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Abbrevations               
                

CD127 interleukin 7 receptor         
ChIP chromatin immunoprecipitation         
CPM counts per minute           
CSF2 granulocyte-macrophage colony stimulating factor 2     
CTLA4 cytotoxic T-lymphocyte-associated protein 4     
DC dendritic cell           
EOS IKZF4, IKAROS family zinc finger 4       
FACS Fluorescent Activated Cell Sorting        
FOXP3 forkhead box P3           
GARP leucine rich repeat containing 32       
GFP green fluorescent protein         
GITR tumor necrosis factor receptor superfamily, member 18   
Gpr83 G protein-coupled receptor 83         
Grn granulin             
HEK293T cells Human Embryonic Kidney 293 T cells       
IFNG interferon, gamma           
Ifngr1 interferon gamma receptor 1         
IL interleukin           
IL1B interleukin 1, beta           
IL1R1 interleukin 1 receptor, type I         
IL1R2 interleukin 1 receptor, type II          
IL2RB interleukin 2 receptor, beta         

IPEX 
immunodysregulation polyendocrinopathy enteropathy X-linked 
syndrome  

IRF4 interferon regulatory factor 4         
Itgae integrin alpha E           
Kif3a kinesin family member 3A         
LAG-3 lymphocyte-activation gene 3          
LC local clustering         
LGMN legumain             
LV-GFP/Foxp3 pGIPZ-Foxp3 lentivirus plasmid       
LV-GFP pGPIZ lentivirus plasmid         
NIH3T3 mouse embryonic fibroblast cell line       
Nrp1 neuropilin-1           



PLAU urokinase plasminogen activator        

Plau KO  B6.129S2-Plautm1mlg/J mice         
Prkca protein kinase C, alpha         
qPCR quatitative real-time RT-PCR         
S1PR1 sphingosine-1-phosphate receptor 1       
Satb1 special AT-rich sequence binding protein 1     
Scap2 src kinase associated phosphoprotein 2       
shRNA short hairpin RNA           
siRNA short interference RNA         
STAT1 signal transducer and activator of transcription 1     
STAT3 signal transducer and activator of transcription 3     
TC trend correlation            
TCR T-cell receptor           
Teffs effecter T cells           
TGFB1 transforming growth factor, beta 1       
Th1 T helper 1           
Th17 T hlper 17            
Th2 T helper 2            
Th3 T helper 3            
Ths T helper cells           
TNFRSF8 tumor necrosis factor receptor superfamily, member 8   
TNFRSF9 tumor necrosis factor receptor superfamily, member 9   
TNFSF4 tumor necrosis factor (ligand) superfamily, member 4   
TNFα tumor necrosis factor-alpha         
Tr1 type 1 regulatory T cells         
Tregs regulatory T cells           
uPAR urokinase plasminogen activator receptor        
VSN virus supernatant           
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1 Summary 

CD4+CD25+ regulatory T cells (Tregs) play a critical role in controlling inflammation, 

tumor immunity and transplantation tolerance. Moreover, abnormalities in Tregs result in severe 

autoimmune disease in humans and in mouse models. Foxp3 has been identified as one of the key 

regulatory genes for Treg development and function. However, only very few genes that control 

the development and the suppressive function of Tregs have been described until now. Therefore, 

the aim of this thesis was to identify and verify novel regulatory genes for Treg maintenance, 

activation and function. 

As one experimental approach, I used gene expression analysis in recombinant inbred 

mouse strains to find expression Quantitative Traits loci (eQTL). Here, I analyzed the 

transcriptome of naïve peripheral regulatory T cells isolated from 33 BXD mouse recombinant 

inbred strains. 14 trans-eQTL bands were found, two trans-eQTL bands were further analyzed in 

detail and regulatory candidate genes in the respective genomic intervals were proposed.  

Furthermore, I studied the role of one potential important gene, PLAU, which was 

identified by a trend correlation analysis of the transcriptome from activated human Tregs. Here, 

I showed that PLAU is important for the activation of human Treg specific gene expression 

patterns in cell culture. First, PLAU was expressed at a higher level in Tregs than in effector T 

cells (Teffs) with stimulation. Second, transfection of short interference RNA targeting PLAU 

transcript downregulated the expression of PLAU in Tregs on day 1 after transfection, of EOS, 

LGMN on day 2, and of FOXP3, EOS, CTLA4 on day 3. These results suggest a sequential 

regulation of PLAU on other Treg key genes. I also showed that PLAU was important for Treg 

mediated suppressive function. Tregs that expressed PLAU at a higher level (PLAU-high Tregs) 

exhibited a stronger suppressive activity on Teffs than Tregs expressing lower level of PLAU 

(PLAU-low Tregs). The expression of PLAU, FOXP3, GARP, EOS, LGMN and CTLA4 was 

higher in PLAU-high Tregs compared to PLAU-low Tregs. The T helper cytokines IL13, IL5, 

IRF4, CSF2, STAT1, IL15, TNFRSF8, TNFRSF9 and TNFSF4 were significantly lower expressed 

in PLAU-high Tregs compared to PLAU-low Tregs. Finally, studies in mice showed that Plau is 
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required for the development of Tregs in the thymus. Knockout mice which were lacking a 

functional Plau gene had significantly lower frequency of Foxp3+CD4+ Tregs in the thymus 

compared to wild type mice. However, there was no significant difference of Treg cell frequency 

in the mesenteric lymph nodes, peripheral lymph nodes or spleen at the mice age we studied.  

In conclusion, I identified 14 trans-eQTL bands in naïve Treg cells which may regulate 

many other genes in Tregs. Two trans-eQTL bands were supported by gene expression analysis. 

In addition, one novel important gene, PLAU, has been shown to be important for maintenance 

and function of human Tregs in cell culture and for thymic Treg development in knockout mice. 
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2 Zusammenfassung 

CD4 + CD25 + regulatorische T-Zellen (Tregs) spielen eine entscheidende Rolle bei der 

Steuerung von Entzündungsprozessen, der Immunität von Tumoren und der Toleranz des 

Empfängers bei Transplantation. Anomalien in Tregs führen zu schweren 

Autoimmunerkrankungen beim Menschen sowie im Mausmodell. Foxp3 wurde als eines der 

wichtigsten regulatorischen Gene für die Entwicklung und Funktion von Tregs identifiziert. 

Allerdings wurden bislang nur sehr wenige Gene beschrieben, welche die Entwicklung und die 

Aktivität von Tregs kontrollieren. Die Identifizierung und Verifizierung neuer regulatorischer 

Gene der Homöostase, Aktivierung und Funktion von Tregs ist daher das Ziel der vorliegenden 

Arbeit. 

Als einen experimentellen Ansatz habe ich Genexpressionsanalysen in rekombinanten 

Inzucht-Mausstämmen durchgeführt, um expression Quantitative Trait Loci (eQTL) zu finden. 

Hierzu wurden ruhende periphere regulatorische T-Zellen aus 33 rekombinanten Maus Inzucht-

Stämmen der BXD Familie isoliert. Bei der Transkriptionsanalyse der isolierten Tregs  wurden 

14 trans-eQTL Banden gefunden, zwei trans-eQTL Banden wurden weitergehend untersucht und 

mögliche regulatorische Kandidatengene in den jeweiligen genomischen Abständen identifiziert. 

Außerdem studierte ich die Funktion des wichtigen potenziellen Gens PLAU. PLAU wurde 

zuvor mit Hilfe einer Trendkorrelationsanalyse des Transkriptoms aktivierter humaner Treg 

Zellen identifiziert. Hier konnte ich zeigen, dass PLAU für die Aktivierung humaner Treg 

spezifischer Genexpressionsmuster in der Zellkultur wichtig ist. PLAU wird in Tregs stärker 

exprimiert als in Effektor-T-Zellen (Teffs), nach Stimulation. Die Expression von PLAU konnte 

nach Transfektion mit PLAU-spezifischen small interfering RNA (siRNA) spezifischherunter 

reguliert werden. Am Tag 2 nach siRNA Transfektion war auch die Expression der Gene EOS 

und LGMN, am Tag 3 die Expression der Gene FOXP3, EOS und CTLA4 herunter reguliert. 

Diese Ergebnisse deuten auf eine sequentielle Regulation von anderen wichtigen Treg Genen 

durch PLAU hin. Außerdem konnte ich in meinen Studien zeigen, dass PLAU für Treg 

vermittelte suppressive Funktionen wichtig war. Tregs, welche PLAU auf einem höheren Niveau 
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(PLAU-high Tregs) exprimierten, zeigten eine stärkere suppressive Aktivität gegenüber Teffs als 

Tregs mit geringer  PLAU-Expression (PLAU-low Tregs). Die Expression von PLAU, FOXP3, 

GARP, EOS, LGMN und CTLA4 war in PLAU-high Tregs deutlich höher als in PLAU-low Tregs. 

Die T-Helferzell-Zytokine IL13, IL5, IRF4, CSF2, STAT1, IL15, THFRSF8, THFRSF9, 

THFSF4 waren  in PLAU-high Tregs signifikant niedriger exprimiert, als in PLAU-low Tregs. 

Schließlich zeigten Studien an Mäusen, dass Plau für die Entwicklung von Tregs im Thymus 

erforderlich ist. Knockout-Mäuse, denen ein funktionales Plau Gen fehlte, hatten im Vergleich zu 

Wildtyp-Mäusen eine signifikant niedrigere Anzahl von Foxp3+CD4+ Tregs im Thymus. 

Allerdings gab es keinen signifikanten Unterschied von Treg-Zellzahlen in den mesenterialen 

Lymphknoten, den peripheren Lymphknoten oder der Milz im Maus-Alter die wir studiert haben. 

Zusammenfassend konnte ich 14 trans-eQTL-Banden in naiven Treg-Zellen, welche 

wahrscheinlich viele andere Gene in Tregs regulieren können, identifizieren. Außerdem ist ein 

neuartiges wichtiges Gen, PLAU, gezeigt worden, um für die Wartung und Funktion von 

menschlichem Tregs in der Zellenkultur und für thymic Treg Entwicklung in Knock-Out-Mäusen 

wichtig zu sein. 
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3 Introduction 

3.1 Regulatory T cells 

To protect themselves against the diseases caused by pathogens, the vertebrate organisms 

have developed the immune system as a defense. The immune system in vertebrates has two 

major components, the innate and the adaptive immune response. The innate immune system 

represents the first line of defense against invading pathogens. It includes immune cells like 

dendritic cells, macrophages, neutrophils, and a large number of secreted proteins, like 

interferons, chemokines and cytokines. As a consequence of the early immune response, secreted 

cytokines attract and activate cytotoxic cells which are able to kill infected cells. The various 

components of the innate immune system then trigger the activation of the adaptive immune 

response. During the adaptive immune response, antigen-specific helper and cytotoxic T cells as 

well as B cells are activated and proliferated. The cytokines secreted by T cells and B cells, as 

well as the antibodies secreted by B cells, amplify the adaptive immune response. The adaptive 

immune response is critical for pathogen clearance at the later stages of an infection (Schmolke 

and Garcia-Sastre, 2010). 

After the infectious pathogen has been cleared, it is very important that the activated 

immune response is being downregulated. Otherwise, the highly activated immune cells will 

cause severe damage to the organism itself. For this purpose, specific inhibitory regulatory 

systems have been developed. A very important element in the control of the immune response is 

the activation of regulatory T cells (Tregs). Therefore, it is not only important to understand the 

activation but also the downregulation of the host immune response. In particular, it is important 

to understand the specific functions of Tregs. 

Furthermore, auto-reactive effector T cells are generated constantly in the body from bone 

marrow precursors. Such auto-reactive T cells are normally eliminated in the thymus. However, 

this process is not always perfect and some auto-reactive effector T cells may escape selection 

and result in autoimmune diseases (Ohashi, 2003). Here, the immune system has developed 
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several mechanisms to control unwanted activated effector T cells (Feuerer et al., 2005). 

Regulatory T cells represent one of the most important regulators to sustain the immune balance. 

In the mid-90s, a subset of CD4-positive T cells also expressing CD25, named regulatory T 

cells (Tregs), has been discovered to exhibit suppressive functions (Sakaguchi et al., 1995). Since 

then, many scientists started to investigate this cell type which is present in low amounts, only 

about 1-10% of the total CD4+ T cells. The depletion of Tregs results in severe autoimmune 

diseases, while the reconstitution of a deficient immune system with Tregs can limit the severity 

of these diseases (Sakaguchi, 2000; Maloy and Powrie, 2001). Tregs were found to play critical 

roles in suppressing autoimmunity and maintaining immune homeostasis (Sakaguchi, 2004; Ochs 

et al., 2005; Bacchetta et al., 2007; Germain, 2008). Furthermore, Tregs also suppress immune 

response against allergens (Chatila, 2005), tumor cells (Knutson et al., 2007), infection (Belkaid, 

2007), and other diseases (Bacchetta et al., 2007; Cools et al., 2007).  

 

3.1.1 Maintenance of regulatory T cells 
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Figure 3.1 FOXP3-positive (FOXP3+) natural Tregs produced by the normal thymus suppress 

the activation and expansion of naïve T cells and their differentiation to effector T cells, including T 

helper 1 (Th1), T helper 2 (Th2) and T helper 17 (Th17) cells. FOXP3+ Tregs can also be induced 

from naïve T cells in the periphery, although the physiological significance of this Treg-generation 

pathway remains to be determined (Sakaguchi and Powrie, 2007).  

 

Besides CD25, regulatory T cells express the transcription factor gene forkhead box P3 

(FOXP3). FOXP3 plays an indispensible role in the development and maintenance of Tregs. The 

expression of FOXP3 is able to inhibit transcription of IL2 and upregulate CD25 and other 

related Treg genes (Fontenot et al., 2003; Hori et al., 2003). In mouse, the Foxp3 gene acts as a 

main switch for naïve T cells to develop into either effector or helper T cells (Foxp3-negative) or 

Tregs (Foxp3-positive) in the thymus. In the periphery, naïve CD4+ T cells can differentiate into 

FOXP3-expressing Tregs in the presence of TGFß, or into T helper 17 (Th17) cells, producing 

pro-inflammatory cytokines in the presence of TGFß and IL6 (Bettelli et al., 2006; Veldhoen et 

al., 2006). However, besides FOXP3, there has no systematic study been performed so far about 

gene-gene regulatory interactions that are important for the maintenance of Tregs in the periphery.  

 

3.1.2 Function of regulatory T cells 

The in vitro suppressive function of Treg has been explained by a number of different 

mechanisms (summarized in Figure 3.2). These mechanisms include competition for IL2, 

secretion of suppressing cytokines, cytolysis by cell-cell contact and the function of not well 

characterized secreted or cell surface molecules (Shevach, 2009).  
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Figure 3.2 Main mechanisms by which Tregs can directly suppress responder Foxp3-negative 

T cells. First, Tregs may suppress responder T cells through secretion of suppressive cytokines like 

IL10, TGFß or IL35. Second, Tregs may arrest IL2 produced by responder T cells to inhibit their 

proliferation. Third, Tregs may induce the apoptosis of responder T cells by directly contact. 

Fourth, Tregs may suppress responder T cells via secreted or cell surface molecules like Galectin-1, 

CTLA4 and so on (Shevach, 2009). 

 

First, it has been reported that Tregs competed with responder T cells, including effector 

and helper T cells, for IL2, eventually prohibiting the proliferation and activation of responder T 

cells. IL2 which facilitates the proliferation of cytotoxic T cells (Waldmann, 2006) was found to 

be highly expressed by activated CD4 T effector cells (Nelson, 2004; Setoguchi et al., 2005). 

Although Tregs do not secrete large amounts of IL2, the proliferation of mice and human Treg 

cells in vitro does require IL2. Furthermore, it was shown that mice deficient for the Il2 gene 
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lacked CD4+CD25+ T cells (Malek et al., 2002; Fontenot et al., 2003). Thus IL2 is essential for 

Treg development and function.   

Second, Tregs suppress responder T cell functions by secreting inhibitory cytokines. One of 

them is Ebis3-Il12a hetrodimeric cytokine designated as IL35. Il35 is highly expressed by mouse 

Foxp3+ Tregs but not by naïve or activated effector CD4+ T cells. In knockout mice, Ebi3-/- and 

Il12a-/- Tregs exhibit a significantly reduced suppressive activity in vitro, suggesting the 

importance of IL35 for Treg suppressive function (Collison et al., 2007). Another inhibitory 

cytokine is interleukin 10 (IL10; originally called SCIF, for ‘cytokine synthesis inhibitory 

factor’) secreted by activated Tregs. IL10 has long been found to inhibit the release of pro-

inflammatory cytokines (Moore et al., 2001). It is said that IL10 can be secreted by Tregs to 

suppress effector CD4+ T cells (Maynard et al., 2007). However, it is also reported that the 

Foxp3-transduced T cells actually showed reduced IL10 production upon stimulation (O'Garra 

and Vieira, 2003). This suggests that regulation of IL10 expression by Tregs may be complex. 

One may expect that more Treg specific cytokines will be discovered in the near future which 

will allow to better understand their suppressive functions. 

Third, Tregs may suppress responder T cells by cytolytic factors during cell-cell contact. 

Granzyme B, a serine protease, is such a factor. Granzyme B is found to be preferentially 

expressed in adaptive human Tregs but only a little on activated human T cells (Grossman et al., 

2004). Reports showed that Treg cells may kill responder cells by a granzyme B dependent 

mechanism and granzyme B deficient Tregs have impaired suppressive activity in vitro (Gondek 

et al., 2005). 

Fourth, Tregs may act on responder T cells by secreted or cell surface bound proteins. For 

example Galectin-1, a gene which is preferentially expressed in Tregs. Galectin-1 binding to 

responder T cells leads to the apoptosis of responder T cells and the inhibition of the secretion of 

inflammatory cytokines. Blocking galectin-1 function has been found to impair Treg suppressive 

function (Garin et al., 2007). But whether galectin-1 contributes to Tregs suppressive function 

through the form of a secreted protein or cell-cell contact is still unknown. 
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There have been several efforts to search for regulatory genes for either Treg homeostasis 

or suppressive function. CD25, cytotoxic T-lymphocyte-associated protein 4 (CTLA4) 

(Bachmann et al., 1999; Wing et al., 2008), tumor necrosis factor receptor superfamily, member 

18 (GITR) (Shimizu et al., 2002) have been identified to contribute to the function of Tregs. 

However, these genes are also found to be expressed on T effector cells, especially after 

stimulation. The identification of forkhead box P3 (FOXP3) was a hallmark to better understand 

Treg suppressive functions. The mutation of FOXP3 causes severe autoimmune disease in the 

mouse mutants ‘scurfy’ and in humans which suffer from immunodysregulation 

polyendocrinopathy enteropathy X-linked syndrome (IPEX) disease (Fontenot et al., 2003). 

FOXP3 is now widely used as a specific Treg marker in both mouse and human. Many more 

Treg key genes have been identified in the meantime. Neuropilin 1 (NRP1) acts as a Treg surface 

marker and NRP1-positive Tregs endow better suppressive function compared to NRP1-negative 

Tregs (Bruder et al., 2004).  Lymphocyte-activation gene 3 (LAG3), a CD4 related molecule that 

binds MHC class II, was found to be expressed upon Treg activation and to be involved in Treg 

suppressive function (Huang et al., 2004). Leucine rich repeat containing 32 (GARP) was found 

to represent a human Treg activation marker (Probst-Kepper et al., 2009; Wang et al., 2009), and 

its expression might prevent differentiation of precursor T cells into Th17 cells. IKAROS family 

zinc finger 4 (EOS), expressed intracellularly, has been reported to interact directly with FOXP3 

and mediate FOXP3-dependent gene silencing in Tregs (Pan et al., 2009). G protein-coupled 

receptor 83 (GPR83) might be critically involved in the peripheral generation of FOXP3+ Tregs 

cells in vivo (Hansen et al., 2006). IL-1 receptor type I and II (IL1R1 and IL1R2) are newly 

identified surface marker to distinguish FOXP3+ and FOXP3- Tregs which allow to greatly 

increase the purity of sorted human Tregs (Tran et al., 2009). The sphingosine-1-phosphate 

receptor 1 (S1PR1) acts as a ‘quencher’ of Treg function. S1PR1 delivers an intrinsic negative 

signal to restrain thymic generation, peripheral maintenance and suppressive activity of Tregs 

(Liu et al., 2009). These genes, which have been described to be important for either Treg 

homeostasis or suppressive function, are defined as ‘Treg key genes’ in this thesis. 
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Almost all of the Treg key genes were thus far found by a good guess or by comparing 

gene expression differences between Tregs and Teffs. There is only one systematic study until 

now which aimed to discover genes regulated by Foxp3 in mice. This study has used the 

chromatin-immunoprecipitation (ChIP) method to identify the Foxp3 target binding genes 

(Marson et al., 2007). Thus, more systematic studies are required to identify more genes which 

are required for Treg differentiation, homeostasis or activation. 

Therefore, in order to identify novel Treg key genes, we have used two novel alternative 

approaches: the characterization of expression quantitative trait loci (eQTL) to look for gene-

gene interactions in naïve mouse Tregs, and the trend correlation (TC) method on the 

transcriptome of activated Treg cells to identify hubs that may be critical for Treg activation and 

function. 

 

3.2 Quantitative trait loci (QTL) 

Expression QTL (eQTL) mapping is a powerful tool to identify gene loci which may 

regulate other genes. One way to determine eQTLs is to study the transcriptomes in recombinant 

inbred strains (RIS), also referred to as systems genetics (Jansen and Nap, 2001).  

RIS were generated by crossing two inbred parental strains, repeatedly mating the offspring 

siblings for 20 or more generations and generating new inbred strains (Peirce et al., 2004). The 

benefit of the BXD population is that the genomes of the two parents are fully sequenced and the 

BXD strains were genotyped for a large number of markers (Li et al., 2005). The systems 

genetics approach takes the variation of the expression level of each gene in the RIS population 

as a quantitative trait. QTL mapping methods are then used to identify candidate regulatory loci 

as eQTLs which may regulate other genes (Liu et al., 2001; Brem et al., 2002; Eaves et al., 2002; 

Schadt et al., 2003; Morley et al., 2004; Bystrykh et al., 2005). There have been a number of 

reports until now in which potential gene-gene interactions using the eQTL approach were 

identified (Churchill et al., 2004). These include the identification of regulatory interactions 



12 

 

involved in hematopoietic stem cell function (Bystrykh et al., 2005), polygenic and pleiotropic 

network modulating of the functions of the nervous system (Chesler et al., 2005) and liver iron 

(Jones et al., 2003). 

 

Figure 3.3 Schematic illustration showing the generation of mouse recombinant inbred strains 

using C57B/6J and DBA/2J as parental strains. The blue color indicates the genomic contribution of 

C57BL/6J and the red color indicates the contribution of DBA/2J. A mating pair from the F1 

generation, which was derived from C57BL/6J and DBA/2J, was then used to generate an inbred 

line by continuous brother-sister matings for at least 20 generations. The resulting BXD 

recombinant inbred strains were regarded as inbred. A number of molecular markers throughout 

the BXD genomes were then analyzed to determine the parental origin of genomic intervals. This 

information is available in databases and can subsequently be used to identify eQTLs.     
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Figure 3.4 Itgae expression variance in C57B/6J, DBA/2J, F1 and BXD mouse strains. An 

example of the variance in the levels of Itgae expression across 33 different BXD strains and the 

parental strains is shown.   

 

Figure 3.4 and 3.5 illustrate the principle approach using the expression of Itgae as 

example. The variation of the expression levels of the Integrin alpha E (Itgae) gene in the spleen 

of the two parental strains, the F1 offspring and several BXD lines is shown in Figure 3.4. By 

combining the Itgae expression variations across strains and relating them to the presence of one 

or the other parental marker, the likelihood for a given allele to be associated with the expression 

level can be determined for all genomic regions and be plotted along all chromosomes. In the 

example shown, Itgae is located on chromosome 11 (small triangle) while a locus on 

chromosome 10 showed the highest likelihood to influence Itgae expression (Figure 3.5). 
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Figure 3.5 eQTL mapping for Itgae gene expression levels by calculating the likelihood (using 

likelihood ratio statistics, LRS) at each marker position.  
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Figure 3.6 cis- and trans-eQTLs on graph of eQTL mapping. The presence of an eQTL is 

plotted against the position of transcripts regulated by this eQTL (Chesler et al., 2005). The 

diagonal represents cis-eQTLs, vertical lines represent trans-eQTL bands. 

 

If one does the eQTL mapping for all genes which are measured in a transcriptome study, 

the chromosomal position of the gene (vertical axis in Figure 3.6) can be plotted against the 

chromosomal position of its eQTL (horizontal axis in Figure 2.6). eQTLs located at the diagonal 

of the plot represent so-called cis-eQTLs. These are regulatory loci which most likely reside 

within the gene itself, for example promoter mutations or variants. All other eQTL loci represent 

trans-eQTL loci where the regulatory region is distant from the position of the gene which is 

regulated. Vertical lines in Figure 3.6 thus represent trans-eQTL region that regulate not only one 

but many target genes. They are also referred to as trans-eQTL bands (Chesler et al., 2005). 

 

3.3 Trend correlation (TC) method 

In the following, I briefly introduce another approach to identify candidate genes based on 

a time series measurement form Treg/Teff cells following stimulation which was performed by 

Dr. Feng He. In this approach, a combination of the trend correlation method (TC) (He and Zeng, 

2006; He et al., 2009) and the local clustering method (LC) (Qian et al., 2001) was applied. After 

constructing the functional gene-gene network, functional hubs were extracted based on the 

structural characteristics of the constructed networks. Literature mining was then performed to 

exclude the genes with known functions among the top-ranked hubs and the genes linked to those 

hubs. The genes with no known function in the context of Treg activation, Plasminogen activator, 

urokinase (PLAU) were then be further studied in this thesis. 
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3.4 Analysis of potential key regulatory genes for Treg function 

In my thesis, the goal was to identify key regulatory genes in Tregs and to further validate 

them. Our analysis of eQTL intervals indentified a number of candidate genes for mouse naïve 

Tregs. And the TC analysis indentified many important hub genes during human Treg activation 

process. Of these potential candidate genes, the PLAU gene indentified in human Tregs appeared 

to be one of the most important genes. Thus, in the following chapter, I summarize the current 

knowledge on the function of PLAU.  

 

3.5 Plasminogen activator, urokinase (PLAU) 

The urokinase plasminogen activator (uPA or PLAU) is a serine protease. The protease 

contains two main parts, an N-terminal fragment binding to its receptor, urokinase plasminogen 

activator receptor (uPAR), and a C-terminal fragment endowing protease activity.  PLAU is able 

to convert plasminogen to plasmin which in turn degrades fibrin. Fibrin degradation is required to 

prevent thrombosis which may be caused by accumulation of large amount of extracellular fibrin. 

PLAU has also been found to play a pleiotropic role in the innate and adaptive immune response 

and in the growth of cancer cells (Mondino and Blasi, 2004). In the following, I only describe the 

known functions of PLAU in innate and adaptive immunity. 
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Figure 3.7 uPA and uPAR contribute to fibrinolysis, inflammation, innate and adaptive 

immune response. Abbreviations: APC, antigen-presenting cell; MMP, matrix metalloprotease; 

uPA, urokinase plasminogen activator; uPAR, uPA receptor; suPAR, soluble uPAR (Mondino and 

Blasi, 2004).  The uPA and its receptor uPAR are responsible for extracellular matrix degradation, 

called fibrinolysis. They also play a role in innate and adaptive immunity for cell migration and 

priming.  

 

During the innate immune response, PLAU contributes to the production of pro-

inflammatory cytokines and the activation of neutrophils. After infection with a bacterial 

pathogen, proinflammatory cytokines, like IL1ß and TNFα, are being produced, mainly by 

macrophages. These proinflammatory cytokines were found to increase the secretion of PLAU by 

epithelial and endothelial cells, monocytes and neutrophils (Cao et al., 1995). Subsequently, 

secreted PLAU protein triggers the activation and migration of neutrophils (Gyetko et al., 1995; 
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May et al., 1998; Abraham et al., 2003). In addition, secreted PLAU protein binds to its receptor, 

plasminogen activator, urokinase receptor (uPAR), and upon PLAU binding, uPAR changes its 

configuration to an activated pleiotropic form. The activated uPAR can now bind to other ligands 

which have so far not been identified. This binding reaction then gives rise to the production of 

other proinflammatory cytokines like IL1ß (Blasi, 1999; Vaday and Lider, 2000), resulting in an 

amplification of the original stimulus.      

During the activation of the adaptive immune response, PLAU has been found to be 

expressed on T cells. Naïve T cells express low levels of PLAU whereas much higher expression 

levels are found in activated T cells (Nykjaer et al., 1994; Bianchi et al., 1996). Also, PLAU is 

important for T cell priming by antigen presenting cells like dendridic cells, monocytes and 

macrophages. Several reports showed that splenocytes from PLAU-deficient mice elicited 

diminished T cell activation and proliferation in vitro (Gyetko et al., 1999). Additionally, the 

PLAU receptor may be required for the migration of leukocytes, including T cells, to the site of 

infection. But this function is mostly likely independent of PLAU (Gyetko et al., 1994; Gyetko et 

al., 2001).  

Most interestingly, PLAU has been reported to play a critical role in rheumatoid arthritis. 

Busso et al. found that the severity of joint inflammation, synovial thickness, bone erosion were 

significantly enhanced in PLAU-deficient compared to wild type control mice (Busso et al., 

1998). Meanwhile, more recent evidences suggest that Tregs have an important role in 

controlling the development of autoimmune diseases including rheumatoid arthritis in human and 

animal models. Mice lacking Tregs develop more severe rheumatoid arthritis symptoms (Leipe et 

al., 2005). 

Taken together, these observations, and our own analysis of the transcriptome in activated 

Tregs (see results), led us to speculate that there may be a relationship between PLAU expression 

and Treg function. 
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Objective of thesis 

CD4+CD25+ regulatory T cells (Tregs), which characteristically express FOXP3, play a 

critical role in controlling inflammation, tumor immunity and transplantation tolerance. However, 

the genes underlying the suppressive function of Tregs remain largely unknown. The aim of this 

thesis work was to identify and validate novel regulatory genes in regulatory T cells. In our 

laboratory, expression data were available from peripheral naïve Tregs of 33 BXD recombinant 

inbred mouse strains. Using this data set, my thesis work should correlate the gene expression 

profiles with the genotypes to detect eQTL regions and to subsequently identify potential 

regulatory genes in the eQTL intervals. In addition, the transcriptome of activated human Treg 

cells had been recorded and the TC method had been used to identify genes which may function 

as important hubs in Tregs. In my thesis work, the role of one of the hub genes for Treg 

activation and function will be confirmed by additional expression analyses and subsequent 

functional studies in vitro and in vivo. 
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4 Materials and methods 

 

4.1 Mice 

Wild-type control C57BL/6J mice were purchased from Charles River (Germany). 

C57BL/6J.129S2-Plautm1mlg/J mice have been described elsewhere (Carmeliet et al., 1994). They 

were obtained from the Jackson Laboratory. Here, I refer to them as Plau KO mice. Only male 

Plau KO mice were used. The age of the mice used is 12 to 20 weeks old. Primers for genotyping 

wild type and mutant mice were as follows: oIMR0432 (5’-3’) TCT GGA GGACCG CTT ATC 

TG; oIMR0433 (5’-3’) CTC TTC TCC AAT GTG GGA TTG; oIMR2060 (5’-3’) CAC GAG 

ACT AGT GAG ACG TG. For genotyping, tail clips obtained from mice were treated with cell 

lysis buffer (Qiagen) and genomic DNA was extracted for PCR reaction. The buffer solutions for 

DNA amplification and the PCR cycles used are listed below.  

Table 4.1 Reagents for genotyping Plau KO mice 

Final
Concentration

ddH2O 3.36 - 3.36
10 X PCR Buffer 1.2 1.00 X 1.2
25 mM MgCl2 0.96 2.00 mM 0.96
2.5 mM dNTP 0.96 0.20 mM 0.96
20 uM oIMR2060 0.6 1.00 uM 0.6
20 uM oIMR0432 0.6 1.00 uM 0.6
20 uM oIMR0433 0.6 1.00 uM 0.6
5 mM DNA Loading Dye 1.66 0.69 mM 1.66
5 U/ul Taq DNA Polymerase0.06 0.03 U/ul 0.06
DNA 2 - 2

Reaction Component Volume (µl) Total Volume (µl)
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The following program was used for the thermocycler. 

Table 4.2 Program for genotyping Plau KO mice 

Step # Temp °C Time Note
1 94 3 min -
2 94 30 sec -
3 52 1 min -
4 72 1 min repeat 
5 72 2 min -
6 10 - hold  

C.129S1-Foxp3tm2Ayr/Foxp3+ mice were kindly provided by Prof. Jochen Hühn, 

Department of Experimental Immunology, Helmholtz Center for Infection Research (HZI). 

C.129S1-Foxp3tm2Ayr/Foxp3+ mice carry the GFP reporter under the regulation of the Foxp3 

promoter. Therefore, it allows to trace Foxp3 promoter activity by GFP expression and to 

characterize Foxp3+ Tregs in vivo (Fontenot et al., 2005). Here, I refer to C.129S1-

Foxp3tm2Ayr/Foxp3+ mice as Foxp3gfp mice. Only female Foxp3gfp mice were used in this study. 

All mice were kept under specific pathogen-free conditions at the Animal Facility of the 

Helmholtz Center for Infection Research in Braunschweig. Animal experiments were in 

accordance with protocols approved by the local authorities. 

 

4.2 Isolation and cultivation of Treg and Teff cells 

Splenocytes isolated from mice were lysed with lysis buffer (BD) to eliminate the red blood 

cells and stained with CD4-FITC (RM4-5, BD) and CD25-APC (PC61, BD). Stained cells were 

then sorted by Fluorescent Activated Cell Sorting (FACS) to isolate CD4+CD25+ Treg and 

CD4+CD25- T helper (Th) cells. The isolated Tregs were then cultured in RPMI medium (Gibco) 

supplemented with 10% FCS (Gibco), 50U/ml penicillin/streptomycin (PAA, Austria), 25mM 

HEPES (Gibco) and 50µM ß-mercaptoethanol (invitrogen). In vitro Treg stimulation was 
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performed by co-culturing Tregs with anti-CD3/anti-CD28 labeling dynabeads (Invitrogen) and 

40ng/ml mouse recombinant interleukin 2 (mIL2, R&D system). 

The isolation and characterization of human alloantigen-specific CD4+CD25hi Tregs and 

CD4+ CD25- Teffs from peripheral blood was done as described by Probst-Kepper (Probst-

Kepper et al., 2009). IMDM (Gibco), supplemented with 10% FCS (Gibco), 100 U/ml penicillin 

and 10µg/ml streptomycin (PAA, Austria), and 50µM ß-mercaptoethanol (Sigma-Aldrich) was 

used for culturing these cells. Recombinant human IL2 (Proleukin, Novartis) was added daily to 

Treg culture medium at a concentration of 100U/ml. All Tregs and Teffs were re-stimulated by 

adding irradiated allogeneic EBV-transformed B cells weekly as described (Probst-Kepper et al., 

2009). 

 

4.3 Antibodies and flow cytometry analysis 

Mouse Foxp3 expression was examined by PE or PE-Cy5 rat anti-mouse Foxp3 (FJK16s, 

eBioscience) staining after fixation and permeabilization of cells with a buffer kit (eBioscience). 

FITC rat anti-mouse CD4 (RM4-5, BD) and APC rat anti-mouse CD25 (PC61, BD) were used to 

analyze murine Treg surface markers. Human FOXP3 expression was detected with anti-FOXP3 

mABs after fixation and permeabilization of cells using the protocol provided by the 

manufacturer (Biolegend). PLAU expression was detected by surface staining with mAbs against 

the human PLAU B-chain (No.394, American Diagnostic) and a secondary PE Goat Anti-mouse 

IgG antibody (Biolegend). FACSCalibur (BD LSR II for murine cells) was used for data 

acquisition and data were analyzed using the FlowJo software. The following antibodies were 

used in this study. 
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Table 4.3 Antibodies used in this study 

Antibody clone company
FITC (L3T4)  anti mouse CD4 RM4-5 BD Biosciences Pharmingen
FITC Rat IgG2a, k  Isotype control  R35-95 BD Biosciences Pharmingen
APC (IL-2 Receptor alpha chain) anti mouse CD25 PC61 BD Biosciences Pharmingen
APC Rat IgG1, l Isotype Control  A110-1 BD Biosciences Pharmingen
APC Rat anti-Mouse CD25 3C7 BD Biosciences Pharmingen
APC Rat IgG2b, κ Isotype Control A95-1 BD Biosciences Pharmingen
Phycoerythrin (PE) anti-mouse/rat FoxP3 FJK16s eBioscience
Phycoerythrin (PE) Rat IgG2a isotype control -- eBioscience
Phycoerythrin-cy5(PE-Cy5) anti-mouse/rat Foxp3 FJK16s eBioscience
Phycoerythrin (PE)-Cy5 Rat IgG2a Isotype Control -- eBioscience
FITC anti human CD4 RPA-T4 BD Biosciences Pharmingen
APC anti human CD25 M-A251 BD Biosciences Pharmingen
Alexa fluro 647 anti-human FOXP3 flow kit -- Biolegend
PE goat anti-mouse IgG Poly4053 Biolegend
Purified anti-human CD127 (IL-7Rα) Antibody HCD127 Biolegend
Human IL-1 RI Phycoerythrin Affinity Purified PAb, 
Goat IgG -- R&D system

mouse monoclone antibody against human Upa,   B-
chain -- American diagnostica

 

4.4 Cell sorting and suppression assays 

For mouse Treg suppression assays, Tregs from wild type mice and knockout mice were 

co-cultured with 1 x 105 wild type Teffs at different ratios, together with irradiated splenocytes  

as feeder cells and 1µg/ml CD3e (BD Bioscience). The cells were cultured for 72h in 96-well flat 

bottom plates and pulsed with H3-thymidine (1µCi/well, Amersham) for the last 6h. The plate 

was then transferred to filter (Wallac) and thymidine intensity was measured by the Wallac 

reader. 

To separate the irradiated EBV-transformed B cells from human Treg cells, we collected 

only CD4+ cells by FACS before performing the knockdown experiments. For this, cultured Treg 
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cells were first stained with FITC-labeled monoclonal antibodies (mAbs) against CD4 (RPA-T4, 

BD) and then sorted with the FACS Aria II (BD Bioscience). To separate Treg cells with 

different PLAU expression levels, Treg cells were re-stimulated for three days, stained with anti-

PLAU antibodies and then sorted by FACS Aria II into PLAU-low and PLAU-high 

subpopulations. To determine the suppressive activities of Tregs, the cells were co-cultured with 

1 x 105 Teffs at different ratios and with irradiated EBV-transformed B cells. The cells were 

cultured for three days in 96-well flat bottom plates and then pulsed with H3-thymidine 

(1µCi/well, Amersham) for the last 6h. The plate was then transferred to a filter (Wallac) and 

thymidine incorporation was measured in a Wallac reader. 

 

4.5 siRNA knockdown experiments 

Before performing the knockdown experiments, Treg cells were re-stimulated by co-

culturing them with irradiated EBV-transformed B cells for three days. To remove the B cells, we 

collected CD4+ cells by FACS sorting in preparation for performing the knockdown 

experiments. siRNA specifically targeting against human PLAU transcripts and unspecific 

control siRNA were obtained from Santa Cruz Biotechnology. 100 pmols siRNA were mixed 

with sorted Treg cells resuspended in 100 µl human T cell Nucleofector solution (Lonza Amaxa). 

The mixture was immediately exposed to the Nucleofector II electroporator (Lonza Amaxa) and 

then placed in 37°C pre-warmed IMDM medium with 100 U/ml hIL2. Subsequently, cells were 

cultured in media for one, two or three days before analysis of gene or protein expression.  

 

4.6 Lentivirus production and transduction of cells 

In this thesis, preGFPSIN and pGIPZ lentivirus were designated as LV-GFP-test lentivirus 

and LV-GFP lentivirus, respectively. LV-GFP-test, or LV-GFP lentivirus were produced by 

cotransfecting preGPF or pGPIZ lentiviral plasmids and three helper plasmids into HEK293T 

cells. HEK293T cells were obtained from Open Biosystem. They were cultured in DMEM 
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(Gibco) medium supplemented with 10% FCS, 100 U/ml penicillin/streptomycin and 300mg/l 

Glutamine, referred to DMEM+++. The HeLa-3S cell line was purchased from the German 

Collection of Microorganisms and Cell Cultures (DMSZ, Braunschweig, Germany) and was 

cultured in F-12 Nutrient Mixture (Ham) medium (Invitrogen) supplemented with 10% FCS. The 

preGFP and pGIPZ lentiviral vector maps are shown below. 

 

 

Figure 4.1 Lentiviral vector plasmid map. PreGFPSIN, designated as LV-GFP-test, was 

kindly provided by Dagmar Wirth, HZI. pGPIZ, design ated as LV-GFP, was kindly provided by 

Dr. Lars Zender, HZI. Both lentiviral vectors carri ed a GFP gene which resulted in GFP expression 

if the genomic information of the lentiviral vector was integrated into the host genome and was 

expressed in the host cells.  



26 

 

  

 

Figure 4.2 Map of helper plasmids. The three helper plasmids were kindly provided by Dr. 

Lars Zender, HZI. The helper plasmid pRSV rev expressed the gene Rev which encodes the surface 

glycoprotein of the lentivirus. pMDLg/pRRE expressed the Gag and Pol genes which encoded the 

membrane associated protein and proteinase polymerase of the lentivirus. The Rev and Gag genes 

are important for the lentivirus envelope while Pol is critical for reverse transcription of the 

lentivirus genome. pMD2.G expressed VSVG which expands the transduction capability of the 

lentivirus vector to different cell types and species. The reason for producing lentivirus from several 

individual plasmids instead of a single plasmid is for safety considerations. It assures that the 

produced lentivirus is not replication-competent. 



27 

 

 

The Foxp3-pGPIZ and PLAU-pGIPZ plasmids were obtained from Dr. Torsten Wüstefeld 

from the Helmholtz Center for Infection Research. The PLAU-targeting sequence cloned into the 

pGPIZ vector was TGCTGTTGACAGTGAGCGCCTCCTGATCACTGAATATTTATAGTG  

AAGCCACAGATGTATAAATATTCAGTGTACAGGAGTTGCCTACTGCCTCGGA. The 

lentiviral vector and three helper plasmids, pMDL/g, pMD2.G and pRSV were cotransfected into 

HEK293T cells using an optimised microgram ratio of 20:13:7:5. 2.5 mol/l calcium chloride and 

HeBS buffer were used to facilitate the transfection. HeBS buffer contained 280mM sodium 

chloride, 50mM Hepes and 1.5mM Na2HPO4 (Sigma), pH 7.15. The mixture of plasmid, CaCl2, 

HeBS buffer was then added clockwise drop by drop into the HEK293T cells cultured in the 

dishes of 10cm diameter. The cells were cultured overnight and then the DMEM+++ medium 

was changed with DMEM+++ plus 10µM HEPES (Gibco, stock concentration 1M). During the 

following two days, the virus containing supernatant (VSN) was harvested, aliquoted and 

immediately frozen at minus 70oC. 

The produced lentivirus was titrated on NIH3T3 cells, obtained from Dagmar Wirth at 

Helmholtz Center for Infection Research. The procedure was as follows: 2 x 104 NIH3T3 cells 

were seeded in 12 well cell culture plate (Corning) and cultured overnight. Cells from one well 

were counted the next day and the culture medium was replaced with different dilutions of 

lentivirus containing supernatant (VSN) with addition of 0.2% polybrene (Sigma). The VSN was 

replaced by DMEM+++ medium the next day. On the second day post transduction, the NIH3T3 

cells were washed and subjected to flow cytometry for GFP measurement. The virus titer was 

calculated using the following equation: virus titer (i.p/ml) = (percentage of GFP positive cells of 

transduced cells - percentage of GFP positive cells in control culture) * cell number per well / 

volume of VSN for transduction * dilution factor. 

If the virus titer was low, it had to be concentrated. For this, the concentration protocol of 

the ultracentrifugation method described by Tiscornia (Tiscornia et al., 2006) was used. 
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The titrated VSN was then used for transducing cultured Tregs or Teffs. First, 24-well cell 

culture plates were coated with 20 µg/ml fibronectin (Millipore) in an incubator at 37oC for more 

than two hours. The fibronectin was then replaced with 1ml PBS/2%BSA and plates were 

incubated at 37oC for exactly 30min. After that, the PBS/2%BSA solution was replaced by 1ml 

VSN and the plate was centrifuged at 4500rpm for 30min. Subsequently, 900µl of the supernatant 

was removed from the plate and 500µl medium containing Tregs or Teffs was added. Transduced 

Tregs or Teffs were then examined by flow cytometry for expression of GFP, PLAU or FOXP3 

on the second day after the transduction. 

 

4.7 Quantitative Real-time RT-PCR (qPCR) and pathway PCR array analysis 

RNA was isolated with the RNeasy Mini Kit (Qiagen) according to the manufacture’s 

protocol and, in addition, genomic DNA was removed with RNase-free DNase (Qiagen). Purified 

RNA was then reverse transcribed using Superscript III reverse transcriptase (Invitrogen) to 

cDNA. The following primers were used in our qPCR analysis.   
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Table 4.4 Primers used for PCR amplifications 

Gene Forward primer (5'--> 3') Reverse primer (5'--> 3')

Mouse gene primers
Foxp3 CTG GCG AAG GGC TCG GTA GTC CT CTC CCA GAG CCC ATG GCA GAA GT

Itgae GCA GGG GCT CCA AGG CAC AA CCA CAG GGC ACA GCA CAG AGC

Ifngr1 GAG CAT AAC CGG AGT GGG GAG AT TCA TGG AAA GGA GGG ATA CAG ACG

Gpr83 ACC CTC CCC AGT TCC TTC CTT CAG GGC CAC AAC GGG TTC CAC AGA T

Rps9 CTG GAC GAG AAG ATG AAG C TGA CGT TGG CGG ATG AGC ACA

Satb1 CGA CAG ACC TCC CCA CAT CAT CC ATT TTG GTT CGT GGC CTG GTC TTC

Human gene primers

FOXP3 ACC TAC GCC ACG CTC ATC TCA TTG AGT GTC CGC TGC T

CTLA4 TGC AGC AGT TAG TTC GGG GTT GTT CTG GCT CTG TTG GGG GCA TTT TC

LGALS3 CCT TTG CCT GGG GGA GTG GTG TGA AGC GTG GGT TAA AGT GGA AGG

TGFB1 CGC AAG GAC CTC GGC TGG AAG TGG GAG GCG CCC GGG TTA TGC TGG TTG

GARP GAT GGG GAA ACT GAG GCT TAG GAA ACC CCC AAT CTC ACC CCA CAA ATA

LGMN CTC GCT CCA GGA CCT TCT TCA CAA GCT TCC TGC TCC TCA AAA CTA ACA  

For the following genes I used the qPCR primers provided by Qiagen: RPS9, PLAU, IL1R1, 

S1PR1, IKZF4 (EOS), GITR, LGMN, CD127, IL13, CSF2, IL5, TGFB1. RPS9 was used as an 

internal control in the qPCR analysis. qPCR was performed on a LightCycler 480 (Roche) as 

described (Pfoertner et al., 2006). The reagents, primers and samples were added either in 96-

well- or 384-well-plates (Roche) and each reaction was performed in three replicates. qPCR was 

conducted with Roche real-time machine by reading the fluorescence increment of the mixture of 

Sybreen Green, primers and cDNA. The thermocycler running protocol used is listed below.  
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   Table 4.5 qPCR running program 

 

Furthermore, the human Th1-Th2-Th3 PCR array was employed to systematically analyze 

the expression of cytokine genes that are representative for Th1, Th2 and Th3 cells. Here, the 

protocol provided by the manufacture (SABiosciences) was used. PCR array analysis was 

performed as described by the SABioscience protocol 

(http://www.sabiosciences.com/pcrarraydataanalysis.php). The calculation of the relative 

expression levels of amplified PCR products was performed as follows. The crossing point (Ct) is 

defined as the PCR cycle number at which a sample surpasses a certain threshold of the 

fluorescence signal. The relative abundance for the internal control transcript was then calculated 

as y = amount of cDNA (control) * 2Ct (control). The relative abundance for a target gene transcript 
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was calculated as y = amount of cDNA (target) * 2Ct (target). And the ratio of expression level for a 

given target gene transcript with reference to the internal control was calculated as 2Ct (control)-Ct 

(target). This latter value allowed to compare the expression levels of different target genes relative 

to each other or of a given gene at different stages. Here, ACTB (beta-actin) was used as internal 

control.  

 

4.8 Statistics 

Statistical analyses were performed by using likelihood ratio statistics, Wilcoxon rank-sum 

tests, or one-tailed student's t-test, as indicated in the results figures and text. A p-value < 0.05 

was considered as significant.   
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5 Results 

5.1 Identification and analysis of trans-eQTL bands  

5.1.1 Identification of trans-eQTL bands  

By correlating whole genome gene expression data from isolated Treg cells of 33 BXD 

strains with their corresponding genotype structure, Dr. Rudi Alberts in our group generated the 

genome graph of mouse naïve Tregs (Figure 5.1). 
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Figure 5.1 Genome graph of naïve mouse Treg cells. The genome graph was derived 

from the collection of eQTL analysis by combining the expression data of 45,101 transcripts 

with the genomic marker information in each of the 33 BXD mice strains. The graph is 

plotted with location of the eQTL against the transcript location. Each cross indicates an 

eQTL with a significance value smaller than 0.0001 (–log10 (P) > 4). The red crosses 

indicate that the eQTL was due to an effect of C57BL/6J allele and the green cross indicates 

a eQTL due to a DBA/2J allele effect. The statistical analysis was performed by ANOVA. 

 

As shown in figure 5.1, many cis-and trans-eQTL bands were observed. The diagonal line 

of eQTLs in the genome graph represents all eQTL which mapped to the same chromosomal 

position as the regulated transcript. These eQTLs are referred to as cis-eQTLs. All other signals 

represent trans-eQTLs. Trans-eQTL bands are defined as eQTL signals which are located at the 

same genomic position but regulate many transcripts. They appear as vertical lines in the genome 

graph. From the genome graph of naïve mouse Tregs, trans-eQTL bands were apparent on 

chromosome 3 and 11, as well as chromosome 16, 17, 18, 19 and X.  

In my thesis, I concentrated on trans-eQTL signals and bands for subsequent analyses 

because these may have the potential to regulate many genes in Treg cells. In a first step, I further 

limited my analysis to those trans-eQTL bands which contained genes that were expressed higher 

in Treg cells and known markers of Tregs. This selection yielded 14 trans-eQTL bands (Figure 

5.2).  
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chr Mb
no. of 
genes

highest eQTL
value upregulated genes in Treg

downregulated
genes in Treg found by

1 127.003.570 8 26.267 Lad1,Tnnt2 mean(CD25+Treg- CD25-Th)>1
1 183.820.985 4 5.736 Rrm2, Cks2 Treg marker

3 16.408.474 6 6.335 Niban,Il1r2,Rgs16
mean(CD25+Treg- CD25-Th)>1 and 
Treg marker

7 25.196.170 10 5.568 Cntn1,Kcnk1,Anapc,51300014I06Rik mean(CD25+Treg- CD25-Th)>1
7 40.084.918 1 4.136 Itgae Treg marker
8 93.686.684 10 8.125 Lyzs,Marco,Timd4,Apoe mean(CD25+Treg- CD25-Th)>1
10 12890875 2 7.502 Itgae 2810423G08Rik Treg marker
11 116.868.283 15 5.413 Il17re,Sdc4,Laptm4b,Cited4 mean(CD25+Treg- CD25-Th)>1 
12 103.019.533 8 5.543 Gpr83, Kif13a Satb1 Treg marker

12
103.369.837/
103.842.671 27 8.348

Mrps6,Mmd,Bach,Tmbim1,Ces2,Ighg,
E2f3 Satb1

mean(CD25+Treg- CD25-Th)>1 and 
Treg marker

13
54.563.464/ 
60.345.868 24 21.295

Lpl,Col14a1,Camk2b,D630039A03Rik,
5430431A17Rik Acas2,Tmie

mean(CD25+Treg- CD25-Th)>1 and 
Treg marker

18 76.782.173 6 5.357 CD83, Penk, Tnfrsf1b
mean(CD25+Treg- CD25-Th)>1 and 
Treg marker

x
53.409.180, 
53.990.212 20 5.951 Cntn1,Clnk,0610011I04Rik Tgm2

mean(CD25+Treg- CD25-Th)>1 and 
Treg marker

x 96.728.018 16 8.177 Arnt2,Bhlhb2,Abi3bp,A630024B12Rik Plxnc1
mean(CD25+Treg- CD25-Th)>1 and 
Treg marker  

Figure 5.2. Selected trans-eQTL bands. From all identified trans-eQTL bands, we 

selected those trans-eQTL bands that contained genes whose expression was at least two-

fold higher in Tregs compared to Ths. In addition, selected trans-eQTL bands contained a 

known Treg marker gene as regulated gene (indicated in column ‘found by’). The location 

of the trans-eQTL band is indicated as ‘chr’ and ‘Mb’. The number of the genes regulated 

by the trans-eQTL bands is indicated by ‘no. of genes’. The genes in a given trans-eQTL 

band which were upregulated in Tregs compared to Ths are listed as ‘upregulated genes in 

Treg’, and genes whose expression was lower in Treg compared to Th cells are listed as 

‘downregulated genes in Treg’. The name of the genes which are labeled in red represent 

known Tregs marker genes, and the ones labeled in green are genes whose expression was 

two-fold lower in Tregs compared to Th cells. The ‘highest eQTL value’ represents the 

highest eQTL signal in the respective trans-eQTL band.  

 

5.1.2 Itgae and Gpr83 trans-eQTL bands 

Two trans-eQTL bands were investigated further. One contained the integrin alpha E 

(Itgae) gene as one of the regulated genes. The other contained the G protein-coupled receptor 83 

(Gpr83) as one of the regulated genes. 
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Itgae was found to be a mouse Treg marker gene (Huehn et al., 2004), and its expression 

showed the highest difference between Tregs and Ths in our microarray dataset. Itgae itself is 

located on chromosome 11. For Itgae, two regulatory QTL intervals could be found. One was a 

trans-eQTL band with two regulated genes on chromosome 10. Within this trans-eQTL band, 

Itgae was upregulated 9-fold in Tregs compared to Ths and 2810423G08Rik showed a lower 

expression in Tregs compared to Ths. 2810423G08Rik, known as ataxin 7-like 1 or 4, was also 

regulated by this QTL. The function of this gene is unknown. The other eQTL of Itgae was 

located on chromosome 7 (figure 5.3). 

gene
eQTL

chr
eQTL

megabases Gene chr
Gene 

megabases
plus-
minus

expression 
difference

Itgae 10 12890875 11 72963503 4.81 Upregulate in Treg

2810423G08Rik 10 12890875 12 33952965 -0.55
 

gene
eQTL

chr
eQTL

megabases Gene chr
Gene 

megabases plus-minus
expression 
difference

Itgae 7 40084918 11 72956869 3.3 Up regulate in Treg
 

Figure 5.3 eQTLs predicted to regulate Itgae. The genes marked in red represent 

genes expressed at a higher level in Tregs. ‘plus-minus’ indicates the difference of log2 

values in the intensity of the expression signal between Tregs and Ths. ‘expression 

difference’ column described the expression status of the regulated genes in Tregs. The 

location of regulated genes is listed in the column of ‘Gene chr’ and ‘Gene megabases’. The 

location of the eQTL is listed in the column of ‘eQTL chr’ and ‘eQTL megabases’.  
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A

gene eQTL chr
eQTL

megabases Gene chr
Gene 

megabases plus-minus expression dif ference

Gpr83 12 103019533 9 14620619 3.01 upregulate in Treg

Kif13a 12 103019533 13 46797521 0.95

Prkca 12 103019533 11 107755532 0.57

2410022L05Rik 12 103019533 8 13884820 0.09

4930519G04Rik 12 103019533 5 115131238 -0.21

Grn 12 103019533 11 102252699 -0.23

Scap2 12 103019533 6 51788835 -0.69

Satb1 12 103019533 17 51284984 -1.99 down regulate in Treg
 

B 

Satb1 interval 
mapping

Prkca 
interval 

mapping

Gpr83 interval 
mapping

 

Figure 5.4 Details of the chromosome 12 trans-eQTL band containing Gpr83. In table 

(A), the first column shows the gene names. Their corresponding location is shown as ‘gene 
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chr’ and ‘gene megabases’. The location of the regulatory eQTL interval is marked as 

‘eQTL chr’ and ‘eQTL magebases’. Expression difference of log2 values of genes in Tregs 

and Ths are listed as ‘plus-minus’. The genes which were highly upregulated in Tregs are 

marked in red like Gpr83 whereas the genes which were highly downregulated in Tregs are 

marked in green like Satb1. The individual eQTL analyses for Gpr83, Satb1 and Prkca are 

plotted in (B). The red triangle indicates the gene location and the red rectangle indicates 

the common regulatory eQTL interval located on chromosome 12. 

 

The Gpr83, located on chromosome 9, exhibited higher expression in Tregs than in Ths. 

Furthermore, Gpr83 represents a known mouse Treg marker gene which plays an essential role in 

Treg function (Hansen et al., 2006). Eight genes, including Gpr83 are regulated by the same 

eQTL interval on chromosome 12 (Figure 5.4B). Protein kinase C, alpha (Prkca), located on 

chromosome 11, was found to induce oxidative burst to facilitate Leishmania infecting 

macrophages (Delgado-Dominguez et al., 2010). Its activation status in plasma is a potential 

biomarker for cancer diagnosis (Kang et al., 2009). Special AT-rich sequence binding protein 1 

(Satb1), located on chromosome 17, was reported to contribute to the development and 

maturation of CD8 single positive T cells (Nie et al., 2005) and the activation of Th2 cells (Cai et 

al., 2006). Src kinase associated phosphoprotein 2 (Scap2) and granulin (Grn) exhibit no known 

immune-related functions up to now. The functions of Kinesin family member 13A (Kif13a), 

2410022L05Rik and 4930519G04Rik are currently unknown. In our microarray data, we observed 

the expression of Gpr83 to be upregulated by six-fold and Prkca by one fold in Treg compared to 

Th cells. On the other hand, Satb1 expression levels were nearly four-fold lower in Tregs than 

that in Ths. In summary, this Gpr83 tans-eQTL band included upregulated as well as 

downregulated genes, several genes with immune-related functions but also genes with unknown 

functions. 
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Based on these criteria, this trans-eQTL band represents one of the most interesting eQTL 

regions. Therefore, we performed additional experiments to confirm the microarray data for the 

gene expression values. 

  

5.1.3 qPCR confirmation of microarray data 

To confirm the microarray data, I examined the expression of Itgae, Gpr83, Prkca and 

Satb1 by applying a quantitative reverse transcription PCR method (qPCR). 
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Figure 5.5 Comparison of expression data for Itgae from microarray (lower graph) 

and qPCR (upper graph) studies. Splenocytes were isolated from the spleens of C57BL/6J 

and DBA/2J mice, respectively. CD4+CD25+ Tregs and CD4+CD25- Ths were isolated with 

the FACS Aria II cell sorter. Sorted Tregs and Ths were then lysed and Itgae expression 

was analyzed by qPCR. Rps9 was used as internal control. Each sample was analyzed in 

three technical replicates. In each group five mice were studied. Statistical analysis was 

performed by using the Wilcoxon rank-sum test. A p-value of p<0.05 was considered as 

significant. The results shown represent mean values + SEM. 

 

The qPCR analysis showed that Itgae expression was significantly higher in Treg than in 

Ths in both C57BL/6J and DBA/2J (Figure 5.5, upper graph). However, there was no significant 

difference of Itgae expression between Tregs from C57BL/6J and DBA/2J (n=5 mice, 

p=0.347208, Wilcoxon rank sum test). The microarray data also showed that the Itgae expression 

was higher in Treg compared to Th in both C57BL/6J and DBA/2J, but there was no big 

difference of Itgae expression between C57BL/6J and DBA/2J of either Treg or Th cells (Figure 

5.5, lower graph). Thus, the data obtained in the qPCR analysis are consistent with the data from 

the microarray studies. 
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Figure 5.6 Comparison of expression data for Gpr83 from microarray (lower graph) 

and qPCR (upper graph) studies. Splenocytes were isolated from the spleens of C57BL/6J 

and DBA/2J mice. CD4+CD25+ Tregs and CD4+CD25- Ths were isolated with the FACS 

Aria II cell sorter. Sorted Tregs and Ths were then lysed and Gpr83 expression was 

analyzed by qPCR. Rps9 was used as internal control. Each sample was analyzed in three 

technical replicates. In each group five mice were studied. Statistical analysis was 

performed by using the Wilcoxon rank-sum test. A p-value of p<0.05 was considered as 

significant. The results shown are the mean values + SEM. 
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qPCR expression analysis showed that Gpr83 was significantly higher expressed in Treg 

compared to Th cells in both C57BL/6J and DBA/2J (Figure 5.6, upper graph). However, there 

was no significant difference of Gpr83 expression between Tregs of C57BL/6J and DBA/2J (n=5 

mice, p=0.754023, Wilcoxon rank sum test). The microarray data also showed that Gpr83 

expression was higher in Treg than in Th cells in both C57BL/6J and DBA/2J, but there was no 

big difference of Gpr83 expression in C57BL/6J compared to DBA/2J mice in either Treg or Th 

cells (Figure 5.6, lower graph). Again these analyses showed that the qPCR results are consistent 

with the microarray results. 
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Figure 5.7 Comparison of expression data for Prkca from microarray (lower graph) 

and qPCR (upper graph) studies. Splenocytes were isolated from the spleens of C57BL/6J 

and DBA/2J mice. CD4+CD25+ Tregs and CD4+CD25- Ths were isolated with the FACS 

Aria II cell sorter. Sorted Tregs and Ths were then lysed and Prkca expression was 

analyzed by qPCR. Rps9 was used as internal control. Each sample was analyzed in three 

technical replicates. In each group, five mice were used. Statistical analysis was performed 

by using the Wilcoxon rank-sum test. A p-value of p<0.05 was considered as significant. 

The results shown are the mean values + SEM. 

 

The comparison of qPCR and microarray studies (Figure 5.7) showed that the expression 

levels for Prkca were significantly higher in Treg than in Th cells in both C57BL/6J and DBA/2J, 

but no significant difference was found between the expression levels of Tregs from C57BL/6J 

and DBA/2J mice (n=5 mice, p=0.601508, Wilcoxon rank sum test). Here, again qPCR and 

microarray data are in good agreement. 
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Figure 5.8 Comparison of expression data for Satb1 from microarray (lower graph) 

and qPCR (upper graph) studies. Splenocytes were isolated from the spleens of C57BL/6J 

and DBA/2J mice. CD4+CD25+ Tregs and CD4+CD25- Ths were isolated with the FACS 

Aria II cell sorter. Sorted Tregs and Ths were then lysed and Satb1 expression was analyzed 

by qPCR. Rps9 was used as internal control. Each sample was analyzed in three technical 

replicates. In each group five mice were studied. Statistical analysis was performed by using 

the Wilcoxon rank-sum test. A p-value of p<0.05 was considered as significant. The results 

shown are the mean values + SEM. 

 



44 

 

Also, for the Satb1 gene, the comparison of qPCR and microarray studies showed that 

expression for Satb1 was significantly higher in Treg than in Th cells in both C57BL/6J and 

DBA/2J, but no big difference was found for the expression levels between Tregs of C57BL/6J 

and DBA/2J when comparing qPCR results and microarray data (n=5 mice, P= 0.601508, 

Wilcoxon rank sum test). 

 

5.1.3 Analysis of eQTL intervals for potential regulatory genes 

Next, I analyzed eQTL regulating Itgae expression levels on chromosome 10 and the 

chromosome 12 interval regulating Gpr83 to find potential candidate genes which may exert a 

regulatory potential. 

The interval on chromosome 10 which regulates Itgae gene expression contains the 

following genes: Infgr1, Adat2, Aig1, Fam164b, Fuca2, Ltv1, Pex3, Phactr2, Plagl1, Sf3b5, 

Stx11, Utr. The genes in the chromosome 12 Gpr83 trans-eQTL band intrval are Atxn3, 

Catsperb, Ccdc88c, Chga, Cpsf2, Fbln5, Golga5, Gpr68, Itpk1, Kif4b, Lgmn, Moap1, Rin3, 

Slc2a4, Smek1, Tc2n, Trip11, Ubr7.  

Amongst the genes in the chromosome 10 QTL interval, the Ifngr1, interferon gamma 

receptor 1, has been described to facilitate Th1 and Th2 cells controlling bacterial load during 

Chlamydia trachomatis infection (Gondek et al., 2009). Therefore, this gene represented a very 

likely candidate, compared to others, which may directly or indirectly regulate the genes in this 

trans-eQTL band. Thus, I also analyzed its expression levels. 
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Figure 5.9 Comparison of expression data for Ifngr1 from microarray (lower graph) 

and qPCR (upper graph) studies. Splenocytes were isolated from the spleens of C57BL/6J 

and DBA/2J mice. CD4+CD25+ Tregs and CD4+CD25- Ths were isolated with the FACS 

Aria II cell sorter. Sorted Tregs and Ths were then lysed and Ifngr1 expression was 

analyzed by qPCR. Rps9 was used as internal control. Each sample was analyzed in three 

technical replicates. In each group five mice were studied. Statistical analysis was 
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performed by using the Wilcoxon rank-sum test. A p-value of p<0.05 was considered as 

significant. The results shown are the mean values + SEM. 

The expression of Ifngr1 was significantly higher in Treg than in Th cells in the qPCR 

studies (upper graph). In C57BL/6J mice, the expression of Ifngr1 in microarray studies was 

much higher in Tregs than in Ths. This was consistent with the qPCR studies. However, in 

DBA/2J mice, the expression of Ifngr1 in microarray studies was slightly higher in Tregs than in 

Ths, whereas in qPCR studies, the expression of Ifngr1 was significantly higher in Tregs than in 

Ths. The results from the qPRC studies were in good agreement with microarray data in 

C57BL/6J mice.  

The results indicated that Ifngr1 may play an important role in maintaining the Treg 

phenotype. However, further experiments will be required to verify the hypothesis that Ifngr1 

regulates the expression of Itgae.  

 

5.1.4 Isolated conventional CD4+CD25+ mouse Tregs are not stable in cell cultures 

In order to study a possible functional role of the candidate regulatory genes that were 

identified in the above eQTL studies, it is necessary to establish in vitro cell cultures of Treg 

cells. For this purpose, Tregs were prepared from the spleens of C57BL/6J mice by cell sorting. 

Figure 5.10 shows that the isolated Treg cells represent a pure population when re-analyzed for 

the expression of CD4 and CD25 cell surface markers.  
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A                                                                                         B 

 

 

Figure 5.10 FACS analyses of Treg and Th cells before and after FACS sorting. Splenocytes 

from C57BL/6J (A) were stained with CD4-FITC and CD25-APC antibodies and sorted into 

CD4+CD25+ Tregs and CD4+CD25- Ths (B). The gate of (A) has been chosen with respect to the 2D 

plot from unstained cells of the same source (not shown). Cells with FITC fluorescence intensity 

higher than 1 x 102 were considered as CD4 positive cells. Cells with APC fluorescence intensity 

higher than 50 were considered as CD25 positive cells. (B) Re-analysis of sorted CD4+CD25+ Tregs 

and CD4+CD25- Ths showed that both populations were of a very high purity. The figure is 

representative of two experiments with similar results. 

 

After FACS sorting, a very high purity of the Treg cells could be obtained. The purity of 

CD4+CD25+ Tregs reached up to 97%, and CD4+CD25- Ths reached 99% purity, although only 
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2.5% of the whole lymphocytes were CD4+CD25+ Tregs, and only 13% were CD4+CD25- Th 

cells.   

A 

 

B 

 

Figure 5.11 Foxp3 and CD25 protein expression in Tregs and Ths before and after stimulation 

with dynabeads carrying anti-CD3 and anti-CD28 antibodies, and with recombinant mouse 

interleukin 2 (mIL2). (A) Foxp3 protein expression in CD4+CD25+ Treg and CD4+CD25- Th cells 

before and after stimulation in cell culture. Cells were stained with Foxp3-PE and CD25-APC 

antibodies. Day 0 indicates the freshly isolated Tregs and Ths. Day 7 indicates Tregs and Teffs after 

stimulation in vitro with beads carrying anti-CD3, anti-CD28 antibodies and with mIl2 (only Tregs 

were stimulated with mIL2) for two days. The beads were then removed from the cells and the cells 

were cultured for another 5 days, Tregs with mIl2 and Ths without. Cells were then subjected to 

Foxp3 staining, and PE fluorescence higher than 10 was considered as Foxp3+ cells. However, as 

shown in (A, right panel), we observed that after 7 days in culture the isolated Tregs lost expression 
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of Foxp3. (B) To investigate the time point of the loss of Foxp3 expression, we examined Tregs at 

day 1 with or without stimulation. The figure represents the results from two experiments with 

similar findings. 

It has been described that about 90% of mouse CD4+CD25+ Tregs are Foxp3 positive cells 

while less than 1% of CD4+CD25- Ths in the mouse are Foxp3 negative (Sakaguchi et al., 2001). 

Figure 5.10 A shows that 93% of the freshly isolated Treg cells from C75BL/6J splenocytes were 

Foxp3 positive, whereas only 0.9% in the freshly isolated Th pool were Foxp3 positive. 

However, after in vitro expansion of cells in the presence of anti-CD3 and anti-CD28 antibodies, 

the Foxp3 expressing cells in the Treg pool dropped to 32%, and the Foxp3 expressing cells in 

the Th pool increased to 7%. When analyzing cells at an earlier time point, I observed that 

already at day 1 in culture, 36% of cells in the Treg pool had lost Foxp3 expression in the 

presence of dynabeads stimulation, whereas 26% had lost Foxp3 expression in the absence of 

dynabeads stimulation. 

These results showed that isolated CD4+CD25+ cells, the conventionally defined mouse 

Tregs, were not stable in vitro culture under the conditions used. It is very likely that the culture 

medium lacked certain cytokines or other factors that are required to maintain Foxp3 expression 

besides mIL2.  

Since the isolated conventional CD4+CD25+ Tregs did not maintain their characteristic 

during in vitro culture, we examined the Foxp3 expression of Foxp3+CD4+CD25+ Treg cells 

isolated from Foxp3gfp mice which expressed the GFP reporter gene, under the control of the 

Foxp3 promoter. Treg cells can be isolated from these mice by gating splenocytes solely for GFP 

expression. 
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Figure 5.12 FACS analyses of Foxp3+CD4+CD25+ Tregs, freshly sorted or expanded in vitro 

for four days. Splenocytes from Foxp3gfp mice were stained with CD4-PE and CD25-APC 

antibodies. The GFP+PE+APC+ triple positive cells were sorted with FACS Aria II cell sorter, and 

then stimulated in vitro with mIL2 and beads carrying anti-CD3 and anti-CD28 antibodies for two 

days. The beads were removed and Tregs were cultured with mIL2 for another two days. 

Subsequently, the cells were subjected to FACS analysis for GFP expression, thus monitoring 

activity of the Foxp3 locus.  

 

As shown in figure 5.12, expression of Foxp3 in GFP+CD4+CD25+ Tregs isolated from 

Foxp3gfp mice reached up to 100%. After in vitro expansion for four days, the purity of Foxp3+ 

cells still stayed as high as 98%. This experiment showed that Foxp3+CD4+CD25+ Tregs 

isolated from Foxp3gfp mice were stable for GFP expression in cell culture. Since the expression 

of GFP indicates activity of the Foxp3 promoter, it can be assumed that the Foxp3 gene is also 

stably expressed in the GFP+ cells. 
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However, the number of Foxp3+CD4+CD25+ Tregs isolated from the Foxp3gfp mice was 

very low, about 1 x 105 per mouse. These cell numbers are insufficient for qPCR experiments 

which require at least 5 x 105 cells or knockdown experiments which would need at least 2 x 106 

Treg cells. One possibility for future studies may be to stimulate the Foxp3+CD4+CD25+ Tregs 

and then expand them in cell culture. But it should be noted that expansion will activate naïve 

Tregs which may then change their phenotype and gene expression patterns. 

Because of these experimental limitations, I changed to activated human Treg cells in order 

to analyze potential regulatory genes.  

 

5.2 Functional analysis of a candidate gene involved in human Treg activation 

At the HZI, a time series of microarray data from activated human Tregs and Teffs was 

analyzed by the correlation trend method (TC) (He and Zeng, 2006; He et al., 2009) and the local 

clustering method (LC) (Qian et al., 2001) (Feng He, manuscript in preparation). In this way, a 

number of potential functional hubs were identified whose changes in expression levels were 

correlated with the temporal changes of expression levels from many other genes. Among them, 

the Plasminogen activator, urokinase gene (PLAU) was identified as one of the most highly 

ranked hubs (He et al., manuscript in preparation).  

 

5.2.1 Maintenance of stable human regulatory T cells in vitro culture  

In a first step, I examined if human Trges could be stably maintained in cell culture. For 

this, CD4+CD25high Treg cells were isolated from human blood by magnetic sorting. After one 

month of culturing these human Tregs in vitro, we tested the expression of several Treg marker 

genes, including FOXP3 and IL1R1 which were known to be expressed higher in Tregs 

compared to Teffs, and expression of CD127 which was reported to be higher in Teffs than Tregs 

(Liu et al., 2006).  
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It should be noted that the human responder T cells were designated as effector T cells 

(Teffs) not as T helper cells (Ths). In my thesis, in mice the responder T cells are designated as 

Ths whereas in human the responder T cells are designated as Teffs. These human responder T 

cells have been repeatedly stimulated by irradiated B cells. Thus, compared with mouse naïve 

Ths, the Teffs described here exhibited a higher capability to proliferate after being stimulated. 

A 

 

B 
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C 

 

 

Figure 5.13 (A) FOXP3 and CD4 expression in human Tregs maintained in culture for one 

month. Human Tregs were isolated as described in materials and methods. 1 x 104 unit/ml human 

interleukin 2 (hIL2) was added each day and the Tregs were stimulated by irradiated B cells once 

per week. Tregs were then stained with anti-CD4 and -Foxp3 antibodies. (B) CD127 expression in 

CD4+ effector T cells (Teffs) and Tregs after stimulation for two days. The isolated human Teffs 

and Tregs were put in cell culture, stimulated with irradiated B cells once per week. After one 

month, the Teffs and Tregs were stained with anti-CD127 antibody two days after stimulation of 

irradiated B cells. (C) IL1R1 expression in Teffs and Tregs before or after stimulation for 6h. The 

isolated human Teffs and Tregs were culture for one month, stimulated with irradiated B cells and 

then subjected to staining with anti-CD127 antibodies. The figure shows a representative result of 

two experiments. 
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As shown in figure 5.13, the percentage of FOXP3+CD4+ Tregs reached a level of up to 

91% cells in the isolated Treg pool one month after isolation. It was reported that CD127 is 

expressed at lower levels in Tregs compared to Teffs (Liu et al., 2006) and it may thus be 

considered as a marker for Teff cells. After stimulation for two days with irradiated B cells, 

31.7% of the cells in the Teff pool were expressing CD127 which is higher than the 20.0% in 

Tregs. IL1R1, a newly identified human Treg marker protein (Tran et al., 2009) was detected to 

express in 29.2% of the cells in the Tregs compared to 0.46% in the Teffs before stimulation. 

After stimulation, the percentage of IL1R1+ cells rose up to 35.5% in the Tregs compared to 

0.41% in the Teffs. In summary, the expression levels and kinetics of these activation markers 

indicate that the phenotype of the human Tregs was very stable after in vitro culture. 

 

5.2.2 PLAU expression in human Tregs 

As described above, PLAU appeared as one of the most highly ranked hubs. I therefore 

studied the expression of PLAU in more detail. To examine the expression of PLAU in human 

Tregs and Teffs, we stained Tregs and Teffs with anti-PLAU antibodies and performed FACS 

analysis before and at different time points after stimulation. This experiment was mainly 

performed by Dr. Feng He. 
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Figure 5.14 PLAU expression in human Treg and Teff cells. (A) PLAU expression in human 

Teffs and Tregs with or without stimulation. Left panel, cultured Tregs and Teffs were subjected to 

anti-PLAU antibody staining after stimulation with irradiated B cells for three days. Right panel, 

PLAU expression in Tregs after stimulation with irradiated B cells for 12 hours and for 1 day. The 

more the population shifts to the right indicates the more the PLAU protein is expressed. (B) PLAU 

expression in human Tregs and Teffs at different time points after stimulation. Cultured Tregs and 

Teffs were subjected to anti-PLAU antibody staining at different time points up to 7 days after 

stimulation with irradiated B cells. The figure represents one example of three independent 

experiments. 

 

As shown in figure 5.14A, PLAU was expressed in both Treg and Teff cells, but its 

expression was about two-fold higher in Tregs than in Teffs. Also, PLAU expression was always 

higher in Tregs compared to Teffs at 0h, 6h, 1d, 3d, 5d and 7d after stimulation as shown in 

figure 5.14B. The kinetics of the PLAU expression after stimulation was similar in Tregs and in 

Teffs except at day 3. PLAU expression in Tregs was increasing until day 3 after stimulation, and 

then it decreased on day 5 and increased again on day 7, whereas in Teffs, PLAU expression was 
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increasing until day 1, than decreased until day 5 and slightly increased on day 7. The expression 

of PLAU in Tregs was always around 2 fold higher than that in Teffs from 0 h to day 7. 

As the expression of PLAU was higher in Tregs than in Teffs, I further tried to 

downregulate PLAU expression in Tregs and to study the effect on the expression of Treg marker 

genes. Two approaches for knocking down PLAU expression were tested, transfection of siRNA 

and shRNA. 

 

5.2.3 Comparison of siRNA and shRNA knockdown effect 

Gene knockdown experiments can be performed with short interference RNA (siRNA) or 

short hairpin RNA (shRNA). siRNA can be delivered into the host cells by electroporation or 

with the help of transfection reagents. The siRNA knockdown method is easy to perform but may 

be detrimental to the transfected cells. In addition, the knockdown effect is only transient. The 

alternative approach, shRNA knockdown, uses lentivirus to transduce short hairpin RNA into 

cells. This short hairpin RNA can be transcribed into DNA and then be incorporated into the 

genome of the host cell. The transcribed shRNA will then be processed to siRNA and inhibit the 

translation of the target mRNA. The shRNA knockdown method is less detrimental to host cells. 

The disadvantage is that the shRNA knockdown method is much more time consuming and if the 

produced lentivirus exhibits a low titer, it results in a low transduction efficiency.   

Although mouse Tregs lost Foxp3 expression after in vitro culture, they are more easily to 

obtain than human Tregs. Therefore, mouse Tregs were used for the establishment of knockdown 

methods. 

 

5.2.3.1 shRNA-lentivirus transduce mouse and human Tregs 

Here, three lentivirus constructs were used to establish the system and then to knock down 

target genes. First, to establish the transduction system, a test lentivirus was used. This test 
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lentivirus contained the GFP gene under the regulation of a CMV promoter and can be produced 

at a high virus titer (Teixeira et al., 2001). In my thesis, I refer this test lentivirus as LV-GFP-test 

lentivirus. Second, a shRNA lentivirus was generated which contained the GFP gene together 

with a shRNAmire element. This shRNA lentivirus expressed the GFP reporter gene in transfected 

cells and could be subsequently used to downregulate a specific target gene after the shRNAmire 

element has been replaced by a targeting sh construct. Here, I refer to this lentivirus as LV-GFP 

lentivirus. Finally, a lentivirus, which contained the GFP reporter gene together with a specific 

gene targeting shRNA construct, was obtained by replacing the shRNAmire element. I refer to this 

shRNA-containing lentivirus as LV-GFP/FOXP3 lentivirus in case the gene FOXP3 was targeted 

or to LV-GFP/PLAU lentivirus if the PLAU gene was targeted. Cells transduced by this virus 

expressed the GFP reporter gene, which allowed estimating the number of transfected cells, in 

addition to the shRNA encoding sequences. 

A 

 

B 
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Figure 5.15 GFP expression in mouse Tregs and Teffs after transduction with LV-GFP-test 

lentivirus. (A) GFP expression observed by fluorescence microscopy in the lentivirus producer cell 

line HEK293T and in NIH3T3 after transduction. The latter cells were used to determine the titer of 

the lentivirus. The GFP expression was examined three days after lentivirus transduction. (B) GFP 

expression in mouse Tregs 3 days after LV-GFP-test lentivirus transduction. Left, GFP expression 

in mouse Tregs without LV-GFP-test lentivirus transduction. No GFP expression was observed. 

Right, GFP expression in mouse Tregs transduced with the original virus stock or a 10 times diluted 

LV-GFP-test lentivirus. GFP expression could be observed in both cases. (C) Kinetics of GFP 

expression in mouse Tregs and Teffs on day 3, 6 and 13 after transduction with LV-GFP-test 

lentivirus. 

 

Ths 
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A strong GFP signal was observed in the lentivirus producing cell line HEK293T cells and 

in the lentivirus titer cell line NIH3T3 cells (figure 5.15 A) which indicates successful production 

and transduction of LV-GFP-test lentivirus. Also, LV-GFP-test lentivirus was able to transduce 

mouse Tregs resulting in GFP expression in up to 26% of the cell pool when using the undiluted 

virus stock at a concentration of 6 x 107 i.p/ml, and up to 11% with the ten-times diluted virus at 

a concentration of 6 x 106 i.p/ml. 

After in vitro expansion of transduced mouse Tregs and Teffs, the proportion of GFP 

positive cells increased from 3% to 9% in Tregs on day 6 after transduction and was rising to 

10% on day 13 after transduction. These results demonstrate a stable integration of the GFP 

reporter gene into the host genome. The proportion of GFP positive cells in Teffs also increased 

from 2% to 9% on day 6 after transduction and reached up to 10% on day 13 post transduction. 

The results above showed that the titer of the GFP containing LV-GFP-test lentivirus could 

reach up to 6 x 107 i.p/ml. Furthermore, this high titer lentivirus was able to transduce mouse 

Tregs and Teffs efficiently, resulting in 10% of transfected cells that expressed the GFP reporter 

gene. I then proceeded to test the LV-GFP lentivirus which has the capacity to carry specifc 

knockdown sequences.  

 

 

 

 

 

 

 

 



60 

 

A                                                                        B 

  

Figure 5.16 (A) GFP expression in mouse Tregs three days after transduction with LV-GFP. 

The LV-GFP lentivirus was transduced into mouse Tregs, and CD25 and GFP expression was 

examined three days later. (B) GFP expression in mouse Tregs on day three after transduction with 

LV-GFP or LV-Foxp3/GFP lentivirus. ‘non-transduced’  indicates control cells which were treated 

in the same way as ‘transduced’ cells except that, instead of lentivirus supernatant, media was used. 

The figure shows a representative result of two individual experiments.  

 

As the titer of the LV-GFP lentivirus, which was 1 x 106 i.p/ml, was much lower than that 

of LV-GFP-test lentivirus, which was 6 x 107 i.p/ml, the percentage of GFP expressing Tregs in 

the mouse Treg pool was only 4% after transduction of LV-GFP lentivirus. To increase the titer 

of the lentivirus, ultracentrifugation is a widely used method (Tiscornia et al., 2006). Indeed, after 

ultracentrifugation of the LV-GFP and LV-GFP/Foxp3 lentivirus, the percentage of GFP 

expressing Tregs reached up to 22% and 27% after transduction of LV-GFP and LV-GFP/Foxp3, 

respectively.  

Subsequently, the human PLAU knockdown sequence was cloned into the GFP containing 

shRNA lentiviral vector, and LV-GFP/PLAU virus was produced.  
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          A 

   

Figure 5.17 GFP expression in human Tregs after transduction with LV-GFP/PLAU 

lentivirus or with LV-GFP lentivirus, and FOXP3 expression in GFP positive Tregs after LV-

GFP/PLAU or LV-GFP transduction. (A) GFP expression was examined on day 3 after 

transduction. (B) FOXP3 expression was also examined in the GFP positive Tregs. The figure shows 

a representative result of two individual experiments. 

 

As shown in figure 5.17A, only 0.6% of the treated cells expressed the GFP reporter gene 

after transduction of human Tregs with LV-GFP/PLAU lentivirus whereas 7.4% of cells were 

GFP positive after transduction with LV-GFP lentivirus. Nevertheless, after transduction with 

LV-GFP/PLAU lentivirus, the FOXP3 protein levels were significantly reduced compared to 

cells transduced with LV-GFP lentivirus as shown in figure 5.17B.   

B 
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To confirm that this downregulation effect was due to the effect of shRNA, and not a false 

positive signal due to the extremely low transduction efficiency, I tested the PLAU 

downregulation capability of the LV-GFP/PLAU lentivirus in another cell type, HeLa-3S cell 

line, which can be more easily transduced. 

A                                                    B              

 

C                                                     D                                                              
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Figure 5.18 PLAU expression in HeLa-3S cell line. (A) HeLa-3S cells stained with isotype 

antibodies. (B) HeLa-3S cells stained with anti-PLAU antibodies. (C) GFP expression in HeLa-3S 

cells 7 days after transduction with LV-GFP or LV-GFP/PLAU lentivirus. (D) PLAU expression in 

GFP+ HeLa-3S cells, gated from C, after transduction with LV-GFP or LV-GFP/PLAU lentivirus. 

 

HeLa-3S cells were reported to exhibit high PLAU expression (Minagawa et al., 2005). 

Indeed, I showed that 99% of HeLa-3S cells were positive for PLAU expression. Figure 5.18C 

showed that the shRNA lentivirus was able to transduce HeLa-3S cells with a transduction 

efficiency of more than 90%. Among the transduced GFP expressing cells, the percentage of 

PLAU expressing cells was significantly reduced from 42% in non-transduced cells compared to 

7% in LV-GFP/PLAU transduced Hela-3S cells. These results confirmed that the LV-GFP/PLAU 

lentivirus is able to target and downregulate PLAU protein expression, also in another cell line.  

 

5.2.3.2 siRNA transfect mouse and human Tregs 

The transduction efficiency in human Tregs could not be increased even after enrichment of 

the lentivirus by ultracentrifugation. Therefore, the siRNA technique was used in parallel to 

downregulate candidate genes in human Tregs.  

When transfecting mouse Tregs with the transfection reagent provided by Accell, I found 

that this treatment was too detrimental to the cells. The mouse Tregs could not be pelleted after 

the treatment and used for further experiments. The reason for that may be that the cells were 

strongly permeabilized by the transfection reagent (Yin et al., 2006). However, cultured human 

Tregs did well tolerate this procedure and could be used for studying gene expression at the 

mRNA and protein level.   

 

 



64 

 

A                                                  B                                                         

        

Figure 5.19 Mouse and human Tregs transfected with fluorescence labeled non-specific short 

interference RNA (fluorescence control siRNA). (A) Confocal microscopy of mouse Tregs three days 

after transfection with a mouse red fluorescence control siRNA. The red color indicates control-

siRNA fluorescence. Cell nuclei were stained with 4, 6-diamidino-2-phenylindol (DAPI) and appear 

blue fluorescent. (B) Fluorescence microscopy of human Tregs transfected with green fluorescence 

control siRNA after three days.  

 

Both mouse and human Tregs, siRNA could be successfully transfected at a very high 

efficiency by using either transfection reagents or electroporation. Figure 5.19A shows the 

transfection of fluorescence control siRNA into mouse Treg cells. In human Tregs, up to 100% of 

the cells exhibited green fluorescence which demonstrated a high transfection rate of control 

siRNA into human Tregs. Human Treg cells tolerated well the treatment whereas mouse Treg 

cells did not tolerate the transfection. 
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5.2.4 Knock down PLAU expression by siRNA 

To knock down PLAU expression in human Tregs, siRNA method was used. 

         A                                                                                 B 

                 

Figure 5.20 PLAU expression in human Tregs after siRNA knockdown using electroporation. 

(A) PLAU mRNA expression two days after transfection with non-specific short interference RNA 

(si_NS) or PLAU short interference RNA (si_PLAU). PLAU mRNA levels were determined by 

qPCR and normalized to the signals of the housekeeping gene RPS9. The data shown represent the 

mean values + SD. p-values were calculated for the results shown and were representative for three 

independent experiments.  (B) PLAU protein expression two days after tranfection with si_NS or 

si_PLAU. Black line indicates PLAU expression levels after si_NS transfection and the red line 

indicates PLAU expression levels after si_PLAU transfection. The figure shows one representative 

result of three independent experiments.  

 

When transfecting human Tregs with non-specific siRNA (si_NS) or PLAU siRNA by 

electroporation, PLAU mRNA expression was significantly downregulated by 30% compared to 

control transfections (p<0.05, one-tailed student’s t-test) two days after treatment (Figure 5.20A). 

Also, the expression levels of PLAU protein were downregulated compared to control 

transfections (Figure 5.20B).  
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5.2.5 Effect of knocking down PLAU on other human Treg key genes 

The expression of PLAU and other Treg key genes, EOS and LGMN was examined after 

siRNA electroporation. Two days after electroporation, PLAU gene expression was 

downregulated by 30% in PLAU siRNA treated sample compared to control (p<0.05, one-tailed 

student’s t-test) (Figure 5.21). Furthermore, the mRNA expression of other human Treg key 

genes, like EOS and LGMN, was also significantly downregulated (p<0.05, one-tailed student’s t-

test) (Figure 5.21).   

 

Figure 5.21 Relative levels of mRNA expression of PLAU and other human Treg key genes 

two days after electroporation of control or PLAU siRNA. RPS9 was used as internal control. 

Results are representative of three independent experiments, the data shown are mean expression 

levels + SD. p-values were calculated for the results.   
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Figure 5.22 PLAU and other human Treg key genes mRNA expression on day three after 

electroporation with control siRNA or PLAU siRNA. RPS9 was used as internal control. Results are 

representative of three independent experiments, the data shown are the mean values + SD.  p-

values were calculated for the results shown.   

 

Three days after electroporation, PLAU gene expression was downregulated by 45% 

compared to the control (p=0.0006, one-tailed student's t-test). Furthermore, the expression of 

several human Treg key genes was also significantly downregulated. FOXP3 expression was 

downregulated by 40% (p=0.0025, one-tailed student's t-test), EOS by 33% (p=0.0019, one-tailed 

student's t-test), CTLA4 by 33% (p=0.011, one-tailed student's t-test). There was no significant 

change of LGMN expression on day 3. 
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5.2.6 Functional assay of human PLAU-low and PLAU-high Tregs 

The above described results showed that several Treg key genes are affected by 

downregulation of PLAU gene expression. However, they do not provide any information on 

possible alterations of Treg functions. Thus, it was necessary to develop a Treg functional assay. 

 

    5.2.6.1 Establishment of Treg functional assay by mouse Tregs 

    The principle of the Treg functional assay was to measure the proliferation of T helper 

cells (Ths) in the presence or absence of Tregs. The proliferation rate of Ths was determined by 

thymidine incorporation. 

 A                                  B                                  C 

  

D 
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Figure 5.23 Functional assay of mouse Tregs. Mouse Tregs and Ths were sorted with a BD 

Aria-II FACS sorter and Ths were cultured without (A) or with anti-CD3 antibody (C). In (B), Ths 

were co-cultured with Tregs and with anti-CD3 antibody. (D) Thymidine incorporation of Ths co-

cultured with different ratios of Tregs. CPM (counts per minute) indicates the proliferation rate of 

Ths. Results are representative of three independent experiments, the data shown are the mean 

values + SD. p-values were calculated for the results shown.   

 

When Ths were cultured in the presence of anti-CD3 antibodies, they showed the highest 

proliferation rate, indicated by swollen, Africa-like shaped cells and a yellowish color of the 

media (figure 5.23C). Th cells cultured without anti-CD3 antibodies showed the lowest 

proliferation rate, indicated by the round shape of cells and a reddish media (figure 5.23A). Th 

cells cultured together with Tregs and anti-CD3 antibodies showed an intermediate proliferation 

rate, indicated by the shape of the cells and color of the media (figure 5.22B). Results of 

thymidine measurement indicated that the more Tregs were added to the Ths, the more did the 

proliferation of the Th decrease. These results demonstrated the suppression capability of Tregs 

towards Ths in vitro cultures.  

 

5.2.6.2 Functional analysis of PLAU-low, and PLAU-high expression human Treg cells 

Low PLAU expressing Tregs (PLAU-low Tregs) and high PLAU expressing Tregs (PLAU-

high Tregs) were isolated by BD Aria II FACS sorter from cultured human Treg cells. The 

isolated Treg subpopulations were cultured for more than one month and then tested in a Treg 

functional assay.  
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Figure 5.24 (A) PLAU-low and PLAU-high Tregs sorting scheme. Cultured Tregs were 

stained with PLAU antibody and subjected to sorting with FACS Aria II cell sorter. The gates were 

defined with respect to the histogram plot from cells stained with isotype antibody of the same 

source (A left). The left gate of the PLAU histogram was defined to represent PLAU-negative cells. 

The middle gate of the histogram was taken for sorting of PLAU-low Tregs and the right gate was 

used to sort PLAU-high Tregs. The sorted Treg subpopulations were then subjected to culture 

respectively for one month. (B) PLAU and FOXP3 expression in PLAU-low and PLAU-high Tregs 

cultured in vitro for one month. (C) Functional assay with sorted PLAU-low and PLAU-high 

expressing Tregs. Each of the Treg subpopulation was co-cultured for 72 hours at different ratios 

with Teffs and supplemented with a similar number of irradiated B cells. Thymidine was added to 

the cell culture during the last six hours of the 72 hour incubation period and incorporation of 

radioactive isotopes was measured. The figure represents one example of three individual 

experiments. Data shown represent the mean values + SD. p-values were calculated for the results 

shown.   
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PLAU-low and PLAU-high Tregs were defined after staining with anti-PLAU antibodies as 

described in Figure 5.24A. The isolated PLAU-low and PLAU-high Tregs were cultured in vitro 

for one month and then studied in a functional assay. As shown in Figure 5.24B, FACS analyses 

of both the PLAU-low and -high Tregs showed that PLAU expression level was stable for one 

month in culture and that FOXP3 expression was found in 97% of the cells. The proliferation of 

Teffs in co-cultures with PLAU-high Tregs showed a significantly lower rate than observed for 

co-cultures with PLAU-low Tregs at all Treg:Teff ratios tested (1:1 (p=0.001, one-tailed student's 

t-test), ratio 1:2 (p=0.0001, one-tailed student's t-test), 1:4 (p=0.007, one-tailed student's t-test)). 

These data demonstrated that the suppressive function of PLAU-high Tregs was significantly 

higher than that of PLAU-low Tregs. 

 

5.2.7 Expression of Treg key genes in human PLAU-low and PLAU-high Tregs 

To understand the underlying mechanisms of the stronger suppressive function of PLAU-

high Tregs, I measured the expression levels of several Treg key genes in PLAU-low and -high 

Tregs.  
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Figure 5.25 (A) mRNA expression of PLAU and other human Treg key genes in PLAU-low 

and PLAU-high Tregs. (B) mRNA expression of T helper cytokines in PLAU-low and PLAU-high 

Tregs. The gene level in Treg subpopulations were determined by qPCR. RPS9 was used as internal 

control. Results are representative of three independent experiments, the data shown are the mean 

values + SD. p-values were calculated for the results.   

 

As shown in figure 5.25A, the gene expression levels of PLAU (p=0.0006, one-tailed 

student's t-test), FOXP3 (p=0.0043, one-tailed student's t-test), GARP (p=0.016, one-tailed 

student's t-test), EOS (p=0.04, one-tailed student's t-test), LGMN (p=0.012, one-tailed student's t-

test), and CTLA4 (p=0.025, one-tailed student's t-test) were all significantly higher in PLAU-high 
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Tregs than in PLAU-low Tregs with a ratio of 1.85, 1.40, 1.54, 3.05, 1.41, 1.24, respectively. 

Furthermore, the Th2 cytokines IL5, IL13 and CSF2 were expressed at lower levels in PLAU-

high Tregs compared to PLAU-low Tregs, whereas the Th1 cytokine IFNG and the 

proinflamation cytokine IL8 showed no significantly different expression levels in PLAU-low 

compared to PLAU-high Tregs.  IL2 was not detectable in both subpopulations of Tregs. 

 

5.2.8 Cytokine expression in PLAU-low and -high human Tregs 

To obtain some insight into the underlying mechanism of the higher suppressive function of 

PLAU-high Tregs, I also examined the cytokine profile of T helper cells in the two Treg 

subpopulations.  

A 

 

 

 

B 

 

7 9 8 
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Figure 5.26 (A) Venn diagram of the number of cytokine genes whose expression was higher 

in PLAU-low Tregs compared to PLAU-high Tregs in two individual experiments. (B) Fold-change 

of cytokine genes which were consistently upregulated in two independent experiments. mRNA 

from Treg subpopulations after one month in culture was analyzed with the RT2 cytokine profile 

kit. The internal control and calculations were performed as described in chapter 3.7. Results are 

representative of two independent experiments. 

 

In two independent experiments, the expression levels of 16 and 17 cytokines, respectively, 

were found to be expressed higher in PLAU-low Treg compared to PLAU-high Tregs. The RNA 

levels of nine genes were repeatedly found to be higher in PLAU-low Treg compared to PLAU-

high Tregs: IL13, IL5, IRF4, CSF2, STAT1, IL15, TNFRSF8, TNFRSF9 and TNFSF4. Among 

them, IL13, IL5 and IRF4 represent Th2 cytokines, while CFS2 and STAT1 are Th 1 cytokines. 

IL15, TNFRSF8, TNFRSF9 and TNFSF4 are CD4 T cell markers. The expression of IL13 and 

CFS2 was more than 2.5 fold higher in PLAU-low Tregs compared to PLAU-high Tregs. The 

expression levels of all other genes were more than 1.5 fold higher. These data showed that the 

expression levels of some Th2 and Th1 cytokine as well as CD4 T cell marker were higher in 

PLAU-low Tregs, suggesting that these cells were more of the characteristics of T helper cells. 

The differences in expression levels were confirmed in sinlge qPCR assays for IL13, IL5 and 

CSF2 (Figure 5.26B). 

 
 

5.3 Foxp3+CD4+ Tregs frequency in different organs of Plau KO mice 

To further evaluate the importance of PLAU expression in Tregs, we performed 

experiments in Plau knockout (KO) mice. This mice experiment was conducted incorporation 

with Dr. Feng He. 
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Figure 5.27 Percentage of Foxp3+ cells among CD4+ cells in mesenteric lymph nodes, 

peripheral lymph nodes, spleen (A) and thymus (B) of C57BL/6J wild type and Plau KO mice. Cells 

from these tissues were isolated and stained with CD4-FITC and Foxp3-PE or Foxp3-PEcy5, and 

then examined in a FACS Aria II.  The data shown are the mean values + SD. p-values were 
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calculated for the results shown and were representative for two independent experiments. For each 

experiment, four mice were used.  

 

Figure 5.27A shows that there was no significant difference between wild type and KO 

mice for the percentage of Foxp3+ cells among CD4+ cells in mesenteric lymph nodes, 

peripheral lymph nodes and spleen. However, we did observe a significant difference in the 

thymus as shown in Figure 5.27B. In wild type mice, the percentage of Foxp3+ cells among 

CD4+ cells was 1.07% whereas in the KO only 0.67% were Foxp3+. Thus, in thymus, the 

percentage of Foxp3+ cells among CD4+ cells was significantly lower in Plau KO mice 

(p=0.0039, one-tailed student's t-test). 
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6 Discussion 

6.1 Identification of potential regulatory genes by eQTL analysis in mice naïve 

Tregs 

In this part of the work, I identified possible gene-gene interactions in naïve mouse Tregs. 

However, the instable phenotype of mouse Treg cells in vitro cultures did not allow me to further 

validate these candidates in functional studies. The validation of one candidate gene for human 

Tregs indentified by TC method (Feng He, manuscript in preparation) was then performed in 

activated human Tregs and is discussed in the second part. 

First, we generated a genome graph for regulatory T cells by eQTL analysis using whole 

genome expression patterns of Tregs isolated from recombinant inbred mouse strains. Until now, 

there were only a few studies to systematically look for candidate regulatory genes in Tregs. 

Several reports used the chromatin-immunoprecipitation (ChIP) method to systematically look 

for Foxp3 protein binding genes (Marson et al., 2007; Zheng et al., 2009). Besides this, many 

researchers determined the most differently expressed genes in Tregs compared to Teffs by 

microarray studies with the goal to identify potential Treg key genes (Fontenot et al., 2005; 

Probst-Kepper et al., 2009). Additional key regulatory genes in Tregs were found by examining 

the function of specific genes in knockout mice (Fontenot et al., 2003; Chaudhry et al., 2009; Liu 

et al., 2009). 

Expression QTL (Churchill et al., 2004) represents a new approach to identify key 

regulatory networks. This approach has been successfully used for indentifying regulatory genes 

in hematopoietic stem cell function (Bystrykh et al., 2005), nervous system function (Chesler et 

al., 2005) and liver iron (Jones et al., 2003). In this thesis work, we combined microarray data of 

CD4+CD25+ Tregs extracted from the spleens of 33 BXD recombinant inbred mouse stains with 

genome marker information. We successfully identified a large number of regulated genes and 

their respective eQTLs in naïve Tregs. 
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We then investigated 14 trans-eQTL bands in detail and worked on the Itgae and Gpr83 

trans-eQTL bands. 

Itgae was found to be an important mouse Treg marker but the factors that regulate Itgae 

expression remain unknown (Lehmann et al., 2002). Our eQTL studies suggested a potential 

regulatory function of the interferon gamma receptor 1 (Ifngr1) gene for the expression of Itgae, 

located on chromosome 10. There was one recent report demonstrating that Th1 and Th2 greatly 

exacerbated the bacterial load in the absence of host cell interferon gamma receptor expression 

(Gondek et al., 2009) and that Ifngr1 facilitates effector T cell immunity. In our preliminary 

results, the expression of Ifngr1 in Tregs was significantly higher in Tregs than in Teffs in 

C57BL/6J mice, indicating its potential importance for Tregs. Thus, we speculate that Ifngr1 may 

contribute to Tregs maintenance through Itgae. This is different to previous reports showing that 

Ifngr1 facilitates effector T cell immunity. However, more detailed experiments need to be 

performed in order to confirm this hypothesis experimentally, for example, using knockout mice. 

We also found that the Gpr83 gene in a trans-eQTL band was regulated by a eQTL on 

chromosome 12. It was reported that over-expression of Gpr83 in naïve CD4+CD25- T cells 

leads to their differentiation  into Foxp3+ Tregs (Hansen et al., 2006), demonstrating the 

importance of Gpr83 for Tregs development and maintenance. The other regulated genes in the 

trans-eQTL band, Prkca, whose expression was greatly higher in Tregs compared to Ths, and 

Satb1, whose expression was lower in Tregs than in Ths are also of special interest for Treg 

maintenance and function. Protein kinase C alpha (Prkca) was most recently reported to be 

involved in AKT signaling which plays a central role in T cell function, including Tregs 

development (Yang et al., 2010). The special AT-rich sequence binding protein 1 (Satb1) was 

shown to play a role in Th2 cell activation (Cai et al., 2006) which was consistent with our 

finding that Satb1 expression was significantly higher in Ths than Tregs. However, further study 

will be required to investigate the genes in the eQTL interval.   

It was planned to perform functional studies form potential regulatory genes that are 

located in the trans eQTL bands in cell cultures of Tregs. However, when I started to establish 
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functional experiments for mouse Treg cells, it turned out that their phenotype was very unstable. 

The proportion of Foxp3+ cells represented up to 90% in freshly isolated CD4+CD25+ Tregs. 

However, upon further cultivation of these cells, most cells lost Foxp3 expression already after 

several hours, even in the presence of survival cytokines. The same phenomenon has also been 

described by others (Chai et al., 2008). Some reports showed that mouse Tregs may better sustain 

their Foxp3 expression in the presence of recombinant mouse IL2 (rmIL2) and TGFß. However, 

Tregs which were cultured in the presence of rmIL2 and TGFß still lost Foxp3 expression (Earle 

et al., 2005).  

Although the mouse CD4+CD25+ Tregs are not stable in case of Foxp3 expression in vitro 

culture, there are several possibilities to nevertheless continue this project. On one hand, Foxp3gfp 

mice may be used (Fontenot et al., 2005; Fontenot and Rudensky, 2005; Wan and Flavell, 2005). 

The GFP expression in Foxp3gfp mice is driven by the Foxp3 promoter. Thus, the Foxp3 promoter 

is active in GFP+ cells from these mice and it can thus be assumed that the Foxp3 wild type allele 

is also expressed. From the results of my experiments, I observed that 100% of the freshly 

isolated CD4+CD25+GFP+ cells from Foxp3gfp mice were indeed GFP+ cells, indicating Foxp3+ 

cells. Moreover, after cell culture, 97% of the cells were still positive for Foxp3. However, the 

total number of Tregs which could be isolated from Foxp3gfp mice was extremely low and would 

have not been sufficient for Tregs functional studies in vitro. One alternative for the future is 

therefore to expand Tregs in vitro. But it should be noted that expansion will activate naïve Tregs 

which may then change their phenotype and gene expression patterns. Besides expansion in vitro, 

applying a siRNA approach to knock down potential candidate genes with regulatory functions in 

vivo or generating knockout mice should represent a promising avenue to follow in the future. 

However, within the limited time period of my PhD thesis work, it was not possible to 

establish these systems and methods and continue with the mouse model. Therefore, I switched to 

another system and studied one possible regulatory gene during the activation process in human 

Treg in vitro and validated it in mouse knockout mutants. 
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6.2 Functional analyses of one candidate gene in human Tregs and in 

knockout mice 

Regulatory T cells (Tregs), which acquire the function to suppress the proliferation and 

function of T effector cells (Teffs) and other immune cells, are reported to maintain an important 

balance of the immune response. A number of reports have shown that the suppressive function 

of Tregs play indispensible roles not only in autoimmunity, but also in controlling inflammation, 

tumor immunity and transplantation rejection (Sakaguchi, 2004; Ochs et al., 2005; Bacchetta et 

al., 2007; Germain, 2008). 

Thus, to understand the Treg suppressive function mechanism is essential for our 

understanding of the mammalian immune system and to develop effective therapies in immune 

disorders. However, until today, only a limited number of genes are known to contribute to Treg 

function: FOXP3 (Fontenot et al., 2003), CTLA4 (Bachmann et al., 1999; Wing et al., 2008), 

GITR (Shimizu et al., 2002), GARP (Probst-Kepper et al., 2009; Wang et al., 2009), IL1R1 (Tran 

et al., 2009), S1PR1 (Liu et al., 2009), Nrp1 (Bruder et al., 2004), Gpr83 (Hansen et al., 2006). 

The current knowledge is far from understanding Treg suppressive function. Therefore, more key 

candidate genes need to be identified. 

One promising candidate key Treg gene, PLAU, was found by performing a Trend 

Correlation (TC) analysis of gene expression patterns in activated human Treg cell cultures (Feng 

He et al., manuscript in preparation). Therefore, in my thesis work, I studied the potential 

function of PLAU for Treg activation in cell culture and in mouse mutant. 

 

6.2.1 PLAU expression in human Tregs 

To confirm the microarray results obtained by Dr. Feng He et al. (manuscript in 

preparation), I examined PLAU expression in Tregs and Teffs by FACS before and after 

stimulation. I showed that PLAU protein was expressed at a higher level in Tregs than in Teffs 
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before stimulation and its expression in Tregs increased after stimulation. This result is the first 

report showing that PLAU is expressed in Tregs.  

In the next step, I applied loss-of-function studies by gene knockdown in cell culture and 

gene knockout in mice to investigate the importance of PLAU expression for the maintenance 

and function of Tregs. 

Generally, there are two ways to knock down genes in cultured cells. One is to use short 

hairpin RNA, using retroviral vectors, and another is short-interference-double-strand RNA, 

which are introduced into cells with the help of transfecting reagents or electroporation treatment. 

The retroviral transduction is a much milder way to introduce genetic information into the host 

cell taking the advantage of virus infection. But the transduction efficiency into primary cells, 

especially CD4+ cells, is not very efficient (Lee et al., 2005) and the design of transgenic virus is 

not always straight forward (Delenda, 2004). On the other hand, siRNA by electroporation allows 

high transduction efficiencies but the treatment is very stressful to the target cell, especially to 

human CD4+ T cells because they are not well able to reconstitute their cell membranes (Yin et 

al., 2006) after the treatment. There are reports of using either lentivirus or siRNA to 

downregulate genes in Tregs (Wang et al., 2009). In this project, I tested both methods. 

Lentiviral vectors have been used to deliver genetic information into the host cells 

regardless of whether they are dividing or non-dividing cells (Delenda, 2004). In this study, I first 

used the LV-GFP-test lentivirus (Teixeira et al., 2001) to transduce both mice CD4+CD25+ 

Tregs and human Tregs. This virus can be produced at a high virus titer. In both cell types, LV-

GFP-test lentivirus was able to stably transduce up to 20% Tregs even after in vitro expansion. 

We then moved forward to produce LV-GFP lentivirus. This lentivirus is designed to carry 

shRNA constructs for knocking down genes in mammalian cells. Unfortunately, the titers 

obtained from LV-GFP were 100 times less than that of LV-GFP-test lentivirus, leading to a very 

low transduction efficiency of only 0.4% in Tregs. The reason for the big differences in virus titer 

of the two lentiviruses and associated transduction efficiency may go back to the different 

designs of the LV-GFP-test and LV-GFP vectors. The promoter of LV-GFP-test lentiviral vector 
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is the phosphoglycerate kinase (PGK) promoter, whereas the promoter of LV-GFP lentiviral 

vector is the cytomegalovirus (CMV) promoter. PKG is designed for directing a high level of 

constitutive gene expression (Graham and Chambers, 1997). The CMV promoter is also known 

to be very strong, however, the CMV promoter may become silenced by methylation (Brooks et 

al., 2004). Thus, it is possible that the CMV promoter was silenced when NIH3T3 cells or Tregs 

were transduced with LV-GFP lentivirus. Another explanation may be the different structures of 

the transcript units after the promoter. In the LV-GFP-test lentiviral vector, the PGK promoter 

directs only the expression of eGFP. On the other hand, in the LV-GFP lentiviral vector, the 

CMV promoter directed expression of a multi-cistronic transcript containing GFP, IRES, Puro, 

shRNAmire and WRE. It is conceivable that in LV-GFP lentivirus the multi-cistronic mRNA is 

less efficiently transcribed. This then may cause the low virus titer of LV-GFP.    

However, even with the low transduction efficiency of the LV-GFP lentivirus, we 

continued our study. And we could indeed observe a downregulation of FOXP3 expression in 

LV-GFP/PLAU lentivirus transduced human Tregs. It has been shown that lentivirus were not 

able to efficiently transduce CD4+ T cells (Lee et al., 2005). But researches still try to use 

lentivirus to downregulate or upregulate genes in Tregs. In some studies, the few GFP expressing 

T cells were further expanded in vitro and stably transduced cells could be selected (Probst-

Kepper et al., 2009). Others observed a high level of transduction efficiency (Bruder et al., 2004; 

Wang et al., 2009). This may again be due to the different designs of the lentiviral vectors used. 

Therefore, in the future, this part of the work may be continued by using imporved lentiviral 

vector designs or by selecting the very few GFP expressing Tregs and expanding them in vitro. 

However, due to the time constraints for this thesis, I then switched to using the siRNA 

transfection method.  

   

6.2.2 Downregulation of PLAU by siRNA affects the expression of Treg key genes 

In our hands, the siRNA method worked quite well in downregulating the gene expression 

of PLAU at the mRNA as well as the protein level. I was able to downregulate the PLAU mRNA 
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expression up to 30% two days post electroporation treatment. We also confirmed the 

knockdown of PLAU at the protein level. And in PLAU siRNA transfected cells, the expression 

of EOS and LGMN was also downregulated at day 2 post electroporation. The expression of 

FOXP3, EOS and CTLA4 was downregulated at day 3 post electroporation. These results showed 

that the change in expression levels of PLAU affected the expression of other known Treg 

markers.  

The gene forkhead box P3 (FOXP3) has long been described as a key gene for Treg 

maintenance and function in both mice and human (Fontenot et al., 2003; Ziegler, 2006). The 

absence of FOXP3 causes severe autoimmune disease in mouse known as ‘scurfy’ mouse 

(Fontenot et al., 2003). In humans, mutations of the FOXP3 gene result in immunodysregulation 

polyendocrinopathy enteropathy X-linked syndrome (IPEX) (Bennett et al., 2001). In this study, 

we experimentally observed that knocking down PLAU expression also affects FOXP3 

expression. Therefore, our results suggest that PLAU might directly or indirectly regulate FOXP3 

in human Tregs. Recent reports described that DNA demethylation of the FOXP3 enhancer 

region allowed the binding of transcription factors to the FOXP3 promoter and thereby enabled 

the induction and maintenance of FOXP3 expression. Since FOXP3 has been described as a key 

gene for Treg maintenance, DNA demethylation thus maintains the Treg phenotype (Huehn et al., 

2009). The work performed here may be further continued by studying in detail the mechanisms 

of FOXP3 regulation by PLAU, and the effect of PLAU on DNA methylation of the FOXP3 

enhancer region.  

EOS, expressed intracellularly, has been reported to interact directly with FOXP3 and 

mediate FOXP3-dependent gene silencing in Tregs (Pan et al., 2009). According to my results, 

downregulation of PLAU expression also downregulated EOS expression, suggesting that PLAU 

may indeed represent an upstream regulator of EOS.  

Legumain (LGMN) was found to be an important gene for controlling Treg function 

(Probst-Kepper and Buer, 2010). In my study, I also observed the downregulation of LGMN 

expression after knocking down PLAU expression in human Tregs. The effect of PLAU 
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expression on this gene may help to further understand the role of LGMN for human Treg 

function.  

CTLA4 is expressed in naïve and activated Foxp3+ Tregs and in activated effector T cells 

(Salomon et al., 2000; Takahashi et al., 2000). The upregulation of CTLA4 expression on Tregs 

contributes to Treg suppressive function by inhibiting the potency of antigen presenting cells 

(APCs) to activate effector T cells (Wing et al., 2008). In our study, decreased PLAU expression 

correlated with reduction in CTLA4 expression levels. This reduction of CTLA4 may then impair 

Treg suppressive functions towards effector T cells. The effect of PLAU on CTLA4 again 

emphasizes the importance of PLAU expression for human Treg function. It would thus be 

interesting to study the relationship between PLAU and CTLA4 expression in more detail in the 

future.   

Downregulation of the PLAU gene and subsequent decrease of Treg key genes showed a 

temporal delay. In my study, after knocking down the expression of PLAU, the expression of 

EOS and LGMN was downregulated on day 2 after electroporation and the expression of FOXP3 

and CTLA4 was downregulated on day 3 after electroporation. Thus, the reduction of PLAU 

expression may first result in downregulation of EOS and LGMN and subsequently of FOXP3 

and CTLA4. However, the details of such a kinetics and possible mechanisms of regulation would 

need to be further studied. For example, immune precipitation could be used to distinguish a 

direct or indirect effect, and a combination of loss-of-function and gain-of-function assays could 

be performed to determine the regulatory relationships.   

Despite the clear effects of PLAU downregulation on other genes, the siRNA technique did 

not allow me to perform an analysis which would go beyond the mRNA and protein level. siRNA 

treatment was very stressful to human CD4+ T cells so that they are not well able to reconstitute 

their cell membranes whose integrity is essential for T cell function (Yin et al., 2006). It was 

therefore not possible to further study the effect of changes in PLAU expression in human Tregs 

at the function level. Therefore, I isolated different subpopulations of Tregs with low or high 

PLAU expression levels and then compared their potential to suppress T effector cells. 
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6.2.3 PLAU expression is positively correlated to Treg function 

To study the effect of PLAU expression on Treg function, I performed functional assays 

with Tregs expressing low levels of PLAU (PLAU-low Tregs) and Tregs expressing high levels 

of PLAU (PLAU-high Tregs). First, I stained the cultured human Tregs with anti-PLAU 

monoclonal antibody and sorted them with the FACS sorter into PLAU negative, PLAU-low and 

PLAU-high expressing cells. The reason why we did not use the PLAU negative cells for 

functional assay is that we assumed that this fraction might be contaminated by FOXP3 negative 

expressing cells or CD4+ T effector cells in PLAU negative Tregs. Also, the PLAU negative cell 

population falls in the same gate as the Tregs stained with isotype control antibody, which can be 

regarded as no PLAU expression.  

After culturing the sorted Tregs in vitro for more than one month, more than 97% of the 

Tregs were FOXP3+ cells. And more remarkably, the PLAU expression was still higher in 

PLAU-high Tregs than in PLAU-low Tregs. Subsequently, I showed that PLAU-high Tregs had a 

higher suppressive capacity compared to PLAU-low Tregs, which suggests that there is positive 

correlation between PLAU expression and Treg suppressive function. Using a similar approach, 

which was also based on the separation of different subpopulations of Tregs with respect to 

differences in gene expression levels, other researchers identified important genes for Treg 

suppressive function, e.g. CTLA4 (Bachmann et al., 1999; Wing et al., 2008), GITR (Shimizu et 

al., 2002), GARP (Probst-Kepper et al., 2009; Wang et al., 2009), and IL1R1 (Tran et al., 2009). 

Based on these studies, we hypothesize that the effect of PLAU may act through two 

different mechanisms. On one hand, high expression of PLAU may upregulate the expression of 

some key regulatory genes required for Treg suppressive function. On the other hand, PLAU may 

regulate the expression of several cytokines which in turn may also influence the Treg 

suppressive function. For the latter purpose, I systematically investigated the expression of 

cytokine genes in PLAU-low and PLAU-high Tregs. 

Binding of IL2 facilitates the activation and proliferation of Teffs (Waldmann, 2006). IL2 

was found to be expressed by CD4 Teffs but not by Tregs (Nelson, 2004; Setoguchi et al., 2005). 
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Tregs take up IL2 during their proliferation. By competing with Teffs for IL2, Tregs inhibit the 

activation and proliferation of Teffs. Furthermore, IL10, an inflammation suppressive cytokine, 

was found to be expressed by Tregs but not Teffs in vivo (O'Garra and Vieira, 2003; Couper et 

al., 2008). But it is also said that the Foxp3-transduced T cells showed reduced IL10 production 

upon CD3 stimulation (O'Garra and Vieira, 2003). In this study, I did not observe significant 

difference of these two cytokines between PLAU-low and PLAU-high Tregs. It is thus more 

likely that PLAU regulates Treg function through other cytokines.  

Most interestingly, we observed that expression of Th2 cytokines, IL13, IL5 and IRF4 was 

greatly upregulated in PLAU-low Tregs compared to PLAU-high Tregs. IL13 can be secreted by 

various cell types but is mainly produced by Th2 cells. IL13 was described to play an 

indispensible role in inhibiting inflammatory cytokine production. In addition, IL13 contributes 

to fibrosis, and is thus regarded as a key regulator of the lysis of the extracellular matrix (Wynn, 

2003). This regulation effect is mostly likely direct (Oriente et al., 2000). PLAU is also a key 

mediator of extracellular matrix lysis (Mondino and Blasi, 2004). In our study, I observed that 

PLAU and IL13 expression levels were inversely correlated. As PLAU and IL13 contribute to the 

lysis of fibrin, one may speculate that the higher expression level of IL13 acts as a compensation 

for the lower level of PLAU. However, there are several other explanations. It would thus be very 

important to further study the mechanism of the interactions between PLAU and IL13 for a better 

understanding of Treg functions.   

IL5, Interleukin 5 (Colony-stimulating factor, eosinophol), is secreted by effector T helper 

cells. IL5 is reported to act as a growth and differentiation factor for B cells and eosinophiles 

(Kouro and Takatsu, 2009) and it is well known as an inflammatory cytokine. The level of 

inflammatory cytokine IL5 production has been reported to positively correlate with the 

proliferation of effector T cells while it is negatively related with the number of regulatory T cells 

in bacterial infections (Montes et al., 2009). Moreover, there have been many reports about the 

production of high amounts of IL5 in mouse asthma models (Mattes and Foster, 2003). 

Supplementing these mice with Tregs did ameliorate the symptoms (Xystrakis et al., 2007). In 

my study, IL5 expression levels were higher in PLAU-low Tregs than PLAU-high Tregs which 
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indicates that PLAU-low Tregs may have more effector T cell characteristics. On the other hand, 

PLAU-high Tregs may represent a potential future therapeutic way to treat asthma patients. But 

this will require further confirmation of our findings and more detailed future studies. 

In this thesis, I observed a negative correlation of PLAU expression and IL13 as well as IL5 

expression. To verify that this is a true regulatory interaction, more experiments need to be 

performed. First, which pathways are activated in PLAU-high Treg that result in the 

downregulation of IL13 and IL5 cytokines? Second, is this downregulation directly or indirectly 

influenced by PLAU? Third, to what degree would the downregulation of these cytokines 

contribute to the Treg suppressive function?  

Interferon regulatory factor 4 (IRF4) is critical for Th2 cell differentiation (Staudt et al., 

2010). In mouse Tregs, the expression of Irf4 is dependent on Foxp3 expression, thereby 

regulating Th2 differentiation (Zheng et al., 2009). However, in my study, I observed that the 

IRF4 expression was higher in PLAU-low Tregs compared to PLAU-high Tregs. Whereas, the 

expression of FOXP3 was lower in PLAU-low Tregs compared to PLAU-high Tregs. These 

findings suggest that in human Tregs, the relationship of IRF4 and FOXP3 may be different from 

that found so far in mice. 

Granulocyte-macrophage colony stimulating factor 2 (CSF2), secreted by effector T helper 

cells, represents the cytokine which mainly regulates the differentiation and function of 

granulocytes and macrophages. More recently, it was found to contribute to the CD4+ T effector 

cell response (Ghirelli et al., 2010). My results showed that CSF2 expression was significantly 

higher in PLAU-low Tregs than in PLAU-high Tregs, which indicates that PLAU-low Tregs 

exhibit more effector T-cell like characteristics than PLAU-high Tregs. 

STAT1 belongs to the Signal Transducers and Activators of Transcription family. STAT1 

plays an important role in the interferon (IFN) induction pathway and subsequent expression of 

IFN-stimulated genes (ISGs) (Katze et al., 2002), thus contributing to the establishment of the 

innate immune response (Regis et al., 2008). In the Signal Transducers and Activators of 

Transcription family, another member, STAT3, is prohibiting inflammation and promoting 
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immune tolerance. Therefore, the ratio of STAT1/STAT3 is essential for balancing the immune 

response (Regis et al., 2008). More interestingly, STAT3 was found to facilitate the suppressive 

capacity of Tregs towards a Th17 response (Chaudhry et al., 2009). The observation in my work, 

that STAT1 shows a higher expression in PLAU-low Tregs indicates that PLAU-low Tregs may 

more strongly upregulate ISGs upon IFN stimulation.  

Interleukin 15 (IL15), an inflammatory cytokine with structural similarity to IL2, is 

secreted by mononuclear phagocytes and some other cells. It was reported that IL15 is able to 

induce proliferation of Th1 and Th2 CD4+ cells (Niedbala et al., 2002). IL15 is also able to 

induce the proliferation of memory CD8+ T cells without antigen stimulation, thus contributing 

to the effector function (D'Acquisto et al., 2010). The lower expression level of IL15 in PLAU-

high Tregs indicates that these cells are less likely to induce an effector T cell response than 

PLAU-low Tregs.  

TNFRSF8, also called CD30, belongs to the tumor necrosis factor receptor family. Its 

ligand is CD30L (TNFSF8). TNFRSF8 is expressed by activated T and B cells. Tumor necrosis 

factor receptor-associated factor 5 (TRAF5) and TRAF2 are found to act together with TNFRSF8 

and are capable to activate the NF-κb pathway (Aizawa et al., 1997; Kieff, 1997). TNFRSF9, also 

called CD137, belongs to the tumor necrosis factor receptor family. It is expressed by activated B 

and T cells, and higher in CD8 than in CD4 T cells. TNFRSF9 acts as a co-stimulator for 

activated T cells, leading to T cell proliferation, IL2 secretion and an accumulation of activated T 

cells (So et al., 2008). Cross-linking of CD137 with activated T cells remarkably increased the 

immune response and CD137-antibodies were found to ameliorate autoimmune diseases (Thum 

et al., 2009). The upregulation of TNFRSF8 and TNFRSF9 in PLAU-low Tregs again suggests 

that they exhibit more effector T cell characteristics compared to PLAU-high Tregs.  

TNFSF4, a ligand for receptor TNFRSF4, also known as CD252, belongs to the tumor 

necrosis factor ligand family. This cytokine, together with CD70, is found to provide CD28 co-

stimulatory signals to T cells. TNFSF4 and its receptor have been described to play a role in early 

stimulation stage of T cells (Cunninghame Graham et al., 2008; Chang et al., 2009; Delgado-
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Vega et al., 2009; Wang et al., 2009; Gourh et al., 2010). Therefore, PLAU-low Tregs, which 

exhibit higher TNFSF4 expression level, may have higher potency to give rise to the activation of 

effector T cell compared with PLAU-high Tregs. 

Taken together, the expression of T helper cytokines IL13, IL5, IRF4, CSF2, STAT1, IL15, 

TNFRSF8, TNFRSF9 and TNFSF4 were all higher in PLAU-low Treg than in PLAU-high Treg 

cells. These observations suggest that PLAU-low Tregs exhibit more an effector T cell 

characteristic than PLAU-high Tregs. Thus, it may be worthwhile to further study the 

relationship between PLAU and individual cytokines in more detail. 

 

6.2.4 Deletion of the Plau gene in mice affects the frenquency of Foxp3+ cells in the 

thymus  

Since knockdown experiments and functional assay suggested that the PLAU gene in 

human Tregs may play an important role in Treg function, we studied Plau-deficient knockout 

mice (Carmeliet et al., 1994). Plau knockout (KO) mice had similar body weights at birth 

compared to wild type mice. However, at the age of 22 to 26 weeks, 5% of homozygote KO mice 

developed rectal prolapse of a non-infectious origin and severe non-healing ulcerations at the ears 

around the ear tag and the face (Carmeliet et al., 1994). Upon infection with C. neoformans, Plau 

mutant mice showed an impaired T cell proliferation in regional lymph nodes and failed to 

produce high levels of Th1 cytokines (IFN-gamma and IL-12) in the lung. Instead, they exhibited 

increased levels of IL-5, a Th2 cytokine (Gyetko et al., 2002). However, no studies were 

performed so far to investigate CD4+CD25+Foxp3+ Tregs in Plau KO mice.  

Here, I first examined the frequency of Foxp3+CD4+ Treg cells in different lymphatic 

organs, including mesenteric lymph nodes (mLN), peripheral lymph nodes (pLN), spleen and 

thymus. I found that the percentage of Foxp3+ cells among CD4+ cells was significantly higher 

in wild type compared to KO mice in the thymus. This finding demonstrated the importance of 

Plau expression for Tregs development in thymus. However, no difference of Foxp3+ Tregs 
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percentage among CD4+ cells was observed in mLN, pLN and spleen of WT compared to KO 

mice. This could be explained in several ways. The candidate regulatory gene PLAU was 

identified during human Treg activation process. Thus PLAU may play a more important role 

during the process of Treg activation. However, the murine Tregs which I studied here represent 

naive Tregs. Thus, a difference of Foxp3 expression may be observed after activation in mLN, 

pLN and spleen of WT and KO.  Therefore, further studies will be required to determine the 

relationship of Plau and Foxp3 in mice for the activation of Treg cells in mLN, pLN and spleen.  
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7 Publication which resulted from this thesis work 

A manuscript is in preparation to publish the results described here. The latest version of 

this manuscript is provided as a separate document. 
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