shapiro, 1981).  In combination with a DNA dye such as DAPI or 

Hoechst33342 one can distinguish the different cell cycle stages. The transition from G0 to 

G1 is clearly marked by an increase in Pyronin Y levels, levels further increase throughout 

the S-phase and then reach G2-M phase at the 4n DNA stage. However, Pyronin Y was 

hardly used in lymphocytes in the recent years, for instance by the Victora lab on germinal 

center B cells (Ersching et al., 2017). In our study we stained Pyronin Y in combination with 

Hoechst33342 and found a 9-fold increase of total RNA levels in T cells two days post stimu-

lation. Interestingly, Raptor-deficient T cells only increased their RNA levels 5-fold (Figure 

22A). We looked at RNA upregulation over time and found that Raptor-deficient T cells had a 

delayed increase to all timepoints (Figure 22C). Although these cells increased RNA levels 

slowly until day 4, they never reached the maximum levels of WT T cells. At the same time, 
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we observed less cells actively in the S-G2-M phase of the cell cycle, in coordination with the 

reduced RNA levels and delayed cell proliferation as discussed before (Figure 18A+B). In 

accordance with that, Raptor-deficient T cells were shown to enter S-phase without having 

passed through a proper S1 phase with less RNA per cell. While mTORC1 is shown to have 

an immense impact, mTORC2 does not affect RNA induction. 

We observed that the RNA levels are limited by mTORC1 activity. Even in late inhibition of T 

cells with Torin-1 on day 2 post stimulation, levels rapidly decrease within 24 hours (Figure 

30B) and as well, Torin-1 release on day 2 post stimulation, results in an increase of RNA 

levels comparable to untreated levels (Figure 30D).  

At the same time, total RNA levels are influenced by constant TCR signaling as shown in 

Figure 24B. Late inhibition of NFAT pathway by cyclosporin A or MAPK pathway by 

GDC0973 on day 2, leads to a drop in total RNA levels (Figure 24B). Similarly, late inhibition 

of PI3K, an upstream regulator of mTORC1, results in downregulation of RNA levels as well 

in a dose-dependent manner (Figure 24C).  

We established a new method in our lab to investigate the expression of 47S pre-ribosomal 

RNA by RNA hybridization. Therefore, 48 oligonucleotide FISH probes binding to the 5’ETS 

site of the ribosomal RNA were coupled to a fluorescent dye and could be used to determine 

the generation of nascent ribosomal RNA (Antony et al., 2022; Claiborne et al., 2022). The 

5’ETS is cleaved and destroyed within minutes after rRNA synthesis in tumor cells like Hela 

(Popov et al., 2013). We found a 10-fold increase of 47S rRNA in WT T cells upon activation 

by antigen compared to a 5-fold increase in Raptor-deficient T cells (Figure 26A). 

Altogether these data show that mTORC1 regulates the increase of total RNA in T cells post 

stimulation as well as the nascent synthesis of ribosomal RNA. In dependence of mTORC1 

activity, RNA levels can be quickly adjusted to prepare the cell for rapid cell division.   

 

4.3 Nucleoli and 47S pre-rRNA generation as rate limiting step 
during mTOR-dependent activation of T cells 

4.3.1 Structural changes of nucleoli and cellular compartments 

Besides the reduction of 47S ribosomal RNA in Raptor-deficient T cells, we also observed 

structural changes and differences in T-Rapo/o T cells compared to WT T cells. By imaging 

flow cytometry, as depicted in Figure 26B, we showed that 47S sites, referred to as nucleoli 

where rRNA synthesis takes place, were increased in Rapo/o T cells following stimulation. In 

WT T cells we measured maximum 2.4 nucleoli/cell on day 1 post stimulation, while Rapo/o T 



4 Discussion             104 

cells had 2.2 nucleoli/cell. However, T-Rapo/o T cells increased their nucleoli up to 2.6 nucleo-

li/cell on day 3 post stimulation, while WT T cells decreased their sites after day 1. At the 

same time, T-Rapo/o T cells had smaller nucleoli than WT T cells, with a maximum area of 

~42 versus ~50 µm2, respectively. The massive increase of nucleoli size in WT T cells could 

be an indication of hypertranscription, which was described already decades ago as the up-

regulation of transcriptome for transitional processes in cells; for instance during stem cell 

expansion, embryonic development, regeneration and cancer (Lin et al., 2012; Percharde et 

al., 2017). The concept of hypertranscription might provide an explanation for the rapid bio-

mass production that is required for clonal T cell expansion. Furthermore, the massive and 

rapid change in nucleolar size and numbers might make the nucleolus and its substructures 

potential novel immunological biomarkers.  

But not only the nucleoli showed differences, but also the volume increase of nucleus, cyto-

plasm and cell had different kinetics in dependence of mTORC1. The nuclear volume was 

significantly higher in WT T cells on day 1 with an increase from naïve ~101 to 316 µm3. The 

cytoplasm increased as well significantly on day 1 and even further on day 2, as shown in 

Figure 27. Similar to the CASY Counter measurement of cell size, the gold standard of cell 

size measurements (Tzur et al., 2011) of unfixed cells, we also quantified the total cell vol-

ume from Imaging Flow data and observed that fixed WT cells reached a maximum on day 1 

with ~673 µm3, while Raptor-deficient T cells reached a maximum of ~656 µm3 only on day 3.  

While WT T cells increase their cellular volume 5-fold, the amount of RNA per cell, which is 

up to 85% ribosomal RNA, increases at least 9-fold. Early studies on dry biomass production 

showed a comparable increase in PHA-stimulated lymphocytes from 30 to 400 pg 

(Darzynkiewicz et al., 1967). The cytoplasmic concentration of ribosomes thus increases ~2-

fold dependent on mTORC1, which is likely to change the biophysical properties of the cyto-

plasm. It was shown in tumor cells, that mTORC1 can adjust the ribosomal abundance and 

thereby the phase separation properties of the cytoplasm (Delarue et al., 2018). Our data 

suggest that ribosomal abundance is not a fixed but a flexible parameter during T cell activa-

tion. 

These kinds of observations were not known in T cells before and indicate a tight connection 

of mTORC1 signaling and the nucleolus, where ribosomal RNA synthesis takes place, which 

in turn has further effects on cell growth and growth of various cellular compartments.  Rap-

tor-deficient T cells showed a slow and continuous increase in size and volume of all ana-

lyzed compartments over time, suggesting that mTORC1 signaling pushes the cell to a faster 

response within only one day instead of three or more.  
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4.3.2 RNA Pol I activity controls both cell cycle and mTORC1 activation 

One of the major functions of mTORC1 is promoting translation initiation and subsequent 

protein synthesis, so we wondered whether a reduction in protein synthesis in our Rapo/o T 

cells is responsible for the cell cycle delay as well as the delayed size increase in cellular 

compartments. We measured the nascent protein synthesis on day 2 by incorporation of 

HPG into the cells and found no significant difference between WT and Rapo/o T cells as 

shown in Figure 31. Although initial protein synthesis is decreased by 50% in Raptor-

deficient T cells as shown in various other studies (Howden et al., 2019; Hukelmann et al., 

2016), we couldn’t detect a difference in nascent total protein content after 48 h post stimula-

tion, indicating that T cells do not require mTORC1 signaling for translational activity in ex-

panding cells.  

As the reduction in 47S rRNA in Raptor-deficient T cells was very striking as well as cellular 

growth differences, we further investigated how rRNA controls and regulated cell cycle pro-

gression. Quarfloxin (QF) and BMH-21 chemicals were used to block RNA Pol I activity in 

vitro, as depicted in Figure 32. Quarfloxin is a small molecule and functions through disrupt-

ing the interaction between G-quadruplexes rDNA and the nucleolin protein, which thus 

blocks the activity of RNA Pol I (Duquette et al., 2004). BMH-21 intercalates into the DNA 

and binds to GC rich regions, without inducing DNA damage. It inhbits RNA Pol I specifically 

by inducing proteasome-mediated degradation of one of its subunits, RPA1 (Peltonen et al., 

2014). As a proof-of-concept we looked at 5’ETS signals on day 1, 2 and 3 with addition of 

inhibitor 24 hours before and showed that on day 1, the signal is completely missing and on 

day 2 it is decreased significantly (Figure 32A). On day 3 post stimulation, 5’ETS expression 

was rather independent of RNA Pol I inhibition, indicating the storage of unprocessed syn-

thesized rRNA as it was described in yeast and tumor cells (Schneider et al., 2007; 

Szaflarski et al., 2022). Interestingly, similar to mTORC1 deletion (Figure 18) and mTOR in-

hibition by Torin-1 (Figure 29), we found a block in proliferation in QF-treated cells, as de-

picted in Figure 32B. Both on day 2 and day 3, QF-treated cells had completed less cell cy-

cles. Surprisingly we found by RNA/DNA staining that QF-treated cells did not enter S-phase 

any longer and accumulated either in G1 or G2M phase of the cell cycle (Figure 32C). This 

finding was confirmed as well by BMH-21 treatment as shown Figure 32D. G1-S transition is 

known to be regulated by mTORC1 as well, however, G2M transition seems to be RNA Pol I 

dependent. H3-phospho staining confirmed that the T cells are blocked in G2-phase, as none 

of the cells express H3-P (Figure 32E), indicating that rRNA transcription is necessary for the 

initiation of mitosis. RNA Pol I was shown to be essential during S and G2 Phase in tumor 

cells (Iyer-Bierhoff and Grummt, 2019) and our data suggests a similar regulation in T cells.  
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These data indicate a strong connection between mTORC1 and RNA Pol I, as well as an 

essential role of RNA Pol I in regulating cell cycle progression in activated T cells. RNA Pol I 

is an essential regulator of the cell cycle at the G1/S and the G2/M transition. 

4.3.3 Feedback signaling to mTORC1 

We further investigated the role of QF and RNA Pol I inhibition on cell growth and signaling 

as shown in Figure 33A. We found that QF regulates the cell size increase after overnight 

stimulation (Figure 33A) in a dose-dependent manner. We observed that mTORC1 down-

stream signal phospho-S6 was as well regulated by the activity of RNA Pol I, as shown in 

Figure 33A. Complete inhibition of RNA Pol I function by QF led to a blockade in pS6 signal-

ing. Interestingly, pS6 and 47S signals go down simultaneously after late RNA Pol I inhibition 

on day 2 (Figure 33B). 4 hours post QF addition both signals were half downregulated and 

completely gone after 6 hours.  

Altogether these data show that there is a strong connection of mTORC1 signaling and the 

activity of ribosomal biosynthesis, which co-regulate each other and, that RNA Pol I gives 

negative feedback signals to mTORC1 in case it cannot perform properly (Figure 37). The 

nucleolus thus seems to be an essential caretaker of proper T cell activation and expansion 

by the reciprocal regulation of both mTORC1 and ribosomal biosynthesis. 

 

 

Figure 37: Summary of reciprocal regulation of mTORC1 and ribosomal biosynthesis.  
mTORC1 signaling is induced directly by TCR signaling and in turn induces the phosphorylation of S6 
ribosomal protein and activates ribosomal biosynthesis in the nucleolus, marked by an increase of 
ribosomal RNA and cell growth. Ribosomal biosynthesis gives feedback signals to mTORC1. 
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5. Outlook 
 

This work shows that mTORC1 and RNA Pol I activities are co-regulated and mutually de-

pendent to ensure proper activation, growth and proliferation throughout the expansion 

phase of T cells. However, there are still remaining questions to be addressed in the future.  

One major question that remains is the mechanism how ribosomes regulate mTOR signaling. 

Therefore, Tif1a KO mice might give an idea. First experiments with Tif1a-deleted T cells 

appeared to die in the periphery and could not be detected by our common cell culture meth-

ods. As a solution, a Cre-retrovirus was tested to deplete Tif1a in an in vitro assay. Therefore 

Cre-negative Tif1afl/fl T cells are stimulated in vitro and two days later infected with the virus, 

resulting in Tif-deletion in these cells within 6 hours. Proliferation rates and pS6 signaling can 

thus be analyzed the following day to show the feedback regulation of Tif1a to major cellular 

effectors as proliferation and signaling.  

Besides this, cyclins and CDKs can be analyzed in the Tif1a KO T cells, as mTOR is known 

to downregulate some of these as described in chapter 1.5. Tif1a or RNA Pol I might have a 

direct impact on the expression levels of certain cyclins and CDKs and thus directly regulate 

cell cycle progression. 

Another important factor during T cell activation as outlined in section 1.4.4 is the generation 

of nucleotides for rRNA synthesis. One has to consider that T-Rapo/o T cells might have a 

reduced proliferative capacity not due to a lack of nucleotide synthesis, but due to a down-

regulation of nucleotide transporters that transport the nucleotides inside the cell. By SLO 

experiments one could mimic the nucleotide transport into the cell and show whether lack of 

nutrients is responsible for the delayed cellular response.  

Lastly, it remains still unknown how the downstream targets of mTORC1, S6K and 4EBP1, 

function and via which route the effects of mTORC1 signaling are transmitted. We started 

analyzing the role of S6K1 and 2 by different inhibitors and a mouse line with a complete 

S6K1/2 knockout. These experiments suggested that proliferation is not regulated by S6K. 

More experiments on the role of S6K1/2 have to be performed and can be done by combin-

ing knockout mice with specific inhibitors of S6K1 and 2.  
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