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Abstract 

Type 1 diabetes (T1D) is an organ-specific autoimmune disease and its high prevalence early 

in life and increasing incidence worldwide make it a considerable burden for the healthcare 

system. The disease is characterized by an immune-mediated destruction of the insulin 

producing beta cells in the pancreas, resulting in a loss of blood glucose control and fatal 

secondary complications if left untreated. 

Longitudinal studies of individuals at risk for developing T1D have shown that the disease 

progresses through distinct identifiable stages. Specifically, the clinically overt stage of T1D is 

preceded by a pre-symptomatic phase in which the appearance of islet autoantibodies 

indicates the onset of islet autoimmunity, often many years before clinical symptoms arise. 

While T cells play a major role in the destruction of pancreatic beta cells, molecular 

underpinnings promoting aberrant T cell activation remain poorly understood. CD25+Foxp3+ 

regulatory T cells (Tregs) are key players for the maintenance of immune homeostasis and 

their impaired induction, stability and function can critically contribute to the loss of immune 

tolerance and the activation of autoimmunity. Therefore, improved Treg induction and 

stability are promising approaches aiming at the restoration of immune homeostasis. 

Epigenetic modifications, including DNA methylation of regulatory gene elements, are well 

established regulators of Treg function and the demethylation of the Foxp3 CNS2 is linked to 

sustained Foxp3 expression and Treg stability. Furthermore, recent studies have highlighted 

miRNAs as critical contributors to immune function and homeostasis, by fine-tuning the 

expression of relevant genes. Therefore, the focus of this thesis was set on the potentially 

regulatory network of both miRNAs and DNA methylation contributing to aberrant immune 

activation, autoimmunity and the progression to symptomatic T1D. 

A first set of experiments confirmed the important role of DNA methylation of the Foxp3 CNS2 

for Treg identity and function and provided novel insights into the role of this regulatory 

region during Treg induction in vitro. 

Using unbiased approaches including miRNA sequencing of CD4+ T cells of children with and 

without islet autoimmunity and HITS CLIP, I identified specific miRNAs in T cells that could 

contribute to the onset of autoimmunity. Specifically, miR142-3p and its relevant targets and 

downstream pathways were further investigated. miR142-3p was upregulated during the 
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onset of autoimmunity which resulted in decreased expression of its direct target Tet2. The 

direct targeting of Tet2 was confirmed using a combination of various molecular and cellular 

approaches, including miRNA modulation and loss-of-function models. The downregulation 

of the epigenetic modifier Tet2 was directly linked to impaired DNA demethylation of the 

Foxp3 CNS2 during autoimmunity and correlated with reduced frequencies of Foxp3+ Tregs in 

the pancreas of mice with ongoing islet autoimmunity. I demonstrated that the inhibition of 

miR142-3p restores Tet2 levels, improves Treg induction in vitro and reduces autoimmunity 

in mouse models of T1D autoimmunity in vivo. Furthermore, the relevance for established 

human T1D and therefore the translatability of the previous findings was shown in humanized 

mouse models. 

In summary, I showed that during islet autoimmunity a miR142-3p/Tet2/Foxp3 axis in murine 

and human CD4+ T cells leads to impaired epigenetic remodeling and consequently interferes 

with the efficient induction of Tregs and impaired Treg stability. These results offer a new 

mechanistic model where during islet-autoimmunity miR142-3p/Tet2-mediated Treg 

instability can contribute to autoimmune activation and progression and suggest that 

targeting miR142-3p and/or Tet2 could contribute to the development of novel intervention 

strategies, aiming at improved Treg induction and stability to interfere with islet 

autoimmunity. 
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Zusammenfassung 

Typ 1 Diabetes (T1D) ist eine organspezifische Autoimmunerkrankung, die aufgrund ihrer 

hohen Prävalenz im Kindes- und Jugendalter und der weltweit steigenden Inzidenz eine 

erhebliche Belastung für das Gesundheitssystem darstellt. Die Krankheit ist durch eine 

immunvermittelte Zerstörung der insulinproduzierenden Beta-Zellen in der 

Bauchspeicheldrüse gekennzeichnet, die unbehandelt zu einem Verlust der 

Blutzuckerkontrolle und schwerwiegenden Folgekomplikationen führt. 

Prospektive Kohortenstudien die Kinder mit einem erhöhten genetischen Risiko an T1D zu 

erkranken von Geburt an untersuchten, haben gezeigt, dass die Krankheit in verschiedenen, 

klar unterscheidbaren Stadien fortschreitet. Dem klinisch manifestierten Stadium von T1D 

geht eine prä-symptomatische Phase voraus. Diese sogenannte Inselautoimmunität wird 

durch das Auftreten von Inselautoantikörpern anzeigt, teilweise viele Jahre vor dem Auftreten 

von klinischen Symptomen. Zahlreiche Studien haben gezeigt, dass T-Zellen eine wichtige 

Rolle bei der Zerstörung der Beta-Zellen in der Bauchspeicheldrüse spielen, die molekularen 

Grundlagen, die zur Aktivierung von autoreaktiven T-Zellen führen, sind aber noch 

weitestgehend unbekannt. CD25+Foxp3+ regulatorische T-Zellen (Tregs) sind von 

entscheidender Wichtigkeit für die Aufrechterhaltung der Immunhomöostase und die 

Beeinträchtigung ihrer Induktion, Stabilität und Funktion kann entscheidend zum Verlust der 

Immuntoleranz und zur Aktivierung der Autoimmunreaktion beitragen. Daher sind eine 

verbesserte Treg-Induktion und Stabilität vielversprechende Ansätze zur Wiederherstellung 

der Immunhomöostase. 

Epigenetische Modifikationen, wie die DNA-Methylierung von regulatorischen 

Genelementen, fungieren als wichtige Regulatoren der Funktion von Tregs und die 

Demethylierung der Foxp3 CNS2 ist mit einer dauerhaften Foxp3 Expression und der Stabilität 

von Tregs verbunden. Außerdem haben mehrere, kürzlich durchgeführte Studien gezeigt, 

dass miRNAs durch die Feinregulierung der Expression wichtiger Gene entscheidend zur 

Immunfunktion und -Homöostase beitragen. Daher lag der Schwerpunkt dieser Arbeit auf 

einem potentiell regulatorischen Netzwerk aus miRNAs und DNA-Methylierung, das zur 

fehlgeleiteten Immunaktivierung, zur Autoimmunität und zum Fortschreiten zum 

symptomatischen T1D beiträgt. 
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Erste Experimente bestätigten die zentrale Rolle der DNA-Methylierung der Foxp3 CNS2 für 

die Identität und Funktion von Tregs und lieferten darüber hinaus neue Einblicke in die Rolle 

dieser regulatorischen Genregion für die Treg Induktion in vitro. 

Mit Hilfe unterschiedlicher Methoden wie miRNA Sequenzierung von CD4+ T-Zellen von 

Kindern mit und ohne Inselautoimmunität und HITS-CLIP, identifizierte ich spezifische miRNAs 

in T-Zellen, die zum Einsetzen der Autoimmunität beitragen könnten. In der Folge wurden 

miR142-3p und ihre relevanten Ziel-mRNAs, sowie nachfolgende Signalwege genauer 

untersucht. miR142-3p wurde während des Einsetzens der Autoimmunität hochreguliert, was 

zu einer verminderten Expression ihrer direkten Ziel-mRNA Tet2 führte. Unter Verwendung 

einer Kombination verschiedener molekularer und zellulärer Ansätze, einschließlich miRNA-

Modulation und Funktionsverlustmodellen, konnte die Tet2 mRNA als direktes Ziel von 

miR142-3p bestätigt werden. Die verminderte Expression des epigenetischen Modulators 

Tet2 war direkt mit einer gestörten DNA-Demethylierung der Foxp3 CNS2 während der 

Autoimmunität verbunden. Dies korrelierte mit einer reduzierten Frequenz von Foxp3+ Tregs 

im Pankreas von Mäusen mit Inselautoimmunität. Die Hemmung von miR142-3p führte zu 

einer Normalisierung der Tet2 Abundanz, verbesserter Treg Induktion in vitro und 

verringerter Autoimmunität in T1D-Mausmodellen in vivo. Des Weiteren wurden mithilfe von 

humanisierten Mausmodellen die Relevanz der bisherigen Befunde und damit eine mögliche 

Anwendbarkeit für etablierten humanen T1D gezeigt. 

Zusammenfassend konnte ich zeigen, dass eine miR142-3p/Tet2/Foxp3-Achse in murinen und 

humanen CD4+ T-Zellen während der Autoimmunität zu einer beeinträchtigten 

epigenetischen Signatur der Foxp3 CNS2 führt und folglich die effiziente Induktion von Tregs 

und die Stabilität von Tregs beeinträchtigt. Diese Ergebnisse bieten ein neues mechanistisches 

Modell, bei dem miR142-3p/Tet2-vermittelte Treg-Instabilität während der Insel-

Autoimmunität zur Autoimmunaktivierung und -progression beitragen kann. Zusätzlich 

deuten die vorliegenden Befunde darauf hin, dass die gezielte Modulation von miR142-3p 

und/oder Tet2 zur Entwicklung neuartiger Interventionsstrategien beitragen könnte, die auf 

verbesserte Treg-Induktion und -Stabilität abzielen, um so das Einsetzen von 

Inselautoimmunität zu verhindern. 
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1 Introduction 

1.1 Immunological self-tolerance and autoimmunity 

The immune system detects and eliminates harmful pathogens and discriminates them from 

the organism’s own tissues. A major contributor to appropriate function of the immune 

system is the discrimination between self and non-self, executed by two distinct mechanisms: 

recessive and dominant tolerance. 

Recessive tolerance takes place during T cell development in the thymus. Lymphocytes with 

a high affinity for self-peptides are subjected to negative selection by deletion (apoptotic cell 

death) or functional inactivation (anergy). This concept was first proposed in the clonal 

selection theory (Burnet, 1959; Lederberg, 1959). However, autoreactive lymphocytes can 

escape the negative selection in the thymus and reach the periphery. 

Self-tolerance in the periphery or dominant tolerance is maintained by a specific lineage of T 

cells that actively suppresses autoreactive T cells, called regulatory T (Treg) cells. The balance 

between immunity and tolerance is a complex and tightly regulated process which requires 

precise control of lymphocyte development and function. The dysregulation of these control 

mechanisms critically contributes to the development and activation of autoreactive 

lymphocytes which can lead to autoimmunity. 

The concept of autoimmunity was first proposed by Nobel Prize Laureate Paul Ehrlich in the 

early twentieth century when he described the “horror autotoxicus” (Ehrlich et al., 1907). 

There are more than 80 diseases with an autoimmune etiology, and their high prevalence 

early in life and rising incidence makes them a significant burden for the healthcare system. 

Autoimmune diseases can be classified into systemic or organ-specific diseases, such as 

Multiple Sclerosis, Rheumatoid Arthritis and Type 1 Diabetes (T1D), which is the most 

common autoimmune disease in young children with an estimated doubling in new cases 

from 2005 to 2020 in children below the age of 5 years (Patterson et al., 2009). 

1.2 Type 1 Diabetes 

In T1D, impaired immune tolerance mechanisms result in a loss of self-tolerance to the 

insulin-producing islet beta cells in the pancreas, their destruction by autoreactive T cells and 

consequently a loss of blood glucose control (Bluestone et al., 2010). In healthy individuals, 
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the beta cells in the islets of Langerhans maintain physiological glucose levels in the blood 

within a narrow range, by sensing the level of glucose and releasing insulin as required. Thus, 

besides their function of producing insulin, they are sensitive glucose sensors, crucial for the 

maintenance of blood glucose homeostasis. In T1D immune cells infiltrate the pancreas, 

leading to the progressive loss of beta cell function which results in the clinically overt disease. 

In order to avoid fatal secondary complications resulting from hyperglycemia, livelong insulin 

replacement therapies are required. However, even with ongoing insulin supply secondary 

complications like kidney failure and heart diseases can occur (Steffes et al., 2003). 

1.2.1 Role of effector T cells in T1D 

As described above, T1D is mediated by an immune cell mediated destruction of the insulin 

producing beta cells in the pancreatic islets of Langerhans. This process is initiated by insulitis, 

the process of immune cell infiltration into the islets. Interestingly, the level of insulitis differs 

considerably between human T1D patients and mouse models like the NOD mouse, which 

exhibits much higher numbers of infiltrating cells (Morgan and Richardson, 2018). The 

infiltrating immune cells comprise of CD8+ T cells, CD4+ T cells, B cells and macrophages, with 

CD8+ T cells being the most abundant cell type (Leete et al., 2016). In addition to the immune 

cell infiltration, insulitis is characterized by an increased expression of HLA-I molecules in islet 

cells (Foulis et al., 1986). This hyperexpression is associated with interferon production and 

contributes to the explanation of the predominance of CD8+ T cells in the infiltrates 

(Richardson et al., 2016). Despite the high abundance of CD8+ T cells in the pancreatic 

infiltrates, in this thesis the focus was set on CD4+ T cells. Various subsets of CD4+ T cells have 

been identified as important contributors to autoimmune diseases including T1D but also 

multiple sclerosis (Dittel, 2008), rheumatoid arthritis (Cope et al., 2007) and Crohn’s disease 

(Chao et al., 2014). In T1D, multiple studies have identified and further characterized 

infiltrating CD4+ T cells autoreactive against islet antigens. These identified subsets include 

Th1, Th2 (Szebeni et al., 2005), Th17 (Arif et al., 2011; Ferraro et al., 2011; Reinert-Hartwall 

et al., 2015), Th9, Th22 (Ryba-Stanisławowska et al., 2016) and TFH cells (Ferreira et al., 2015; 

Kenefeck et al., 2015). 
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1.2.2 Genetic risk and triggers of T1D 

It is widely accepted that both genetic and environmental factors including diet, microbial 

exposure and certain viruses contribute to the risk of developing T1D. The strong genetic 

contribution is, besides others, indicated by an increased risk of up to ten times in children 

with a first-degree relative with T1D (Bonifacio et al., 2004; Hemminki et al., 2009; Winkler et 

al., 2019; Ziegler and Nepom, 2010). Specifically, the human leucocyte antigen (HLA) class II, 

with the genotype HLA-DR4, HLA-DQ8 has been identified as the most robust predictor of 

genetic risk to develop T1D, with a risk of around 5% even without a family history of T1D 

(Emery et al., 2005; Ziegler and Nepom, 2010). 

1.2.3 Presymptomatic T1D: islet autoimmunity 

Longitudinal studies of individuals at risk for developing T1D show that the disease 

progression is characterized by distinct identifiable stages prior to the onset of the clinically 

overt disease (Insel et al., 2015; Ziegler et al., 2013). The appearance of autoantibodies 

against islet autoantigens defines the pre-symptomatic phase of T1D which is therefore 

termed “islet autoimmunity”. Islet autoantigens include insulin (Palmer et al., 1983), glutamic 

acid decarboxylase (GAD) (Baekkeskov et al., 1990), insulinoma-antigen 2 (IA2) (Lan et al., 

2009; Rabin et al., 1994) and zinc transporter 8 (ZnT8) (Wenzlau et al., 2007), and 

autoantibodies can be present in the blood years or even decades before the onset of 

hyperglycemia (Ziegler and Nepom, 2010; Ziegler et al., 2013). Despite ongoing research 

efforts and although recent studies significantly contributed to our understanding of T1D 

pathogenesis, the molecular mechanisms underlying the heterogeneity, the onset of islet 

autoimmunity and the progression to symptomatic diabetes remain poorly understood. 

Since at the time of onset of the symptomatic disease most of the beta cell mass is already 

destroyed, the pre-symptomatic phase has come into focus of research approaches aiming at 

the mechanistic dissection of the underlying molecular mechanisms triggering islet 

autoimmunity. Recently, the specific roles of different T cell subsets during the pre-

symptomatic stage of T1D and their contribution to immune activation and autoimmunity 

have been highlighted (Heninger et al., 2017; Serr et al., 2016a, 2016b, 2018). An altered 

autoantigen response in CD4+ T cells has been shown in longitudinal samples collected 

starting shortly after birth from children at risk for T1D, even prior to autoantibody 

seroconversion (Heninger et al., 2017). Furthermore, a slow progression from pre-
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symptomatic islet autoimmunity to clinical T1D in children was associated with high 

frequencies of insulin-specific Tregs and Treg induction from naive CD4+ T cells was shown to 

be impaired in children with recent onset of islet autoimmunity (Serr et al., 2016b). These 

findings suggest a crucial role for Tregs in delaying or possibly preventing the progression 

from pre-symptomatic islet autoimmunity to clinical T1D. 

1.3 Tregs mediate immune tolerance 

As above-mentioned Tregs are well established key players for the maintenance of peripheral 

immune tolerance by inhibiting their autoreactive counterparts in various ways, and defects 

in Treg induction and function are important contributors to autoimmune disorders like T1D 

(von Boehmer and Daniel, 2013; Josefowicz et al., 2012; Sakaguchi et al., 2008). 

1.3.1 History of Treg research 

This again highlights that for the maintenance of immune homeostasis, understanding both 

the initiation and maintenance of adequate immune responses protective to the host and the 

suppression of deleterious, overshooting immune responses are essential. The latter is 

especially important to avoid autoimmunity, allergy and immune responses to commensal 

microbes or to the fetus during pregnancy. The existence of cellular mediators of suppression 

or regulation of immune responses was already reported in 1970 when it was shown that T 

cells could not only boost but also reduce immune responses (Gershon and Kondo, 1970). 

Due to the reported function of the identified T cell population, they were termed suppressor 

cells. Over the following years suppressor cells were intensively studied and complex 

interactions with other cells, as well as soluble factors were reported to mediate their 

suppressive function (Green et al., 1983). However, in the 1980s successive studies 

questioned the interpretation of these results (Kronenberg et al., 1983) and a lack of 

appropriate methods to clear up this doubt resulted in a rapid decline of research interest in 

this field. The field of suppressor cell research regained attention in the 1990s when it was 

reported that a subpopulation of CD4+ T cells was capable of preventing autoimmunity in mice 

(Sakaguchi et al., 1995). In the same study, additional markers for the unambiguous 

identification of these cells, now called regulatory T cells (Tregs), were described. 
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1.3.2 Characterization of Tregs 

It is now well established that Tregs are characterized by the expression of CD4, the high-

affinity α chain of the interleukin 2 receptor (CD25), and most importantly the transcription 

factor Foxp3, which functions as a master regulator of Treg differentiation, maintenance and 

function (Fontenot et al., 2003; Roncador et al., 2005). The deleterious consequences of 

mutations in the FOXP3 gene, leading to fatal autoimmune phenotypes in both mice (scurfy 

mice) and humans (IPEX - immunodysregulation, polyendocrinopathy, enteropathy, X-linked 

syndrome) highlight the crucial role of Foxp3 in Treg development and its impact on immune 

homeostasis (Bennett et al., 2001; Khattri et al., 2003). Similarly, the depletion of Tregs in 

newborn mice results in impaired immune regulation and severe autoimmune disease (Kim 

et al., 2007; Lahl et al., 2007). Since its discovery the crucial role of Foxp3 for Tregs has been 

studied extensively. For example, multiple studies revealed regulatory regions in the Foxp3 

promoter and other noncoding sequences of the Foxp3 gene. These regions control the 

expression of Foxp3 and are regulated by various mechanisms including epigenetic 

modifications (Baron et al., 2007; Floess et al., 2007; Mantel et al., 2006) and transcription 

factor binding (Burchill et al., 2007; Tone et al., 2008). Furthermore the structure of Foxp3 

including its functional domains was identified (Bandukwala et al., 2011; Lopes et al., 2006; 

Walker et al., 2003) and multiple target genes (Hill et al., 2007; Marson et al., 2007; Zheng et 

al., 2010) and interactions partners were described (Li et al., 2007a; Ono et al., 2007; Trim et 

al., 2013; Wu et al., 2006; Zhang et al., 2008; Zhou et al., 2008a), forming a complex 

interaction network termed Foxp3 interactome (Rudra et al., 2012). 

1.3.3 Suppression mechanisms of Tregs 

In order to exert their regulatory function, Tregs affect a wide range of immune cells, including 

T cells, B cells, natural killer (NK) cells and antigen presenting cells (APCs) by suppressing their 

activation, proliferation and effector function, both in vivo and in vitro (Sakaguchi et al., 2008; 

Vignali et al., 2008). The suppression mechanisms of Tregs are highly diverse regarding their 

functional modes of action and include inhibitory cytokines, cytolysis, metabolic disruption 

and targeting of dendritic cells. The secretion of inhibitory cytokines, including IL10, IL35 and 

TGFβ, directly suppresses the function of effector T cells and induces cell cycle arrest 

(Asseman et al., 1999; Fahlén et al., 2005; Green et al., 2003). Furthermore, Tregs can function 

as cytotoxic cells and directly kill effector cells via granzyme A, granzyme B or perforin 
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dependent mechanisms, inducing apoptosis or cytolysis of the targeted effector cell 

(Grossman et al., 2004). Metabolic disruption of effector cells is carried out by cytokine 

deprivation mediated apoptosis. Tregs express high levels of CD25, the IL2 receptor α chain, 

which enables them to consume high amounts of IL2, leading to cytokine deprivation and 

subsequent apoptosis of the effector cells (Pandiyan et al., 2007). Other mechanisms are 

cyclic AMP mediated inhibition and CD39/CD73 generated, adenosine receptor 2A mediated 

immunosuppression (Deaglio et al., 2007). Last but not least, Tregs can directly target 

dendritic cells, inhibiting their maturation and function and thereby promoting the 

establishment of tolerogenic dendritic cells (Bluestone and Tang, 2005). The interaction of 

LAG3 with the MHC II complex mediates suppression of the maturation, while the binding of 

CTLA4 to CD80/CD86 induces IDO, which induces an immunosuppressive phenotype (Oderup 

et al., 2006). Although Tregs are highly specific for the antigen corresponding to their 

particular T cell receptor (TCR), their suppressive capacity does not require direct cell-cell-

contact. The ability to secret and consume cytokines and other soluble mediators of immune 

function, enables the suppression of numerous effector cells in their proximity by a 

mechanism called bystander suppression (Miller et al., 1991). 

1.3.4 Transcriptional regulation of Treg homeostasis 

As described above Foxp3 is the master transcription factor of Tregs with an essential role for 

their development, maintenance and function. However, Foxp3 function depends of a highly 

complex network of co-factors and binding-partners. The analysis of this regulatory network 

revealed that Foxp3 forms numerous multiprotein complexes with more than 360 different 

proteins, 30% of which were related to regulation of transcription. Multiple of these proteins 

are directly regulated by Foxp3 while others are necessary to maintain the transcription of 

Foxp3. Thus, the Treg phenotype is controlled by a highly complex, self-reinforcing 

transcriptional network that consists of Foxp3 its multiple partners (Rudra et al., 2012). Some 

proteins regulating Foxp3 expression and Treg homeostasis which are of considerable 

importance for this thesis are described below. 

Stat5 has been shown as a downstream target of IL2 and is critically involved in Treg 

development (Mahmud et al., 2013). CD4+ T cells receiving a high affinity TCR signal express 

IL2Rα and IL2Rβ which makes them highly responsive to IL2. In a second, TCR independent 

step these Treg progenitors receive IL2 signals which are transmitted via Stat5 to induce Foxp3 
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expression, resulting in Treg maturation. TGFβ has been shown to exhibit potent 

immunoregulatory properties, among others by inducing the expression of Foxp3 in Tregs 

(Konkel et al., 2017). TGFB binds to TGFBR which activates several transcriptions factors, 

including Smad proteins. These are phosphorylated and activated which results in their 

translocation to the nucleus where they regulate the transcription of their target genes like 

Foxp3. Bach2 is a transcriptional repressor which was initially described as a B cell-specific 

transcription factor involved in class-switch recombination and somatic hypermutation 

(Ichikawa et al., 2014; Muto et al., 1998). However, recent data additionally highlight a key 

role for Bach2 in regulating T cell differentiation and function. Bach2 belongs to a class of 

transcription factors that regulates transcriptional activity in T cells at super-enhancers, or 

regions of high transcriptional activity (Richer et al., 2016). Bach2 deficient Treg cells exhibit 

reduced expression of Foxp3 and an impaired suppressive function (Roychoudhuri et al., 

2013). By inhibiting transcription factors involved in T cell effector function and consequently 

the transcriptional programs of effector T cells, Bach2 contributes to the maintenance of 

naive T cells as well as to the differentiation of Tregs. 

1.3.5 Treg induction in vivo 

Besides their differentiation in the thymus, Tregs can also be induced from naive T cells in the 

periphery upon exposure to antigen. It has been shown that the efficient in vivo induction of 

stable Tregs requires the binding of a strong-agonistic antigen to the TCR under 

subimmunogenic conditions (von Boehmer and Daniel, 2013; Daniel et al., 2010, 2011a; 

Kretschmer et al., 2005). These subimmunogenically induced Tregs are stable and can keep 

up their suppressive function even upon antigen exposure and stimulation. In contrast, higher 

doses of TCR ligands and strong co-stimulatory signals interfere with stable Treg induction by 

activating the PI3K/Akt/mTOR pathway, and consequently resulting in T cell activation. The 

costimulatory molecule CD28 activates PI3K (Garçon et al., 2008) which phosphorylates Akt, 

resulting in the activation of mTOR. mTOR induces the phosphorylation of Foxo proteins 

Foxo1 and Foxo3a, resulting in their export from the nucleus which interferes with Foxp3 

induction and expression. Therefore, factors inhibiting the PI3K/Akt/mTOR pathway such as 

phosphatase and tensin homolog (PTEN) are crucial for Treg induction and function (Delgoffe 

et al., 2013; Ouyang et al., 2010). 
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1.3.6 Antigen-specific Treg induction 

The relevance of antigen-specific Treg induction for the development of T1D and the role of 

insulin as an essential autoantigen have been highlighted in studies using the NOD mouse 

model (Jaeckel et al., 2004; Nakayama et al., 2005). The high risk of developing T1D in these 

mice is linked to the NOD MHCII IAg7 genotype (Hattori et al., 1986; Prochazka et al., 1987) 

and 90% of the pancreas infiltrating T cells recognize an IAg7-restricted insulin epitope of the 

B chain comprising residues 9-23 (B:9-23) (Alleva et al., 2001; Daniel et al., 1995). Here, due 

to a polymorphism of the IAG7 the insulin B:9-23 peptide is presented inefficiently by the 

MHCII, resulting in an increased escaped of autoreactive T cells from negative selection in the 

thymus and an inefficient Treg induction in the periphery (Stadinski et al., 2010; 

Wucherpfennig and Sethi, 2011). To compensate for this inefficient antigen presentation, 

insulin mimetopes with altered amino acid sequences were developed in order to improve 

antigen presentation (Crawford et al., 2011; Stadinski et al., 2010). The application of these 

mimetopes to young NOD mice resulted in an improved induction of antigen-specific Tregs in 

vivo as indicated by higher frequencies of insulin-specific Tregs in the pancreatic lymph nodes 

and the pancreas. Furthermore, the progression to T1D was delayed compared to mice 

treated with the natural insulin epitope (Daniel et al., 2011b). 

1.3.7 Treg induction in vitro 

Treg induction from naive CD4+ T cells in vitro is most commonly achieved by TCR stimulation 

in the presence of TGFβ. Even though high levels of Tregs can be induced and the resulting 

Tregs are functional, they do not resemble the stable phenotype and long-lasting suppressive 

function of their in vivo counterparts. However, especially in therapeutic approaches relying 

on Treg generation or expansion, the maintenance of Tregs is crucial for successful treatment 

strategies. When Tregs, induced in the presence of TGFβ, are transferred in vivo, they 

promptly lose Foxp3 expression and consequently their suppressive function (Floess et al., 

2007). The TGFβ independent in vitro Treg induction can be achieved by limiting the activity 

of the PI3K/Akt/mTOR pathway, by direct inhibition of this pathway or by limited TCR 

stimulation (Sauer et al., 2008) . Treg development and function have been shown to be 

regulated by a complex network including multiple transcriptional modulators and epigenetic 

mechanisms, which are particularly involved in the regulation of Treg stability. 
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1.4 Epigenetics 

The cells in a multicellular organism show and maintain different phenotypes, yet have an 

identical set of genetic information in their DNA. Epigenetics is commonly understood as 

potentially heritable mechanisms that control gene expression without directly altering the 

DNA sequence of the gene (Schuettengruber et al., 2011). Already in the late 1930s, before 

DNA was identified as the molecule carrying the genetic information, Conrad Waddington 

defined the term “epigenetic landscape” for mechanisms that control expression of genes 

and convert their information in phenotypes (Waddington, 1939). In contrast to the DNA 

sequence, epigenetic modifications can be easily altered in response to environmental 

stimuli. Furthermore, they can explain a considerable part of the phenotypic variations in 

humans, even more than the different genotypes alone (Turan et al., 2010). 

As regulators of gene transcription, epigenetic modifications play a crucial role in various 

biological fields, ranging from single cell level to multicellular organisms. A multitude of 

fundamental cellular processes are regulated by epigenetic modifications, including 

regulation of gene and miRNA expression, DNA-protein interactions, suppression of 

transposable element mobility, cellular differentiation, embryogenesis, X-chromosome 

inactivation and genomic imprinting. On a single cell level epigenetic mechanisms are crucial 

for cell differentiation and the maintenance of these highly specialized differentiated states. 

Stem cells giving raise to any type of cell and fully differentiated cells dividing into two 

phenotypically identical cells, while both cell types contain the exact same DNA sequence 

illustrate well the importance of this additional layer of regulation. Cloned animals are not 

identical to their donor regarding their phenotype although they arise from the same 

genotype and similarly human monozygotic twins show differences in their epigenetic 

landscape while their DNA sequence is identical (Portela and Esteller, 2010). 

Not all non-genetic control mechanisms are epigenetics and while it is debated whether 

noncoding RNAs are epigenetic, there is an agreement that epigenetic modifications should 

be reversible, heritable and self-perpetuating (Riddihough and Zahn, 2010). Epigenetic 

mechanisms can be grouped into three main categories: histone modifications, nucleosome 

positioning and DNA methylation, on which the focus was set in the context of this thesis. 
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1.4.1 DNA methylation 

DNA methylation represents one of the most essential and commonly inherited epigenetic 

modifications in mammalian cells. It is defined as the covalent addition of a methyl group to 

C-5 position of the cytosine ring of DNA (Esteller, 2008) and has been shown to be crucial for 

genomic imprinting (Girardot et al., 2013; Reik and Walter, 2001), X-chromosome inactivation 

(Briggs and Reijo Pera, 2014; Robert Finestra and Gribnau, 2017) and embryonic development 

(Feng et al., 2010). In mammals, DNA methylation occurs almost exclusively in the context of 

CpG dinucleotides with 98% in somatic cells and 75% in embryonic stem cells (Lister et al., 

2009). With about 1%, CpG sites are generally rare in mammalian genomes; however, they 

tend to form clusters called CpG islands, defined as regions longer than 200 bases, a GC 

content >50% and a ratio of observed to expected CpG frequencies of at least 0.6. CpG islands 

are localized primarily in promoter regions, with about 60% of human promoters being 

associated with such a region. The CpG sites in most promoter regions is unmethylated and 

only a low percentage (~6%) of promoters is methylated in differentiated tissues (Straussman 

et al., 2009). 

In addition to CpG islands there are regions in close proximity but with a lower density of CpG 

sites which show DNA methylation. The methylation of these so-called CpG island shores is 

associated with inhibited gene expression and most of the differentially methylated regions 

involved in tissue-specific gene expression pattern contain CpG island shores (Doi et al., 2009; 

Irizarry et al., 2009). 

In general, unmethylated CpG islands provide a chromatin structure which is favorable for 

transcriptional activation of genes. The CpG-binding protein Cfp1 binds selectively to non-

methylated CpG sites and recruits the histone methyltransferase Setd1, creating H3K4 

trimethylation (H3K4me3) histone methylation marks (Thomson et al., 2010). In contrast, 

DNA methylation represses transcription directly, by prevent the binding of activating DNA 

binding proteins like transcription factors (Esteller, 2007; Lopez-Serra and Esteller, 2008) or 

indirectly, by recruiting methyl-CpG-binding domain (MBD) proteins and associated 

repressive histone-modifying and chromatin-remodeling complexes (Kuroda et al., 2009). In 

addition to these direct regulatory effects in cis, DNA methylation and the associated protein 

complexes can also act in trans by physical interaction with distant regions, even on different 

chromosomes (Espada et al., 2007; Horike et al., 2005; Zhao et al., 2006). 
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1.4.2 Epigenetic modifications in autoimmune diseases 

The fact that autoimmune diseases concordance rates in monozygotic twins range from 13-

61% (Dang et al., 2013; Generali et al., 2017; Xiang et al., 2017) highlights the importance of 

non-genetic mechanisms and the impact of an impaired epigenetic landscape for diseases 

susceptibility. Epigenetic mechanisms such as altered DNA methylation patterns are a critical 

factor in the pathogenesis of several autoimmune diseases (Long et al., 2016; Lu, 2013; Paul 

et al., 2016; Strickland and Richardson, 2008). Global hypomethylation has been shown in 

autoimmune diseases including systemic lupus erythematosus (SLE) and rheumatoid arthritis. 

The mechanisms underlying these profound changes of the methylome are still poorly 

understood and specific hypomethylated regions are not yet sufficiently defined. However, 

hypomethylated genes that might be directly involved in disease pathogenesis have been 

reported in SLE patients (Javierre et al., 2010). In rheumatoid arthritis both hypomethylated 

genes and hypermethylated genes have been described (Javierre et al., 2008). In the context 

of T1D, several studies highlighted the potential importance of epigenetic modifications for 

diseases pathogenesis (Jerram et al., 2017). However, these studies did not provide sufficient 

insight in the underlying mechanisms to suggest novel intervention strategies based on these 

findings. A recent study reported multiple differentially methylated gene regulatory elements 

in T1D twins when compared to their healthy twins and compared to unrelated healthy 

controls (Paul et al., 2016). These differentially methylated regions were preferentially 

located in genes involved in the regulation of immune cell metabolism, cell cycle and mTOR 

signaling. 

1.4.3 DNA methylation in Tregs 

As described above, the long-term stability of Tregs, linked to constantly high levels of Foxp3 

expression, is crucial for the maintenance of immune homeostasis. The expression of Foxp3 

is linked to changes in DNA methylation, controlling gene activity by altering the accessibility 

of the DNA to transcription factors (Josefowicz et al., 2009; Kim and Leonard, 2007; Polansky 

et al., 2008). In particular, the hypomethylated state of four conserved non-coding sequences 

(CNS) within the Foxp3 locus ensures proper Foxp3 expression in Tregs. The CNS2 was 

identified as a critical regulator of long term stability of Foxp3 expression and consequently 

the Treg phenotype: it is completely demethylated in Tregs but fully methylated in 

conventional T cells and in vitro-induced Tregs (Baron et al., 2007; Feng et al., 2014; Floess et 
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al., 2007; Huehn and Beyer, 2015; Huehn et al., 2009; Li et al., 2014; Toker et al., 2013; Zheng 

et al., 2010). 

1.4.4. The DNA methylation machinery 

Despite ongoing research efforts, the mechanisms targeting DNA methylation to specific 

regions of the genome remain poorly understood. However, this presumably involves 

interactions between the DNA methylation machinery and chromatin-associated proteins 

(Robertson, 2005). The methylation of DNA is conducted by a family of proteins termed DNA 

methyltransferases (DNMTs) comprising DNMT1, DNMT3A and DNMT3B (Okano et al., 1998). 

DNMT1 is involved in reestablishing the DNA methylation pattern during DNA replication 

which is in line with its preference for hemimethylated DNA and its localization to the 

replication machinery (Probst et al., 2009). In contrast, DNMT3A and DNMT3B are involved in 

de novo methylation during embryonic development, explaining their preference for 

unmethylated CpG sites (Li, 2002; Okano et al., 1999). However, recent studies suggest that 

this categorization is less clear than reported before (Egger et al., 2006; Riggs and Xiong, 

2004). 

The removal of DNA methylation and consequently the establishment of hypomethylated 

regions is a multistep process, dependent on three members of the ten eleven translocation 

(Tet) family, Tet1, Tet2 and Tet3 (Iyer et al., 2009; Tahiliani et al., 2009). These enzymes are 

capable of oxidizing 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine (5fC), and 5-carboxylcytosine (5caC), all three intermediates of DNA 

demethylation (He et al., 2011; Ito et al., 2011; Pastor et al., 2013; Wu and Zhang, 2014). In 

line with the importance of hypomethylation in regulatory regions Tet genes are critical for 

the differentiation of CD4+ T cells in mice (Ko et al., 2011; Tsagaratou et al., 2014) and humans 

(Nestor et al., 2016), as well as Treg homeostasis and function (Nair and Oh, 2014; Wang et 

al., 2013; Yang et al., 2015b; Yue et al., 2016). These findings suggest that the Tet genes might 

also play a pivotal role for the loss of immune homeostasis in autoimmunity. 

The precise control of signaling pathways and their regulation on an epigenetic level are 

crucial for proper function of the immune system, including the regulation of lymphocyte 

development in the thymus and the prevention of autoimmune reactions in the periphery. 

Both, effector cell differentiation and activation as well as Treg homeostasis and function are 

critical for the balance of the immune system and their regulation depends on tunable 
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responses to minor changes in their environment. Specifically, TCR signaling can be regulated 

precisely by the expression of regulators of downstream signaling pathways including PI3K 

and NF-κB (Simpson and Ansel, 2015). Furthermore, and as described above, the 

establishment of differentially methylated regions in immuno-regulatory genes, as well as 

their precise alterations as required, are important regulators of immune function. One 

potential mechanism for the fine tuning of these pathways are miRNAs. 

1.5 miRNAs 

1.5.1 miRNAs: regulators of the immune system 

miRNAs belong to the group of small non-coding RNAs (ncRNAs) which are defined by their 

length of 20-30 nucleotides and their Argonaute (AGO) family protein-mediated mode of 

action. ncRNAs have emerged as key players in the regulation of various biological processes, 

including immune function and homeostasis. They can be grouped in three distinct families 

of regulatory small ncRNAs: miRNA, siRNA (small interfering RNA) and piRNA (PIWI-

interacting RNA), of which miRNAs are the most abundant class in most tissues. miRNAs are 

~22 nucleotides long, single-stranded and transcribed from the genome, alone or in 

polycistronic clusters. They control gene expression by complementary binding of their target 

mRNA, recruiting AGO family proteins and inducing mRNA cleavage, translational repression 

and mRNA deadenylation. 

The miRNA seed sequence is pivotal for its regulatory function. Spanning from nucleotide 

position 2 to 7, it facilitates target recognition via complementary binding to miRNA binding 

sites which can be located anywhere in the target mRNA but are slightly enriched for the 3’ 

UTRs (untranslated region). While the seed sequence is crucial for the recognition of the 

target the miRNA to mRNA interaction is additionally supported by nucleotides 8 and 13-16 

of the miRNA (Ha and Kim, 2014). miRNAs which share a highly similar seed sequence are 

grouped into families or clusters and their target genes overlap substantially (Bartel, 2004). 

The biogenesis of miRNAs is a complex process, consisting of the transcription of a miRNA 

gene into primary miRNA (pri-miRNA) transcripts, processing into pre-miRNAs and finally into 

mature miRNAs. Pri-miRNAs are mainly transcribed by RNA polymerase II (Lee et al., 2004), 

and the primary transcript can contain a single miRNA or a cluster of multiple miRNAs 

(Berezikov, 2011). The pri-miRNA is processed by Drosha (Lee et al., 2003) and DGCR8 (Denli 
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et al., 2004; Gregory et al., 2004) and the resulting pre-miRNA by Dicer (Hutvágner et al., 

2001) to produce the mature miRNA duplex. One strand of the mature miRNA is loaded into 

AGO to form the miRNA-induced silencing complex (miRISC) and guide the complex to its 

target mRNAs, while the other strand is discarded (Rand et al., 2005). 

The miRNA database MirBase comprises more than 2,500 human miRNA sequences 

(Kozomara and Griffiths-Jones, 2014) although the actual number of existing miRNAs is 

supposed to be up to ten times higher (Rodríguez-Galán et al., 2018). Most miRNAs target a 

multitude of genes (Bartel, 2004) and more than 60% of human protein-coding genes contain 

conserved miRNA binding sites in addition to numerous non-conserved sites (Friedman et al., 

2009; Ha and Kim, 2014), illustrating the complexity of miRNA-induced gene regulation. In 

line with their suggested contribution to the regulation of tissue homeostasis and function, 

miRNAs exhibit tissue-specific expression patterns, which are regulated on the level of 

transcription (Ha and Kim, 2014; Landgraf et al., 2007). Given the broad role of miRNAs for 

the regulation of various complex biological processes and the multitude of miRNA targets, 

dysregulated miRNA expression can contribute to various diseases, including autoimmunity, 

cancer (Lujambio and Lowe, 2012) and neurological diseases (Im and Kenny, 2012). 

1.5.2 miRNAs as biomarkers in autoimmunity 

The importance of biomarkers for studying disease and developing novel treatment strategies 

continues to grow in many areas of clinical practice. While most diseases symptoms are 

subjective, biomarkers provide an objectively quantifiable way to characterize disease to 

enable diagnosis and treatment as early and precise as possible, also facilitating strategies of 

personalized precision medicine aiming at the maximum benefit for the patient. 

Levels of circulating miRNAs can be analyzed in small volumes of peripheral blood. Given this 

minimal invasiveness and the importance of miRNAs for immune homeostasis, several studies 

have investigated the impact of circulating miRNAs on diseases development and their 

potential suitability to predict diseases progression (Nielsen et al., 2012; Salas-Pérez et al., 

2013; Sebastiani et al., 2012). miRNAs involved in the function of lymphocytes and beta cells 

were found to be differentially expressed in whole blood and serum obtained from newly 

diagnosed T1D patients compared to healthy controls. The abundance of miRNA21a and 

miRNA93, which are involved in NF-κB signaling and negatively regulate apoptotic and 

inflammatory genes, was significantly reduced in peripheral blood mononuclear cells (PBMCs) 
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of T1D patients (Salas-Pérez et al., 2013). In contrast, residual beta cell function and glycemic 

control in individuals with recent onset of T1D was associated with high levels of miRNA25 

(Nielsen et al., 2012). miR146a was significantly downregulated in PBMCs of patients with 

newly diagnosed T1D and the decreased miRNA expression was associated with high GAD 

autoantibody titers in the serum (Yang et al., 2015a) while an upregulation of miR326 

correlated with the presence of autoantibodies against GAD and IA2 (Sebastiani et al., 2012). 

A meta-analysis of studies investigating circulating miRNA profiles in T1D patients revealed 

eleven differentially expressed miRNAs: miR-21-5p, miR-24-3p, miR-100-5p, miR-146a-5p, 

miR-148a-3p, miR-150-5p, miR-181a-5p, miR-210-5p, miR-342-3p, miR-375 and miR-1275. 

These miRNAs were involved in immune regulation, cell proliferation and insulin processing, 

suggesting them as potential biomarkers for T1D (Assmann et al., 2017). 

As illustrated above, the importance of the pre-symptomatic phase of T1D for the 

understanding of the underlying mechanisms as well as the development of intervention 

strategies has been increasingly recognized. Nevertheless, only few studies have investigated 

miRNA levels in individuals with islet autoimmunity before the onset of clinical T1D. One of 

these rare studies analyzed serum miRNAs in high-risk individuals positive for multiple islet 

autoantibodies, age-matched healthy children and recent-onset T1D patients. The authors 

found similar miRNA levels in the high-risk group and the healthy controls and no specific 

miRNA signature could be identified in the high-risk group. Furthermore, the serum miRNA 

levels were not able to distinguish between risk-individuals progressing to clinical disease and 

non-progressors. Interestingly, several miRNAs were associated with glucose homeostasis 

and autoantibody titers and these miRNAs correlated with glycemic status and ongoing islet 

autoimmunity in high-risk individuals (Åkerman et al., 2018). In a large cohort of 150 

autoantibody-positive and 150 autoantibody-negative family-matched siblings revealed 

several miRNAs in the serum reflecting islet autoimmunity and progression to T1D with miR-

21-3p, miR-29a-3p and miR-424-5p showing the strongest correlation (Snowhite et al., 2017). 

Nevertheless, so far it seems doubtful that circulating miRNAs are a valuable tool for T1D risk 

assessment. 

Whole blood or serum samples of T1D patients are readily available, but their potential to 

give insight into the mechanisms underlying disease pathogenesis and progression seems to 

be rather limited: Changes in miRNA profiles of these highly diverse, mixed populations of 
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hematopoietic cells may result from changes in the abundance of specific cell subsets or their 

miRNA expression, rather than global changes in miRNA expression. In addition, in organ-

specific diseases profiles from whole blood or serum might not reflect the situation in the 

affected organ. Therefore, the analysis of relevant miRNAs in cell types directly involved in 

autoimmune pathogenesis, such as Tregs, are of great interest and can provide considerable 

insight into the underlying mechanisms. Also, in order to validate circulating miRNAs as 

potential biomarkers and gain further insight into their contribution to onset and progression 

of autoimmunity, miRNA profiles of relevant immune cell subsets, ideally in the affected 

organs, are essential. However, these approaches are often impeded by the limited 

availability of samples of the affected organs, especially during the important 

presymptomatic phase. Furthermore, the affected organs generally contain only very low 

numbers of the relevant immune cells additionally hindering the broad applicability of these 

in principle promising approaches. 

1.5.3 miRNA regulation of Tregs 

The Treg-specific ablation of Dicer or Drosha in mouse models clearly revealed the crucial role 

of miRNAs for Treg homeostasis and function. While thymic Treg development was unaltered, 

the Treg-specific miRNA deficiency resulted in impaired Treg homeostasis resulting in reduced 

suppressive function and fatal systemic autoimmunity (Chong et al., 2008; Cobb et al., 2006; 

Liston et al., 2008; Zhou et al., 2008b). Additional studies identified individual miRNAs 

contributing to these defects, including effects on thymic Treg development, Treg induction, 

Foxp3 expression, Treg stability and suppressive function. 

miR155 is highly abundant in Tregs and directly regulated by Foxp3. In mouse models miR155 

deficiency resulted in impaired Treg development and homeostasis and consequently 

reduced levels of Tregs in the thymus and the spleen (Kohlhaas et al., 2009; Lu et al., 2009). 

In miR155-deficient Tregs the expression of Foxp3 is reduced and instable while in vitro Treg 

induction is unaffected. miR155 targets suppressor of cytokine signaling 1 (SOCS1), a negative 

regulator of STAT5 signaling which determines the responsiveness to IL2, a critical regulator 

of Treg homeostasis (Yao et al., 2012). However, miR155-deficient Tregs can prevent 

autoimmune diseases in mice, indicating that miR155 is crucial for Foxp3 expression and 

stability but does not directly affect Treg suppressive function (Kohlhaas et al., 2009). 



  Introduction 

21 

miR10a is exclusively expressed in Tregs and is induced following exposure to retinoic acid. 

High levels of miR10a have been shown to correlate with a low susceptibility to autoimmune 

diseases in mice (Jeker et al., 2012; Takahashi et al., 2012). miR10a stabilizes the Treg-specific 

gene signature by targeting several effector T cell genes including BCL6 and NCOR2. However, 

the functional targets of miR10a seem to overlap with other miRNAs since miR10a deficiency 

does not result in impaired Treg function or autoimmunity. 

The efficient in vitro Treg induction is also subject to regulation by miRNAs. In vitro Treg 

induction experiments using both Dicer and Drosha deficient naive CD4+ T cells resulted in a 

significantly reduced expression of Foxp3 in induced Tregs compared to control mice (Chong 

et al., 2008; Cobb et al., 2006). Interestingly, miRNAs with both positive and negative 

regulatory effects on in vitro Treg induction have been identified in a miRNA screen (Warth 

et al., 2015) and several miRNAs form networks to cooperatively regulate Treg induction. For 

example, miR150 induced reduction of mTOR occurs only in presence of miR99a and a similar 

cooperation has been shown for miR15a-16 and 15b-16. Another miRNA targeting the 

PI3K/Akt/mTOR pathway is miR126. It targets p85β, which is a regulatory subunit of PI3K, 

reducing PI3K/Akt/mTOR pathway activity and favoring Treg induction. By contrast, miR126 

inhibition increases the activity of the PI3K/Akt/mTOR pathway, inhibiting Foxp3 expression 

and impairing Treg induction (Qin et al., 2013). miR155 also contributes to proper Treg 

induction in vitro by targeting SOCS1 which is in line with its role for thymic Treg generation 

(Murugaiyan et al., 2011). As mentioned above, the miRNA screen also revealed miRNAs with 

a negative effect on Treg induction in vitro (Warth et al., 2015). Two members of the 

miR17~92 cluster, miR17 and miR19, negatively regulate Treg induction while they have no 

impact on thymic Treg development (Jiang et al., 2011). miR17 has been shown to directly 

target the cAMP-responsive element binding protein 1 (CREB1) and the TGFβ-receptor II, both 

involved in proper Treg induction. The TGFβ signaling pathway is also a target of the miR23-

miR27-miR24 cluster, and consequently a high abundance of this cluster impairs Treg 

generation (Cho et al., 2016). 
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1.5.4 T cell specific miRNAs in autoimmunity 

While the studies described above provided considerable insight into the contribution of 

specific miRNAs to immune homeostasis and Treg function, making them of considerable 

importance for the field, the underlying mechanisms affecting signaling pathways in Tregs, 

resulting in islet autoimmunity remain poorly understood. As described above, impaired Treg 

function, induction and maintenance seem to be a decisive factor for an insufficient tolerance 

induction and the onset of islet autoimmunity. Recently, two studies have reported a direct 

relationship between the upregulation of two miRNAs in T cells during the onset of islet 

autoimmunity, contributing to an impairment of Treg induction from naive CD4+ T cells. 

As described above, Serr et al. provided evidence for impaired Treg induction capacity in naive 

CD4+ T cells from children with recent onset of islet autoimmunity compared to children 

without islet autoantibodies or with long term islet autoimmunity without developing clinical 

T1D. Additionally frequencies and proliferation of Foxp3intCD4+ T cells were enhanced, 

pointing towards increased T cell activation interfering with subimmunogenic TCR stimulation 

and efficient Treg induction (Serr et al., 2016b, 2018). Differential expression of miRNAs 

during onset of islet autoimmunity, specifically high levels of miR181a which modulates 

signaling thresholds and sensitivity to antigenic stimulation in CD4+ T cells could contribute to 

the observed increase in T cell activation (Li et al., 2007b). Hence, increasing the activity of 

miR181a using a miRNA mimic reduced murine and human Treg induction, whereas a 

miR181a inhibitor had the opposite effect. High levels of miR181a were accompanied by an 

increased abundance of nuclear factor of activated T cells 5 (NFAT5) which plays an important 

role in T cell activation (Vaeth et al., 2012). Additionally, PTEN which is a negative regulator 

of T cell activation, was identified as a direct target of miR181a and its inhibition promoted 

PI3K signaling and consequently activation of NFAT5. From this follows that elevated miR181a 

expression in CD4+ T cell during onset of islet autoimmunity are accompanied by a decrease 

in PTEN and an increase in NFAT5 expression, resulting in T cell activation and reduced Treg 

induction. The high abundance of miR181a additionally increased the expression of the 

costimulatory molecule CD28 which also contributed to PI3K activation (Sauer et al., 2008), 

NFAT5 upregulation and T cell activation. 

Mouse models of T1D islet autoimmunity resembled the findings made in the human system. 

Specifically, Treg induction capacity was reduced in NOD mice with islet autoimmunity and 
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this observation was accompanied by increased levels of miR181a and NFAT5, as well as 

decreased PTEN expression. The in vivo inhibition of miR181a in IAA+ NOD mice resulted in 

significantly reduced CD28 and NFAT5 expression, enhanced PTEN levels and reduced islet 

autoimmunity. Using an NFAT5 inhibitor or NFAT5 deficient mice enhanced Treg induction, 

and CD4+ T cells showed increased levels of PTEN and also Foxo1, which is directly involved in 

the positive regulation of Treg differentiation (Ouyang et al., 2010). 

In a second study, the investigation of the effects of miR92a on T follicular helper (TFH) cell 

regulation in islet autoimmunity revealed important insights into the regulation of Treg 

induction by this miRNA (Serr et al., 2016a). TFH cells are a subset of CD4+ T cells which are 

an essential part of humoral immunity by providing support to B cells to produce high-affinity 

antibodies (Breitfeld et al., 2000). The precursors of TFH cells circulate in the blood and their 

function of inducing antibody responses also suggests a critical contribution to the 

development of autoimmune diseases (Scherm et al., 2016; Serr and Daniel, 2018). miR92a 

belongs to the miR17~92 cluster which is involved in the onset of autoimmunity and antibody 

production in mice (Xiao et al., 2008). This provided the rationale for a miRNA screen to 

investigate T cell-specific miRNAs in children with ongoing islet autoimmunity compared to 

healthy controls. miR92a was significantly upregulated in CD4+ T cells from children with 

ongoing islet autoimmunity, and the confirmation using qPCR showed that this increase was 

restricted to children with recent onset of islet autoimmunity whereas children with long-

term autoimmunity showed miR92a levels comparable to healthy controls. Furthermore, the 

abundance of miR92a correlated with the frequency of TFH cell precursors in the peripheral 

blood. Inhibition of miR92a function resulted in decreased TFH cell induction in vitro, whereas 

a miR92a mimic increased TFH cell formation. Increased miR92a activity resulted in the 

downregulation of PTEN, PHLPP2, FOXO1 and CTLA4 which are negative regulators of T cell 

activation and known targets of miR92a. The reduced abundance of PTEN resulted in the 

activation of the PI3K/Akt/mTOR pathway which interferes with Treg induction. 

Consequently, in vitro Treg induction was significantly impaired in the presence of a miR92a 

mimic, and high miR92a levels in children with recent onset of islet autoimmunity are 

accompanied by reduced frequencies of insulin-specific Treg. Conversely, PI3K signaling 

promotes TFH cell induction, since the effect of a miR92a mimic is reduced in presence of a 

PI3K inhibitor and increased when PTEN signaling is inhibited. KLF2 was shown to interfere 
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with TFH cell differentiation by induction of S1pr1 expression and inhibition of the TFH master 

regulator BCL6 via upregulation of BLIMP1 (Lee et al., 2015). The study revealed KLF2 as a 

novel target of miR92a, thereby offering an additional mechanism of miR92a-mediated TFH 

cell differentiation. 

These studies show that the dysregulation of an individual miRNA can critically contribute to 

impaired Treg induction from naive CD4+ T cells and consequently to the onset and 

progression of islet autoimmunity. Furthermore, these miRNAs and their identified 

downstream pathways are promising targets for strategies aiming at reestablished Treg 

induction in vitro and in vivo. 

1.5.5 miR142-3p 

miR142-3p is an evolutionary conserved miRNA of vertebrates, which is expressed in several 

hematopoietic cell types, including DCs, monocytes, T cells, and B cells (Sun et al., 2011; Wu 

et al., 2007). Its expression was first reported in murine embryonic and adult hematopoietic 

tissues, including bone marrow, thymus and spleen, highlighting its role for embryonic and 

adult hematopoiesis (Chen et al., 2004). miR142-3p can directly target the expression of tab2 

and IL-6 in myeloid and dendritic cells, which makes it an important regulator of the 

development and function of differentiated hematopoietic cell lineages (Sun et al., 2011; 

Wang et al., 2012). Furthermore, miR142–3p plays critical roles in the maintenance of CD4+ 

DCs (Mildner et al., 2013) and prevents macrophage differentiation during tumor-induced 

myeloid differentiation (Sonda et al., 2013) and megakaryopoiesis (Chapnik et al., 2014). In 

the context of Treg homeostasis miR142-3p has been identified as a regulator of ATG16L1 and 

its role in regulating autophagy, proliferation and function in thymic-derived Tregs as well as 

the implication of these findings for graft-versus-host disease have been highlighted (Lu et al., 

2018). Another study has shown that miR142-3p regulates GARP expression in Tregs and, as 

a result, their expansion in response to activation, which provides insight into mechanisms 

involved in Treg proliferation and expansion (Zhou et al., 2013). 
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2 Objectives 

In T1D, islet autoantibodies, indicating the onset of islet autoimmunity, can be present in the 

blood often many years before clinical symptoms arise. While T cells have been shown to play 

a major role in the destruction of pancreatic beta cells, the molecular mechanisms triggering 

the onset of islet autoimmunity and promoting aberrant T cell activation and the highly 

variable progression to symptomatic T1D remain poorly understood. The onset of islet 

autoimmunity and T1D in mice or humans is accompanied by a reduced capacity of naive CD4+ 

T cells to be differentiated into Tregs in vitro. Epigenetic modifications, including DNA 

methylation of regulatory gene elements, are well established regulators of Treg function and 

recent studies have highlighted miRNAs as critically contributing to immune homeostasis, by 

fine-tuning the expression of relevant genes. Therefore, in this thesis I aimed at gaining 

insights into the potentially regulatory network of both miRNAs and DNA methylation 

contributing to aberrant immune activation and the progression to clinically overt T1D. 

The first objective of this thesis was to confirm the important role of DNA methylation of the 

Foxp3 CNS2 for Treg identity and function and to further dissect this regulatory mechanism 

by analyzing DNA methylation during Treg induction in vitro. 

As a second objective, I aimed at the identification of specific miRNAs in T cells that contribute 

to the onset of autoimmunity and the identification of their relevant targets and downstream 

pathways. These experiments used unbiased approaches like miRNA Sequencing of CD4+ T 

cells of children with and without islet autoimmunity and HITS CLIP to identify candidate 

miRNAs and their direct mRNA targets. To confirm the relevance of the identified miRNA in 

autoimmunity and the direct targeting of the corresponding mRNA I employed a combination 

of various molecular and cellular approaches, including miRNA modulation and loss-of-

function models. 

The third objective was the mechanistic dissection of the miRNA and its downstream pathway 

in order to gain insight into their involvement in impaired Treg induction and the onset and 

progression of autoimmunity. Specifically, I investigated the inhibition of the candidate 

miRNA in Treg induction experiments in vitro as well as in mouse models of T1D autoimmunity 

in vivo and the relevance for established human T1D and therefore the translatability of the 

previous findings was tested in humanized mouse models. 
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3 Materials and methods 

3.1 Materials 

Table 1. Chemicals and reagents 

Chemical/reagent Source Identifier 

Foxp3 Staining Buffer Set eBioscience Cat# 00-5523-00 

Fixable Viability Dye eFluor450 eBioscience Cat# 65-0863-18 

Sytox Red Thermo Fischer Scientific Cat# S34859 

Sytox Blue Thermo Fischer Scientific Cat# S34857 

Streptavidin Microbeads Miltenyi Cat #130-048-101 

Human CD4+ microbeads Miltenyi Cat# 130-045-101 

Streptavidin Pacific Blue Invitrogen Cat# S11222 

Ficoll-Paque PLUS GE Healthcare Cat# 17-1440-03 

recombinant human IL-2 ReproTech Cat# 200-02 

Tissue-Tek O.C.T. Compound A. Hartenstein Cat# TTEK 

 

Table 2. Cell culture media and supplements 

Medium Manufacturer Components 

X-Vivo 15  Lonza 50ml 

Human serum 5ml 

Penicillin Streptomycin 500µl 

Sodium pyruvate 500µl 

Non-essential aminoacids 500µl 

GlutaMAX 500µl 

Fungizone 400µl 

RPMI 1640 Thermo Fisher Scientific 500ml 

FCS 50ml 

Sodium pyruvate 5ml 

Non-essential aminoacids 5ml 

Penicillin Streptomycin 5ml 

2-Mercaptoethanolv 500µl 
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Table 3. Buffers 

Buffer Manufacturer Components 

Hank's Balanced Salt Solution Sigma-Aldrich 500ml 

FCS 50ml 

HEPES 5ml 

MACS PBS Thermo Fisher Scientific 500ml 

BSA 10% 25ml 

EDTA 2ml 

 

Table 4. Critical commercial assays 

Assay Source Identifier 

miRNeasy Micro Kit Qiagen Cat# 217084 

iScript Advanced cDNA Synthesis Kit BioRad Cat# 1725038 

Eva Green SuperMix BioRad Cat# 1725202 

Zymo Methylation Direct 200 Zymo Research Cat# D5021 

PyroMark Gold Q24 Reagents Qiagen Cat# 970802 

SensiFAST HRM Kit Bioline Cat# 5001484 

Universal cDNA Synthesis Kit II Exiqon Cat# 203301 

miRCURY LNA™ microRNA PCR, 

ExiLENT SYBR® Green master mix 

Exiqon Cat# 203403 

siRfficientTM siRNA Transfection 

Reagent 

MBL Life Science Cat# WU2001 

NEBnext Multiplex Small RNA 

Library Prep Set 

New England Biolabs Cat# E7300 

 

Table 5. Technical equipment 

Device Model Manufacturer 

Cell sorter FACS Aria III BD Biosciences 

Centrifuge Heraeus Multifuge X3R  Thermo Scientific 

Micro centrifuge Centrifuge 54 24 R Eppendorf 

CO2 incubator BBD 6220 Thermo Scientific 

MACS cell separator MACS Multistand, QuadroMACS Miltenyi Biotec 
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Sterile workbench Scanlaf Mars Class 2 LaboGene 

Microplate spectrophotometer Epoch BioTek 

Pyro-sequencer PyroMark Q24 Qiagen 

Real-time PCR system CFX96 Touch Bio-Rad 

Thermal cycler peqStar 2X Peqlab 

Inverted microscope CKX41 Olympus 

Microscope Primo Star Zeiss 

Confocal microscope LSM700 Zeiss 

high-throughput sequencing 

system 

HiSeq2000 Illumina 

Luminometer Glomax Multi Detection System Promega 

capillary electrophoresis machine Bioanalyzer 2100 Agilent 

 

Table 6. Biological samples 

Sample Source Identifier 

PBMCs DiMelli study Warncke et al., 2013 

PBMCs BABYDIAB study Achenbach et al., 2009; Ziegler et al., 1999, 2013 

PBMCs Munich Bioresource project approval number #5049/11, Technische Universität München, Munich, 

Germany 

 

Table 7. Experimental models: organisms/strains 

Experimental model Source Identifier 

NOD/ShiLtJ Jackson Laboratory Stock No: 001976 

Foxp3 GFP Balbc (C.Cg-Foxp3tm2Tch/J) Jackson Laboratory Stock No: 006769 

CD90.1 Balb/c (CBy.PL(B6)-

Thy1a/ScrJ) 

Jackson Laboratory Stock No: 005443 

CD90.2 Balb/c (Balb/cByJ) Jackson Laboratory Stock No: 001026 

miR142-/- Saverio Bellusci  

HLA-DQ8 transgenic NOD.Cg-

Prkdcscid Il2rgtm1Wjl 

Leonard D. Shultz  
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Table 8. Antibodies 

Antibody Source Identifier 

anti-human CD25 APC BD Biosciences Cat# 340907; clone: 2A3 

anti-human CD45RO APC-H7 BD Biosciences Cat# 561137; clone: UCHL1 

anti-human CD4 V500 BD Biosciences Cat# 560768; clone: RPA-T4 

anti-human HLA-DR PerCP-Cy5.5 BD Biosciences Cat# 560652; clone: L243 

anti-human CD45RA FITC Biolegend Cat# 304106; clone: HI100 

anti-human CD3 PerCP-Cy5.5 Biolegend Cat# 300328; clone: HIT3a 

anti-human CD3 AlexaFluor700 Biolegend Cat# 300323; clone: HIT3a 

anti-human CD127 PE-Cy7 Biolegend Cat# 351320; clone: A019D5 

anti-human FOXP3 PE eBioscience Cat# 12-4777-42; clone: 236A/E7 

Fc-Block BioLegend Cat# 422302 

anti-mouse CD4 Biotin BD Biosciences Cat# 553728; clone: GK1.5 

anti-mouse CD4 AlexaFluor700 eBioscience Cat# 56-0042-82; clone: RM4-5 

anti-mouse CD25 PerCP-Cy5.5 Biolegend Cat# 102030; clone: PC61 

anti-mouse CD44 PE Biolegend Cat# 103008; clone: IM7 

anti-mouse Ki67 APC Biolegend Cat# 652406; clone: 16A8 

anti-mouse CD62L APC eBioscience Cat# 17-0621-82; clone: MEL-14 

anti-mouse Foxp3 FITC eBioscience Cat# 11-5773-82; clone: FJK-16s 

anti-mouse Tet2 Abiocode Cat# AC-M1086-4a; clone: 10F1 

donkey-anti-mouse IgG APC eBioscience Cat# 17-4012-82; polyclonal 

insulin rabbit-anti-mouse Cell Signaling Cat# ; clone: 

donkey-anti-rabbit AlexaFluor647 Dianova Cat# ; clone: 

CD3 arm. hamster-anti-mouse BD Biosciences Cat# ; clone: 

goat-anti-arm.hamster Dylight488 Dianova Cat# ; clone: 

Tet2 ABclonal Cat# ; clone: A5682 

horse-anti-rabbit Biotin Vector Cat# ; clone: 

Streptavidin Dylight549 Dianova Cat# ; clone: 

anti-human CD3 Biolegend Cat# 300432; clone: UCHT1 

anti-human CD28 Biolegend Cat# 302923; clone: CD28.2 

anti-mouse CD3 BD Pharmingen Cat# 553057; clone: 145-2C11 

anti-mouse CD28 BD Pharmingen Cat# 553294; clone: 37.51 
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Table 9. Primer sequences qPCR 

Gene forward reverse Source 

Histone ACTGGCTACAAAAGCCG ACTTGCCTCCTGCAAAGCAC Sigma Aldrich 

Tet2 hs TTCGCAGAAGCAGCAGTGAAGAG AGCCAGAGACAGCGGGATTCCTT Sigma Aldrich 

Tet1 mm ATGAGCGGCACCCTGAAGCG GCACCGAGCCGTGAATGGGT Sigma Aldrich 

Tet2 mm CCTTGCATTGGAGGGGTGGCT GTGGGGTGATTCCGGTCGGG Sigma Aldrich 

Tet3 mm CACGGCTTCGAGGCAAGCCA CCCCGGTTCCCATCCCCCAT Sigma Aldrich 

Tgfbr1 mm CAGCTCCTCATCGTGTTGGT GGCAGAAACACTGTAATGCCTTC Sigma Aldrich 

ATG16L1 mm CCGAATCTCCCCTTTTGGGA CATGCGCATCGAAGACATACG Sigma Aldrich 

5s N/A N/A Exiqon (miRCURY LNA 

primer set) 

miR142-3p hs N/A N/A Exiqon (miRCURY LNA 

primer set) 

miR142-3p mm N/A N/A Exiqon (miRCURY LNA 

primer set) 

 

Table 10. Primer sequences methylation analysis 

Site forward reverse Pyrosequencing Source 

Foxp3 CNS2 

hs 

AAGTTGAATGGGGGATG

TTTTTGGGATATAGATTA

TG 

CTACCACATCCACCAACA

CCCATATCACC 

TAGTTTTAGATTTGTTTA

GATTTT 

Sigma 

Aldrich 

Foxp3 CNS2 

mm 

TTGGGTTTTGTTGTTATA

ATTTGAATTTGG 

ACCTACCTAATACTCACC

AAACATC 

AATTTGAATTTGGTTAGA

TTTTT 

Sigma 

Aldrich 

Bach2 mm TTTGTTATATTTTGGGTG

AAAATGTTTTAT 

ACTAAAATCCCCTTAAAT

AACAACTC 

AATAATAGAGAATAGGG

GT 

Sigma 

Aldrich 
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Table 11. Sequences miRNA inhibitors and mimics 

Inhibitor/mimic Sequence Source 

miR142-3p inhibitor 

hs/mm 

CCATAAAGTAGGAAACACT Exiqon miRCURY LNA™ microRNA 

inhibitor 

miR142-3p mimic 

hs/mm 

TGTAGTGTTTCCTACTTTATGGA Exiqon miRCURY LNA™ microRNA mimic 

control inhibitor 

hs/mm 

TAACACGTCTATACGCCCA Exiqon miRCURY LNA™ microRNA 

inhibitor 

control mimic hs/mm GATGGCATTCGATCAGTTCTA Exiqon miRCURY LNA™ microRNA mimic 

 

Table 12. Sequences siRNAs 

siRNA Sequence Source 

Tet2 mm N/A Ambion (Silencer Select Pre-Designed siRNA) 

Tet2 hs N/A Ambion (Silencer Select Pre-Designed siRNA) 

Negative control N/A Ambion (Silencer Select Negative control 

no.1) 

 

Table 13. Primer sequences for site directed mutagenesis of TET2 3’UTR 

site forward (mutation in bold type) reverse  (mutation in bold type) source 

HITS CLIP 

mut 

ATACAAAATTGTCGTACAAGTTCATTGCT
C 

GAGCAATGAACTTGTACGACAATTTTGTAT  

predicted 

mut 1 

GTCATATACCTCAAACATAGTTTGGCAAT
AGG 

CCTATTGCCAAACTATGTTTGAGGTATATGA

C 

Sigma 

Aldrich 

predicted 

mut 2 

CTTTTGCAGTTTGAACATAAGATAACTTCT
GTG 

CACAGAAGTTATCTTATGTTCAAACTGCAAA

AG 

Sigma 

Aldrich 
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Table 14. Software 

Software Source Identifier 

FlowJo software 

(version 7.6.1) 

TreeStar Inc., OR https://www.flowjo.com/solutions/flowjo/downloads/ 

FACSDiva 

software (version 

6.1.3) 

Beckton Dickinson  

Prism (version 

6.0.1) 

GraphPad https://www.graphpad.com/scientific-software/prism/ 

miRanda (v3.3a) www.microrna.org www.microrna.org 

BTrim Kong, 2011 http://graphics.med.yale.edu/trim/ 

bowtie Langmead et al., 2009 http://bowtie-bio.sourceforge.net/index.shtml 

bowtie2 Langmead and 

Salzberg, 2012 

http://bowtie-bio.sourceforge.net/index.shtml 

HTSeq-count Anders et al., 2015 http://www-huber.embl.de/users/anders/HTSeq/doc/install.html 

mirBase (release 

20) 

Kozomara and 

Griffiths-Jones, 2014 

http://www.mirbase.org 

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/DESeq2.html 

 

Table 15. Deposited data 

Data Source Identifier 

miRNA sequencing data This research project NCBI GEO: GSE140064 

HITS-CLIP sequencing data This research project NCBI GEO: GSE124264 
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3.2 Human studies 

All human studies comply with the relevant ethical regulations for work with human 

participants and all study participants gave written consent prior to inclusion in the Munich 

Bioresource project (approval number #5049/11, Technische Universität München, Munich, 

Germany). Venous blood was collected using sodium heparin tubes and blood volumes were 

based on EU guidelines with a maximal blood volume of 2.4 ml per kg of body weight. All 

subjects have been already enrolled in the BABYDIAB study 3,58,59 and the DiMelli study 60 

with the documented age of T1D onset. Subjects have been stratified based on the presence 

or absence of multiple islet autoantibodies and T1D. No islet autoimmunity and no T1D: n = 

6; median age at sampling = 8 years, IQR (interquartile range) = 6-12 years; all male. Recent 

onset of T1D: n = 10; median age at sampling = 4 years, IQR = 3-5 years; median HbA1c = 8.9 

mg/dl, IQR = 8.4-10.6 mg/dl; median time from diagnosis to sampling = 7 days, IQR = 1-11 

days; all male. 

3.3 Mouse experiments 

CBy.PL(B6)-Thy1a/ScrJ (CD90.1 BALB/c), Balb/cByJ (CD90.2 BALB/c), Balb/c.Cg-Foxp3tm2Tch/J 

(BALB/c Foxp3GFP) and NOD/ShiLtJ mice were obtained from the Jackson Laboratory and 

NOD/ShiLtJ mice were stratified according to their IAA status. Humanized mice, NOD.Cg-

Prkdcscid H2-Ab1tm1Gru Il2rgtm1Wjl Tg(HLA-DQA1,HLA-DQB1) 1Dv//Sz mice lack mouse MHC 

class II and transgenically express human HLA-DQ8. These mice were obtained from and 

developed by Dr. Leonard D. Shultz. To develop this stock, B10M-HLA-DQ8 mice were kindly 

provided by Dr. Chella David (Nabozny et al., 1996). The DQ8 transgene was backcrossed for 

10 generations on the NSG strain background. The NSG-DQ8 mice were then intercrossed 

with NSG mice lacking mouse MHC class II (NOD.Cg-Prkdcscid H2-Ab1tm1Gru Il2rgtm1Wjl) (Covassin 

et al., 2013). miR142-/- mice were developed by excision of the miR142 region in C57BL/6N 

mouse embryonic stem cells (Shrestha et al., 2015) and obtained from the mouse facility of 

the German Center for Lung Research, Universities of Giessen and Marburg (Mfd Diagnostics, 

Wendelsheim, Germany). When possible littermate controls were used, otherwise age- and 

sex-matched mice. Mice were maintained under specific pathogen-free conditions on 12-

h/12-h light dark cycle at 25 °C with ad libitum access to water and a standard diet at the 

animal facility of Helmholtz Zentrum München, Munich, Germany according to guidelines 

established by the Institutional Animal Committees, including all relevant ethical regulations 
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for animal testing and research. Ethical approval for all mouse experimentations has been 

received by the District Government of Upper Bavaria, Munich, Germany (approval # ROB-

55.2-2532.Vet_02-17-130). 

3.3.1 Murine insulin autoantibody (IAA) assay 

Levels of NOD insulin autoantibodies were measured with a mouse high specificity/sensitivity 

competitive IAA assay in an ELISA format and sera from NOD mice. In brief, high binding 96-

well plates (Costar) were coated with human recombinant insulin (100 U/ml; Humulin; Lilly) 

overnight at 4°C. Unspecific-blocking was performed with PBS containing 2% BSA for 2 hours 

at room temperature. Preincubated NOD sera (diluted 1:10) with or without insulin 

competition were added and incubated for 2 hours at room temperature. After 4 wash steps, 

biotinylated anti–mouse IgG1 (Abcam), diluted 1:10,000 in PBS/BSA was added for 30 min at 

room temperature. After washing horseradish peroxidase–labeled streptavidin was added for 

15 min. After 5 additional washing steps TMB substrate solution was added (OptEIA reagent 

set; BD). All samples were measured in duplicates with and without competition using human 

insulin. 

In a second approach, to determine levels of IAA in NOD mice, a Protein A/G radiobinding 

assay based on 125I-labelled recombinant human insulin, was applied as previously described 

(Achenbach et al., 2009). Serum from C57Bl/6 mice was used as negative control. 

3.3.2 Engraftment of NSG mice with human PBMCs 

Murine MHCII deficient, HLA-DQ8 transgenic NOD.Cg-Prkdcscid Il2rgtm1Wjl (NSG) mice were 

reconstituted with PBMCs from an HLA-DQ8+ donor with T1D. 5 x 104 PBMCs per mouse were 

injected intravenously in 50 ml PBS into the retro orbital sinus without prior conditioning by 

irradiation or busulfan treatment. To avoid sex incompatibilities, the sex of the NSG-HLA-DQ8 

mice for reconstitution was chosen in accordance with the blood donor. 

3.3.3 In vivo miR142-3p inhibitor application 

A miR142-3p inhibitor (Inhibitor Probe mmu-miR-142-3p, Exiqon) was injected i.p. into IAA+ 

NOD mice or NSG humanized mice at 10mg/kg every other day for 14 days. On day 15 Treg 

frequencies were analyzed in lymph nodes. CD25highFoxp3high Tregs were sort purified for 

methylation analysis. Pancreata were embedded for cryosections and analysis of pancreas 

pathology. For miRNA inhibitor localization experiments a FAM-labelled miR142-3p inhibitor 
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(mmu-miR-142-3p inhibitor 5’FAM, Qiagen) was injected i.p. into BALB/c or NSG humanized 

mice at 10 or 20mg/kg. The FAM-labelled miR142-3p inhibitor was detected via flow 

cytometry after 4 hours, 24 hours or at the end of an application period of 14 days every other 

day. 

3.3.4 Immunofluorescence staining and histopathology of NOD pancreata 

Immunofluorescence staining was carried out after aceton fixation, permeabilization and 

blocking with Avidin/ Protein blocking together with 5% goat serum using rabbit-anti-mouse 

insulin antibodies (Cell Signaling, 1:100) and donkey-anti-rabbitAlexaFluor647 antibodies 

(Dianova, 1:400). For CD3 staining, arm. hamster anti-mouse antibodies (BD, 1:50) were used, 

followed by goat-anti-arm.hamster antibodies conjugated with Dylight488 (Dianova, 1:100). 

For Tet2 staining rabbit-anti-Tet2 antibodies (ABclonal, clone A5682, 1:25) was used with 

biotinylated horse-anti-rabbit antibodies (Vector, 1:100) combined with SADylight 549. For Foxp3 

staining, cells were incubated with rat-anti-mouse Foxp3 antibodies (eBioscience, clone FJK-

16s, 1:50) and biotinylated goat anti-rabbit (BD), combined with SADylight 549. Nuclei were 

counterstained with DAPI (Diavona). For Tgfbr1 staining rat-anti-mouse/human Tgfbr1 

antibodies (R&D, clone 141231, 1:25) was used, followed with biotinylated goat-anti-rat 

antibodies (1:250) combined with SADylight 549 (Dianova, 1:200). Negative control slides were 

incubated with secondary antibodies. Cells were analyzed by confocal microscopy (Zeiss 

LSM700). 

Pancreata of NOD mice were embedded with Tissue-Tek O.C.T. Compound and frozen on dry 

ice. Serial sections were stained with hematoxylin and eosin. Insulitis scoring was performed 

as follows: 0: intact islets/no lesions; 1: periislet infiltrates; 2: <25% islet destruction; 3: >25% 

islet destruction; 4: complete islet destruction. Investigators were blinded for group 

allocations. 

3.4 Cell isolation, staining and sorting 

Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh venous blood 

by density gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare). CD4+ T cells were 

purified from PBMCs by Magnetic Activated Cell Sorting (MACS) using CD4 microbeads 

(Miltenyi Biotec) following the manufacturer’s protocol. 
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Murine lymph nodes and spleens were passed through 70µm cell strainers, stained with a 

CD4-Biotin antibody (BD Bioscience) and MACS purified using Streptavidin Microbeads 

(Miltenyi Biotec) following the manufacturer’s protocol. 

To prevent unspecific signals the isolated cells were incubated with Fc-Block (Biolegend) and 

afterwards with fluorochrome-labelled antibodies for 30 minutes on ice in the dark. For FACS 

staining of human T cells the following monoclonal antibodies were used: From BD 

Biosciences (San Jose, CA): anti-CD25 APC (2A3), anti-CD45RO APC-H7 (UCHL1), anti-CD4 V500 

(RPA-T4), anti-HLA-DR PerCP-Cy5.5 (L243); from Biolegend (San Diego, CA): anti-CD45RA FITC 

(HI100), anti-CD3 PerCP-Cy5.5 (HIT3a), anti-CD127 PE-Cy7 (A019D5), anti-CD3 AlexaFluor700 

(HIT3a); from eBioscience (San Diego, CA): anti-FOXP3 PE (236A/E7). For murine FACS staining 

the following monoclonal antibodies were used: From BD Biosciences (San Jose, CA): anti-CD4 

Biotin (GK1.5); from Biolegend (San Diego, CA): CD25 PerCP-Cy5.5 (PC61), CD44 PE (IM7) Ki67 

APC (16A8); from eBioscience (San Diego, CA): CD4 AlexaFluor700 (RM4-5), CD62L APC (MEL-

14), Foxp3 FITC (FJK-16s); from Abiocode: Tet2 (10F1). After surface staining, the cells were 

fixed and permeabilized using the Foxp3 Staining Buffer Kit (eBioscience) to enable the 

detection of the intracellular abundance of Foxp3, Ki67 and Tet2. Cells were acquired on the 

BD FACS Aria III cell sorting system using FACS Diva software with optimal compensation and 

gain settings determined for each experiment based on unstained and single-color stained 

samples. Doublets were excluded based on SSC-A vs. SSC-W plots. Live cell populations were 

gated on the basis of cell side and forward scatter and the exclusion of cells positive for Sytox 

Blue (Life Technologies) or Fixable Viability Dye eFluor450 (e-bioscience). Flow cytometry data 

were analyzed using FlowJo software version 7.6.1 (TreeStar Inc., OR) 
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Figure 1. Gating strategy for FACS sorting of human and murine activated T cells. (a) Representative 
FACS plot for the sorting of human activated T cells: CD4+CD3+CD45RA-

CD45RO+CD127+CD25intermediate. (b) Representative FACS plot for the sorting of murine activated T 
cells: CD4+CD25-CD44high. 

 

Figure 2. Gating strategy for FACS sorting of murine and human naive T cells. (a) Representative FACS 
plot for the sorting of murine naive T cells: CD4+CD25-CD44-. (b) Representative FACS plot for the 
sorting of human naive T cells: CD4+CD3+CD45RA+CD45RO-CD127+CD25-. 
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Figure 3. Gating strategy for FACS sorting of induced murine and human Treg. (a) Representative 
FACS plot for the sorting of induced murine Tregs: CD4+CD25+Foxp3+. (b) Representative FACS plot for 
the sorting of induced human Tregs: CD4+CD3+CD127-CD25+Foxp3+. 
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Figure 4. Tet2 flow cytometry staining of murine CD4+ T cells. (a) Upper panel: pseudocolor dot plots 
showing FMO, isotype control and Tet2-APC staining. Lower panel: overlay of FMO, isotype control 
and Tet2-APC dot plots (left) and histograms showing FMO, isotype control and Tet2-APC staining 
(middle and right). (b) Dot plots (left) and histograms (right) of a representative Tet2 flow cytometry 
staining of CD4+ T cells isolated from lymph nodes of miR142+/+ and miR142-/- mice. 
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3.5 In vitro studies with primary T cells 

Freshly isolated human CD4+ T cells were cultured in X-Vivo15 Medium (Lonza) supplemented 

with 2mM glutamine, 100 U/ml human recombinant IL-2 (ReproTech), 50 U/ml penicillin, 50 

mg/ml streptomycin (Sigma Aldrich) and 5% heat-inactivated human AB serum (Invitrogen) 

at 37°C in an humidified CO2 incubator. Cell culture treated 96-well U bottom plates were 

used (Bio-Greiner one). 

Freshly isolated murine CD4+ T cells were cultured in RPMI media (Gibco by life technologies) 

supplemented with 10% FCS, 1 mM sodium pyruvate (Sigma Aldrich), 50 mM b-

mercaptoethanol (Amimed), 1X non-essential amino acids (Merck Millipore), 100 U/ml 

human recombinant IL-2 (ReproTech), 100 U/ml penicillin and 100 mg/ml streptomycin 

(Sigma Aldrich) at 37°C in an humidified CO2 incubator. Cell culture treated 96-well U bottom 

plates were used (Bio-Greiner one). 

3.5.1 Murine and human in vitro Treg induction using limited TCR stimulation 

Murine naive CD4+ T cells (CD4+, CD25-, CD44-) were sorted with the BD FACS Aria III for purity 

and cultured (10.000 or 100.000 / well) in a 96-well plate pre-coated with 5 μg/ml anti-CD3 

and 5 μg/ml anti-CD28 antibody with additional IL2 (100 U/ml). Limited TCR stimulation was 

achieved by pipetting the cells into uncoated wells after 18 hours, where they were cultured 

for additional 36 hours without further TCR-stimulation. Treg induction was measured by flow 

cytometry by analyzing Foxp3 expression in CD25+CD4+ T cells. 

Human naive CD4+ T cells (CD3+, CD4+, CD45RA+, CD45RO-, CD127+, CD25-) were sorted with 

the BD FACS Aria III for purity and cultured (10.000 or 100.000 / well) in a 96-well plate pre-

coated with 5 μg/ml anti-CD3 and 5 μg/ml anti-CD28 antibody with additional IL2 (100U/ml). 

Limited TCR stimulation was achieved by pipetting the cells into uncoated wells, after 18 

hours, where they were cultured for additional 36 hours without further TCR-stimulation. 

Treg induction efficiency was measured using flow cytometry by analyzing Foxp3 expression 

in CD25+CD127-CD4+ T cells. 

3.5.2 Restimulation assay 

After in vitro Treg induction using naive CD4+ T cells from BALB/c Foxp3GFP reporter mice in 

the presence of a miR142-3p inhibitor, Foxp3+CD25+CD4+ Tregs were sort-purified. The Tregs 

were then stimulated for 30 hours with anti-CD3 and anti-CD28 antibodies in the presence of 
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a miR142-3p inhibitor or a control inhibitor. Maintenance of the Treg phenotype was 

measured by flow cytometry analysis of Foxp3 expression in CD25+CD4+ T cells. 

3.6 Nanoparticles 

The nanoparticles were prepared by an emulsion-diffusion-evaporation method, first 

described by Kumar et al. (Kumar et al., 2004) with slight modifications. The emulsion was 

prepared using a Harvard syringe pump for controlled dropping speed. Particles were passed 

through a sterile filter after preparation. The fluorescent labeled particles were prepared with 

a PLGA- fluoresceinamine (FA) conjugate. Preparation of FA labeled PLGA was performed 

according to the method described by Weiss et al. (Weiss et al. 2006). Particles were 

characterized with Dynamic light scattering (Zetasizer Nano ZS, Malvern). Chitosan PLGA 

nanoparticles and FA-labelled nanoparticles (in brackets) had a mean hydrodynamic diameter 

of 146.7 ± 0.8 nm (152.8 ± 1.2nm), polydispersity index 0.068 ± 0.009 (0.056 ± 0.007) and a 

zeta potential of +29.6 ± 0.3 mV (+29.6 ± 0.7mV). 

3.7 Application of miR142-3p inhibitors/mimics and siRNAs 

Chitosan-coated PLGA nanoparticles were loaded with the inhibitor or mimic (miRCURY LNA 

miRNA mimic / inhibitor, Exiqon) at a weight ratio of nanoparticles:inhibitor/mimic of 50:1 

and incubated at room temperature for 30 minutes with gentle shaking. The loaded 

nanoparticles were added to the wells of a polyclonal Treg induction assay at a final 

concentration of 6 pmol/well (human) or 9 pmol/well (murine). As a control, nanoparticles 

loaded with miRNA mimic / inhibitor controls (Exiqon) were added to the cultures. For 

inhibitor/mimic sequences see Table 11. 

Tet2 siRNA (Silencer Select Pre-Designed siRNA Tet2, Ambion) or control siRNA (Silencer 

Select Negative control no.1, Ambion) were combined with siRfficient transfection reagent 

(MBL Life Science) following the manufacturer’s protocol. 20 pmol siRNA were added to 

murine and human Treg induction assays. For siRNA information see Table 12. 

3.8 mRNA and miRNA expression analysis 

3.8.1 qPCR analysis of mRNAs and miRNAs 

mRNAs were isolated using the miRNeasy Micro Kit (Qiagen). cDNA synthesis was performed 

with the iScript cDNA Synthesis Kit (Biorad). For qPCR the SsoFast Evagreen Supermix (Biorad) 
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and self-designed gene-specific primers were used. For normalization the primers for the 

housekeeping gene Histone were used. For primer sequences see Table 9. The reactions were 

performed on a CFX96 Real Time System (Biorad). 

SmallRNAs/miRNAs were isolated using the miRNeasy Micro Kit (Qiagen). RNA concentration 

and purity were determined by nanodrop (Epoch, Biotech). For cDNA synthesis the Universal 

cDNA Synthesis Kit II (Exiqon) was used according to the instructions. qPCR was performed 

using the ExiLENT SYBR Green PCR Master Mix (Exiqon) in combination with miRCURY LNA 

primers for miR142-3p. For normalization miRCURY LNA primers for the housekeeper 5s rRNA 

were used (Exiqon). For primer sequences see Table 9. The reaction was performed on a 

CFX96 real time system (Biorad). 

3.8.2 miRNA NGS 

For high-throughput sequencing of miRNAs total RNA of four pooled samples of activated 

CD4+ T cells from children with or without ongoing islet autoimmunity was extracted using 

the miRNeasy Micro Kit (Qiagen). cDNA libraries were obtained using the NEBnext Multiplex 

Small RNA Library Prep Set (New England Biolabs) according to the manufacturer’s protocol. 

Sequencing was performed on a HiSeq2000 (Illumina) with 50bp single end reads using 

Illumina reagents and following the manufacturer’s instructions. 

Unwanted adaptor sequences were trimmed from small RNA reads using BTrim (Kong, 2011) 

and quality of sequencing was assessed for trimmed read data with a mean phred quality 

score of 38, referring to a base call accuracy of 99.99%. Read data was filtered of unwanted 

RNA fragments by mapping on rRNA, tRNA, snRNA and snoRNA sequences obtained from the 

Rfam database using bowtie (Langmead et al., 2009). Remaining reads were then mapped on 

mature human miRNA sequences obtained from mirBase (release 20) (Kozomara and 

Griffiths-Jones, 2014) and summed up to read count lists using SAMTools. mRNA read data 

was processed comparably without unnecessary trimming and filtering. Raw read data was 

mapped on the human genome (build 37.2) using a gapped alignment for paired end data 

with bowtie2 (Langmead and Salzberg, 2012). Finally, read count lists were created by 

HTSeqcount 47 (Anders et al., 2015). Differential expression of miRNA was evaluated using 

DESeq (Love et al., 2014), handling size factor correction and normalization. 
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3.9 Methylation analysis 

Up to 2000 CD4+ T cells were subjected to a combined sample lysis and bisulfite conversion 

using the EZ DNA Methylation-Direct Kit (Zymo Research) according to the manufacturer’s 

instructions. For bias-controlled quantitative methylation analysis, a combination of MS-HRM 

and subsequent pyrosequencing was performed. Utilizing the PyroMark Assay Design 

Software 2.0 (Qiagen), PCR primers and the according sequencing primers were designed to 

cover the area of differential methylation in the first Foxp3 intron initially reported by Baron 

et al. 23. For primer sequences see Table 10. MS-HRM was performed using the SensiFAST 

HRM Kit (Bioline) and the CFX96 real time system (Biorad). Pyrosequencing was performed 

on the PyroMark Q24 system (Qiagen) using PyroMark Gold Q24 Reagents (Qiagen) and 

following the manufacturer’s instructions. 

3.10 HITS-CLIP 

 

Figure 5. Schematic illustration of the HITS-CLIP technique. 
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Human CD4+T cells were homogenized, subjected to UV-crosslinking three times at 400 

mJ/cm² and extra RNA bound to the RISC complex was digested with RNase T1. The Argonaute 

complex was then immunoprecipitated 2-4 hours at 4°C using the monoclonal Argonaute 

antibody 2A8. Phosphate from the precipitated complex was removed and a 5’-32P-labelled 

RL3 linker was attached. The samples were separated by SDS-gel electrophoresis, transferred 

to a nitrocellulose membrane and visualized by autoradiography. The desired area with the 

complexed argonaute protein was cut and subjected to RNA extraction; afterwards the 5’ RNA 

linker was ligated. In the following, RNAs were amplified by RT/PCR, the resulting products 

were separated on agarose gel and two respective populations of RNA (50-60bp for small 

RNAs, 80-180bp for mRNAs) extracted. After a re-PCR with Solexa Fusion Primers the desired 

bands on an agarose gel (miRNA – 150 bps, mRNA – smear around 200 bps) were again 

extracted and quality checked on an Agilent Bioanalyzer. 

3.10.1 HITS-CLIP – sequencing and alignment statistics 

Two libraries, mRNA- and miRNA-enriched, were sequenced to 100bp on a HiSeq 2500. Two 

processing pipelines were used. The first considered only the non-chimeric reads in that the 

alignment program, bowtie, was looking for end-to-end alignments and did not allow 

significant parts of the read to ‘dangle’. The second, applied to just the mRNA library used 

STAR to align to the transcriptome and did allow dangling ends. Dangling ends were then 

selected for lengths consistent with mature miRNAs and aligned to miRNA hairpins. 

3.10.2 HITS-CLIP – non-chimeric statistics 

The non-chimeric pipeline was described previously (Schug et al., 2013). The non-chimeric 

pipeline trims adapter sequence using a program written in the Kaestner lab. There was some 

evidence of double ligation due to the enrichment for chimeric reads. We trimmed adapters 

from the 3’ end that (partially) match GTGTCAGTCACTTCCAG or TGTCAGTCACTTCCAG. We 

kept sequences that were at least 16bp long. After trimming reads were aligned to the human 

genome, human RefSeq transcripts, and human miRNA hairpin sequences using bowtie 

allowing for multiple alignments. The mRNA library is enriched for long fragments, many of 

which will span introns or are chimeric, so the genomic alignment rate is lower than the 

miRNA library. RefSeq alignment for the mRNA fraction is also lower due to the chimeric 

fragments. The miRNA fraction of the miRNA library is relatively high. Roughly 81 million 

mRNA fragments and 68 million miRNA reads where used in the following steps. We identified 
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locations of RISC occupancy on RefSeq transcripts as described previously (Schug et al., 2013). 

Briefly, the alignments were processed to count the number of times each position in the 

transcripts occurred at the start of an alignment. Then these weighted positions were 

clustered (from heavy to light) into bins of 10bp to create the 5’ ends of the RISC complex 

footprints. We identified 265,406 footprints on 28,693 transcripts. To quantify miRNA 

occupancy in the RISC-complex we counted the number of read that overlapped with the 

annotated locations (miRbase v20) on the miRNA hairpins. 

Table 16. HITS CLIP sequencing libraries 

Library Raw Reads Trimmed 

Reads 

Genomic 

% 

RefSeq 

% 

RefSeq N miRNA 

% 

miRNA N 

mRNA 236,827,218 205,594,509 45.8% 39.6% 81,389,124 15.5%  

miRNA 172,094,624 140,008,888 79.1% 74.6%  48.6% 67,980,650 

 

3.10.3 HITS-CLIP – chimeric pipeline 

The chimeric pipeline used cutadapt (Martin, 2011) to trim adapter sequence 

AGGGAGGACGATGCG from the 5’ end and 

GTGTCAGTCACTTCCAGCGGTCGTATGCCGTCTTCTGCTTG from the 3’ end from the mRNA 

reads. We allowed for up to 3 rounds of trimming. Starting with 236,827,218 raw reads as 

above cutadapt produced 205,052,818 trimmed reads. The trimmed reads were aligned to 

the RefSeq transcriptome using STAR using the following parameters, --

outFilterMismatchNmax 2 and --outFilterMultimapNmax 10. We found 84,312,502 uniquely 

mapped reads and 1,530,815 reads that hit too many places and so were discarded. We 

further filtered the alignments down to 75,428,704 reads. The filtering rules were designed 

to select reads that were either non-chimeric well-aligned reads or chimeric reads liable to 

contain a miRNA fragment at the 5’ end. Alignments had to be a clean end-to-end match, a 

match with 1 or 2 bp leading non-match, a long miRNA-like lead non-match (18bp or more), 

or an 8 bp trailing non-match. Alignments were considered bad if they had inserts or deletions 

in the alignment, or too short a match (less than 20bp). Of these reads, 3,912,266 had a 

potential miRNA at the 5’ end. We then aligned the potential miRNA portion of the likely-

chimeric reads to miRNA hairpins using bowtie. We found 728,596 (18%) reads that aligned 

to 290 miRNAs. We then merged the STAR and bowtie alignment information for the reads to 
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identify mRNA/miRNA pairs. We evaluated the quality of the chimeric pairing by measuring 

the distribution of chimeric reads relative to mirRanda-predicted miRNA binding sites for a 

few of the most frequent miRNAs. Figure 17 indicates that the chimeras generally agree well 

with miRanda (Betel et al., 2010) predictions. 

3.11 additional in vitro assays 

3.11.1 3’UTR luciferase reporter assay 

HEK-293 cells were co-transfected with a dual-luciferase plasmid containing the wild-type or 

mutated full-length 3′UTR from human TET2 (RefSeq NM_001127208.2) and a miR142-3p 

mimic (10 pmol/well) at 10,000 cells per well in a 96-well plate using Lipofectamine 3000 

(Thermo Fisher Scientific) for 24 h. Luminescence was measured with the Dual Luciferase 

Reporter Assay Kit (Promega) following the manufacturer’s protocol. The ratio of Firefly over 

Renilla luminescence was determined and compared to the transfection control. The 

mutations were introduced in the potential binding site identified by the chimeric reads of 

HITS CLIP and the two predicted miR142-3p binding sites (Agarwal et al., 2015) in the TET2 

3’UTR (position 4135-4141 and 5392-5398) using site directed mutagenesis by PCR. For 

primer sequences see Table 13. 

3.11.2 miR142-3p activity assay 

A miR142-3p activity sensor plasmid was constructed by inserting a double-stranded 

oligonucleotide containing the miR142-3p target sequences (miR142-3p reverse 

complement, with a central bulged mismatch) into the 3’-UTR of a dual luciferase reporter 

plasmid. Jurkat T cells were co-transfected with the miR142-3p activity sensor plasmid and a 

miR142-3p inhibitor (5 pmol/well) at 50,000 cells per well in a 96-well plate using Attractene 

transfection reagent (Qiagen) for 24 h. Luminescence was measured with the Dual Luciferase 

Reporter Assay Kit (Promega) following the manufacturer’s protocol. The ratio of Firefly over 

Renilla luminescence was determined and compared to the transfection control. 
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3.11.3 3T3 fibroblasts 

3T3 fibroblasts were seeded in 96-well plates at a density of 10,000 cells/well. After 24 hours 

the cells were transfected with 10 pmol of miR142-3p mimic or control mimic using 

Lipofectamine RNAiMAX Reagent, following the manufacturer’s instructions. Analysis of gene 

expression was performed as described above. 

3.12 Statistical analysis 

Results are presented as mean and standard error of the mean (s.e.m) or as percentages, 

where appropriate. For normally distributed data, Student’s t test for unpaired values was 

used to compare means between independent groups and the Student’s t test for paired 

values was used to compare values for the same sample or subject tested under different 

conditions. For multiple testing ordinary one-way ANOVA and Tukey's multiple comparisons 

test were used. For all tests, a two-tailed P value of < 0.05 was considered to be significant. 

Statistical significance is shown as *= P < 0.05; **= P < 0.01; ***= P < 0.001, or not significant 

(NS) P > 0.05. Analyses were performed using the program GraphPad Prism 7 (La Jolla, CA). 

3.13 Data availability 

HITS-CLIP library sequencing data have been deposited to GEO database under the accession 

number GSE124264. miRNA sequencing data have been deposited to GEO database under 

the accession number GSE140064. 
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4 Results 

The concept of an involvement of impaired Treg homeostasis in the activation of 

autoimmunity is well established, but the underlying mechanisms and how specific miRNAs 

and their downstream pathways contribute to this impairment and the onset of 

autoimmunity remain poorly understood. 

4.1 Treg induction in vitro using limited TCR stimulation 

In order to investigate a potential effect of specific miRNAs and their downstream targets on 

Treg induction capacity of naive CD4+ T cells during the onset of islet autoimmunity, I 

established human and murine in vitro Treg induction assays using short-term TCR 

stimulation. The short-term TCR stimulation resembles subimmunogenic TCR stimulation 

which has been shown to be most efficient for murine Treg induction in vivo (von Boehmer 

and Daniel, 2013; Daniel and von Boehmer, 2011; Daniel et al., 2010; Kretschmer et al., 2005). 

Short-term TCR stimulation of human naive CD4+ T cells (staining examples in methods) 

resulted in significantly increased frequencies of induced CD127lowCD25highFoxp3highCD4+ 

Tregs compared to continuous TCR stimulation (Figure 6). To assess their phenotypical 

stability, induced Treg were restimulated for 36 h. Importantly, the restimulation of 

CD127lowCD25high Tregs previously induced using short-term TCR stimulation resulted in 

significantly higher levels of Foxp3high Tregs compared to CD127lowCD25high Tregs previously 

induced using continuous TCR stimulation (Figure 7). 
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Figure 6. Short-term TCR stimulation improves Treg induction efficacy in vitro. (a) Representative 
FACS plots of in vitro Treg induction using limited (12 h) and continuous (54 h) TCR stimulation of naive 
CD4+ T cells isolated from human peripheral blood. (b) Frequency of Foxp3hi Tregs induced by limited 
or continuous TCR stimulation. n = 5. One data point represents one subject. Experiments were 
performed in three technical replicates per subject. Data are presented as box-and-whisker plots with 
min and max values. Student’s t-test. **P < 0.01. 

 

 
 

Figure 7. Short-term TCR stimulation improves stability of in vitro induced Tregs. (a) Representative 
FACS plots of restimulation experiments using Tregs previously induced using short-term or 
continuous stimulation of naive CD4+ T cells isolated from human peripheral blood. (b) Quantification 
of restimulation experiments as described in (a). n = 4. One data point represents one subject. 
Experiments were performed in three technical replicates per subject. Data are presented as box-and-
whisker plots with min and max values. Student’s t-test. **P < 0.01. 
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4.2 Foxp3 CNS2 DNA methylation assay 

Since the long-term stability of Tregs has been shown to be linked with the DNA methylation 

status of the Foxp3 CNS2, human and murine methylation assays using HRM PCR and 

pyrosequencing were established. The methylation assays were validated on a standard-

series of unmethylated and methylated DNA for unbiased PCR amplification according to their 

products’ uniform high-resolution melting behavior. Completely methylated, bisulfite 

converted and completely demethylated, bisulfite converted DNA and mixtures of both were 

used, corresponding to DNA mixtures with 0%, 25%, 50%, 75% and 100% methylation. All 

standards were amplified in the HRM PCR and showed a uniform melting behavior with a 

slight shift towards high methylation but clearly distinguishable melt curves for all 

methylation levels (Figure 8a). The obtained amplicons enabled high-quality readouts of eight 

successive CpG-sites in subsequent pyrosequencing reactions (exemplary file shown in Figure 

8b). High correlation between methylation levels of input standards and pyrosequencing-

readout of PCR products additionally verified the designed assay for even amplification 

(Figure 8c). 
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a 

 

b 

 
c 

 
 
Figure 8. Human Foxp3 CNS2 DNA methylation assay. (a) Representative high resolution melting 
analysis of DNA methylation standards (0, 25, 50, 75, 100%). (b) Representative pyrosequencing 
analysis of the 100% DNA methylation standard. (c) Correlation between methylation levels of 
standards and pyrosequencing-readout of PCR products.  
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4.2.1 Foxp3 CNS2 DNA methylation in human T cell subsets 

In order to analyze the DNA methylation of the Foxp3 CNS2 in different T cell subsets, CD4+ T 

cells were FACS sorted based on surface markers and Foxp3. Considering the X-chromosomal 

location of the Foxp3 gene, cells from female and male donors were analyzed. As shown in 

Figure 9 the DNA methylation levels differed clearly between the individual CD4+ T cell 

subsets. For both female and male donors, naive T cells and memory T cells exhibited the 

highest methylation level, effector Tregs the lowest and activated T cells and naive Tregs in 

between. Notably, except for the completely methylated cells the methylation levels of the 

female donors were higher than the levels of the male donors, which is in line with the X-

chromosomal location of the Foxp3 gene. 

 

 
 
Figure 9. Methylation of the Foxp3 CNS2 in human CD4+ T cells. Methylation of eight CpG sites in the 
human Foxp3 CNS levels in ex vivo subsets of human CD4+ T cells as revealed by pyrosequencing. 
Female donors are shown in black and male donors are shown in grey. n = 4. Experiments were 
performed in two technical replicates per subject. Data are presented as means ± SEM. 

 

4.2.2 Foxp3 CNS2 DNA methylation during Treg induction 

To investigate if the improved Treg induction efficacy and Treg stability upon short-term TCR 

stimulation is accompanied by changes in Foxp3 CNS2 DNA methylation, a methylation 

analysis of human and murine in vitro induced Tregs was performed. Both short-term and 

continuously induced Tregs exhibit an almost completely methylated CNS2. To capture 

potential methylation dynamics during the early phase of murine and human Treg induction 

from naive CD4+ T cells, I analyzed Treg markers and Foxp3 CNS2 methylation as early as 12 

hours of TCR stimulation. I observed cells expressing Treg markers, especially high levels of 
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Foxp3, with an increase over time as shown for 12, 18 and 36 hours in Figure 10a (murine: 

CD4+CD25highFoxp3high) and Figure 5c (human: CD4+CD127lowCD25highFoxp3high). 

The DNA methylation analysis of cells with a Foxp3hi Treg phenotype in this early phase of 

Treg induction showed a clear dynamic in Foxp3 CNS2 methylation which are only partially 

captured by the in vitro differentiation system. Thus, initial Treg induction from naive CD4+ T 

cells causes rapid CNS2 demethylation (Figure 10b and d) and Foxp3 expression as expected. 

However, longer culture leads to methylation at the CNS2, likely a result of the culture 

conditions. Of note, the demethylation was restricted to cells showing a Foxp3hi Treg 

phenotype, while no changes in CNS2 methylation were observed in Foxp3- cells (Figure 10b 

and d). These results support the notion that the initial demethylation of CNS2 is linked to the 

expression of Foxp3 and its downstream targets, and is not solely the effect of TCR stimulation 

on cell proliferation. 

 

Figure 10. Early T cell activation induces rapid demethylation of the Foxp3 CNS2 in x cells. (a) 
Representative FACS plot indicating CD4+CD25+Foxp3+ Tregs and CD4+Foxp3- T cells after 12, 18 and 
36 hours of subimmunogenic stimulation of BALB/c naive CD4+ T cells. (b) Methylation of four CpG 
sites in the murine Foxp3 CNS2 of CD4+CD25+Foxp3+ Tregs and CD4+Foxp3- T cells after 12, 18 and 36 
hours of subimmunogenic TCR stimulation. n = 6. (c) Representative FACS plot indicating CD4+CD127-

CD25+Foxp3+ Tregs and CD4+CD127-CD25+Foxp3- T cells after 12, 18 and 36 hours of TCR stimulation 
of human naive CD4+ T cells. (d) Methylation of eight CpG sites in the human Foxp3 CNS2 of 
CD4+CD127-CD25+Foxp3+ Tregs and CD4+CD127-CD25+Foxp3- T cells after 12, 18 and 36 hours of 
subimmunogenic TCR stimulation. n = 6. Experiments were performed in two technical replicates per 
subject. Data are presented as means ± SEM. 
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4.3 Onset of islet autoimmunity impairs murine and human Treg induction 

in vitro 

Our group recently provided evidence for a profound impairment of Treg induction during 

islet autoimmunity onset (Serr et al., 2016b, 2018). In line with these findings, in vitro Treg 

induction assays using subimmunogenic stimulation of naive CD4+ T cells (CD4+CD25-CD44-) 

from NOD mice with different stages of autoimmunity revealed impaired Treg induction 

capacity upon onset of islet autoimmunity. Specifically, the frequency of in vitro induced 

Foxp3+ Tregs was highest using naive CD4+ T cells from NOD mice without islet autoimmunity 

while naive CD4+ T cells from NOD mice with islet autoimmunity and even more from diabetic 

mice showed reduced frequencies of induced Foxp3+ Tregs (Figure 11a). Likewise, I used naive 

CD4+ T cells (CD4+CD3+CD45RA+CD45RO-CD127+CD25-) from individuals without islet 

autoimmunity, with recent onset of T1D, and with established T1D for in vitro Treg induction. 

The groups with recent onset or established T1D revealed an overall reduction of Treg 

induction efficacy compared to the healthy individuals as observed previously (Figure 11b) 

(Serr et al., 2016b, 2018). 

 

Figure 11. Onset of islet autoimmunity impairs murine and human Treg induction in vitro. (a) In vitro 
Treg induction assays using limited TCR stimulation of naive CD4+ T cells isolated from lymph nodes of 
NOD mice with different stages of autoimmunity. n = 20 for IAA- and IAA+; n = 5 for diabetic. (b) In vitro 
Treg induction assays using limited TCR stimulation of naive CD4+ T cells isolated from peripheral blood 
of human subjects with different stages of T1D. n = 22 for no T1D n = 8 for recent onset and longterm 
T1D. One data point represents one subject. Experiments were performed in three technical replicates 
per subject. Data are presented as box-and-whisker plots with min and max values. Ordinary one-way 
ANOVA, Tukey's multiple comparisons test. *P < 0.05, ***P < 0.001. 
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A critical question is whether the impaired expression of individual miRNAs is linked to the 

mechanisms underlying diseases, such as the activation of islet autoimmunity in T1D. 

Although recent studies provided considerable insight into the role of miRNAs in immune 

homeostasis, the specific contribution of individual miRNAs, their direct targets and affected 

signaling pathways remain poorly understood, especially in T cells. 

4.4 Increased miR142-3p expression in activated CD4+ T cells during islet 

autoimmunity and T1D 

In order to reveal potential links between differential miRNA expression and the onset of islet 

autoimmunity, I isolated the miRNA fraction from activated CD4+ T cells (CD4+CD3+CD45RA-

CD45RO+CD127+CD25intermediate) of children with and without islet autoimmunity to screen for 

differentially expressed miRNAs by high throughput sequencing. This analysis identified 

multiple differentially expressed miRNAs, with both down- and upregulation of up to tenfold. 

One of the miRNAs specifically upregulated in activated CD4+ T cells from children with 

ongoing islet autoimmunity was miR142-3p, with a fold change of about 2 (Figure 12a). 

The differential expression of miR142-3p was validated by qPCR analysis of activated CD4+ T 

cells isolated from peripheral blood of individuals without T1D and with recent onset of T1D 

(Figure 12b). 

In order to expand these findings to the murine system, offering valuable research tools not 

available in the human system, non-obese diabetic (NOD) mice, a well-established model of 

T1D, were used. Here, in line with the human data, activated CD4+ T cells (CD4+CD25-CD44high) 

isolated from lymph nodes of NOD mice with recent development of insulin autoantibodies 

(IAA) also showed elevated levels of miR142-3p expression compared to IAA- littermates 

(Figure 12c). These results suggest a potential involvement of miR142-3p in activation of islet 

autoimmunity in humans and mice. 
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Figure 12. miR142-3p is upregulated upon onset of islet autoimmunity. (a) miR142-3p expression in 
activated CD4+ T cells isolated from peripheral blood of children with and without islet autoimmunity 
by miRNA sequencing of 4 pooled samples per group. (b) miR142-3p abundance in activated CD4+ T 
cells isolated from peripheral blood of children without T1D and with recent onset of T1D. n ≥ 5. (c) 
miR142-3p abundance in CD4+ T cells with an activated phenotype isolated from lymph nodes of NOD 
mice with and without islet autoimmunity. n = 6. One data point represents one subject. Experiments 
were performed in three technical replicates per subject. Data are presented as box-and-whisker plots 
with min and max values. Student’s t-test. *P < 0.05, **P < 0.01. 

 
Furthermore, I analyzed an existing mRNA sequencing dataset of individuals with ongoing 

islet autoimmunity and healthy controls for differential expression of predicted miR142-3p 

targets. The majority of the predicted miR142-3p targets was downregulated in CD4+T cells of 

individuals with ongoing islet autoimmunity (Figure 13), supporting the important role of this 

miRNA for the activation of T cell specific islet autoimmunity. 

 

 

Figure 13. Predicted miR142-3p targets are downregulated in CD4+ T cells from individuals with 
ongoing islet autoimmunity. Fold expression change of 104 predicted miR142-3p target genes in CD4+ 
T cells from individuals with ongoing islet autoimmunity compared to healthy controls. 
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4.5. HITS CLIP analysis of human CD4+ T cells 

Multiple previous studies analyzed miRNA profiles in different diseases contexts and various 

cell types. However, the specific contribution of individual miRNAs to mRNA regulation as well 

as the miRNA-mRNA target relationships remain largely unclear. By analyzing miRNA and 

mRNA fragments present in the RNA-induced silencing complex (RISC) following 

immunoprecipitation with an antibody against Argonaute 2, HITS-CLIP (high-throughput 

sequencing of RNA isolated by crosslinking immunoprecipitation) offers a valuable tool to 

overcome this knowledge gap (Figure 14a). The HITS-CLIP analysis of human CD4+ T cells and 

mapping of the sequencing reads to the human genome identified 271 unique RISC-

associated miRNAs and 7,829 corresponding mRNA targets. The analysis of the obtained 

sequencing libraries revealed that the miRNA binding sites are located at comparable levels 

in the 3’ UTR and the coding sequence of the mRNA targets (Figure 14b), with a slight 

preference for the 3’ UTR when the size of the respective region was taken into account 

(Figure 14c). These findings are in contrast to previous findings which suggested that miRNA 

binding occurs preferentially in the 3’ UTR (Friedman et al., 2009). 

 

Figure 14. HITS-CLIP analysis of human CD4+ T cells. (a) Schematic illustration of the HITS-CLIP 
technique. (b) Average read coverage of RISC associated mRNA fragments over a standardized mRNA. 
Dashed lines show the average levels. (CDS = coding sequence). (c) The outer pie shows the average 
size of the regions. The inner pie indicates the proportion of RISC associated mRNA fragments found 
in each section. 
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The abundance of the 271 miRNAs present in the RISC of human CD4+ T cells varied notably 

and miR142-3p was the most abundant miRNA (Figure 15a), suggesting a critical role of this 

miRNA in the regulation of CD4+ T cells. Gene ontology analysis of the 500 most targeted 

mRNAs showed a significant enrichment of biological processes associated with immune 

activation and regulation such as “T cell signaling” and “T cell activation” (Figure 15b). These 

findings support the notion that miRNAs function as critical regulators of immune activation 

vs. tolerance induction in CD4+ T cells. 

 

Figure 15. miR142-3p is highly abundant in the RISC complex of CD4+ T cells. (a) The ten most 
abundant RISC associated miRNAs in human CD4+ T cells as identified by HITS-CLIP. (b) Significantly 
enriched gene ontology (GO) biological processes in target genes of RISC associated miRNAs in human 
CD4+ T cells. 

 

4.6 miR142-3p targets the methylcytosine dioxygenase Tet2, a modulator of 

DNA methylation 

Since the DNA methylation status of the Foxp3 CNS2 is a crucial mediator of Treg stability, I 

analyzed the HITS-CLIP dataset in order to identify genes potentially involved in the 

modulation of DNA methylation. One mRNA target associated with the RISC in human CD4+ T 

cells was the methylcytosine dioxygenase Tet2, which is a mediator of DNA demethylation. 

Multiple RISC associated mRNA fragments aligned to the Tet2 transcript (Figure 16). These 

findings indicate that Tet2 is subject to regulation by miRNAs, however, they do not reveal 

which miRNA might be involved in this regulation. 

Besides mRNAs and miRNAs, the HITS-CLIP analysis also captures rare chimeric reads which 

result from the ligation of miRNAs and their mRNA targets while they’re in close proximity in 

the RISC. These chimeric reads have been previously reported for other cell types 
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(Kameswaran et al., 2014; Schug et al., 2013) and they provide direct evidence for the specific 

target relationship between miRNAs and mRNAs. The quality of the chimeric reads pairing 

was evaluated by measuring the distribution of chimeric reads relative to miRanda-predicted 

(Betel et al., 2010) miRNA binding sites for a set of the most frequent miRNAs indicating that 

the chimeric reads strongly correlate with in silico predictions (Figure 17). 

Remarkably, the chimeric read sequencing library contained several chimeric reads for the 

miR142-3p – Tet2 pair. The mRNA fragments of the chimeric reads aligned to a specific region 

in the 3’ UTR of Tet2 transcript NM_001127208 between bases 7,600 and 7,800 of the Tet2 

transcript, which also showed RISC footprints (Figure 16). Furthermore, the Tet2 transcript 

contains two predicted miR142-3p binding sites in the 3’UTR (Agarwal et al., 2015) pointing 

to an involvement of this miR142-3p in Tet2 regulation. 

 

Figure 16. Analysis of miR142-3p – Tet2 chimeric reads in human CD4+ T cells. From top to bottom: 
Location of the human TET2 gene on chromosome 4. The human TET2 transcripts NM_017628 and 
NM_001127208 and RISC footprints (purple bars) on these transcripts. Transcript NM_001127208 
zoomed in on a region of the 3’UTR between 7150 and 8050, showing RISC footprints (grey bars) and 
miR142-3p – Tet2 – chimeric reads (colored portion indicates the miR142-3p part of the chimeric 
reads). 
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Figure 17. Chimeric reads correlate with miRanda-predicted miRNA binding sites. X-axis indicates 
the position of the chimeric reads relative to the predicted binding sites (position 0); Y-axis indicates 
the frequency of the chimeric reads. 

 

4.7 Reduced Tet2 abundance upon onset of islet autoimmunity 

To integrate these findings into the context of islet autoimmunity I analyzed if altered miR142-

3p levels in CD4+ T cells directly modulate Tet2 abundance upon onset of islet autoimmunity. 

The increased miR142-3p levels during the onset of islet autoimmunity were reflected by a 

reduced abundance of the potential miR142-3p target Tet2 in CD4+ T cells from IAA+ mice as 

shown by flow cytometry analysis (Figure 18a). This reduction in Tet2 abundance was also 

shown directly in the pancreas by immunofluorescence microscopy of pancreatic cryosections 

from NOD mice with or without islet autoimmunity. Specifically, the analysis revealed 

significantly reduced numbers of pancreas-infiltrating CD3+Tet2+ T cells in IAA+ NOD mice 

(Figure 18b and c), despite an increase in the total number of pancreas-infiltrating CD3+ T cells 

(Figure 18d). Moreover, the abundance of human CD4+CD3+Tet2+ T cells was reduced in 

peripheral blood from subjects with recent onset of T1D compared to subjects without T1D 

(Figure 18e and f). 
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Figure 18. Tet2 abundance is changed upon onset of islet autoimmunity and T1D. (a) Ex vivo Tet2 
protein abundance (median fluorescence intensity) in CD4+ T cells isolated from pancreatic lymph 
nodes of NOD mice with and without islet autoantibodies. n = 5. (b) Immunofluorescence staining for 
CD3 (green), Tet2 (red) and DAPI (blue) in pancreas cryosections of NOD mice with and without islet 
autoimmunity. Scale bars: 50 µm. (c) Quantification of CD3+Tet2+ T cells per high power field in 
samples from (b). n = 12. (d) CD3+ T cells per high power field in samples from (b). n ≥ 8. (e) 
Immunofluorescence staining for CD3 (green), Tet2 (red) and DAPI (blue) in cytospins of human CD4+ 
T cells isolated from peripheral blood of individuals with and without recent onset of T1D. Scale bars: 
75 µm. (f) Quantification of CD3+Tet2+ T cells per high power field in samples from (d). n = 6. 
Experiments were performed in three technical replicates per subject. Data are presented as box-and-
whisker plots with min and max values. Student’s t-test. *P < 0.05, **P < 0.01. 

 

4.8 Foxp3 CNS2 methylation changes upon onset of islet autoimmunity 

The stability of Tregs is directly linked to the methylation status of the CNS2 within the Foxp3 

gene: it is demethylated in Tregs which is associated with stable Foxp3 expression and a stable 

Treg phenotype. The identification of Tet2, an enzyme involved in DNA demethylation, as a 

direct target suggested a potential link between increased miR142-3p levels, reduced Tet2 

abundance and Treg stability. The comparison of Foxp3 CNS2 methylation of Tregs from NOD 

mice with recent development of IAAs, and also from children with recent onset of T1D to 

controls without IAA/T1D indeed revealed changes in DNA methylation within the Foxp3 

locus. In both mice and humans, all individual CpG sites within the CNS2 of Tregs from 

individuals with islet autoimmunity/T1D showed higher DNA methylation levels, reaching 

statistical significance at several sites and when analyzing the entire Foxp3 CNS2 region 

(Figure 19a and c). These results suggest a direct link between miR142-3p levels, Tet2 

expression and Foxp3 CNS2 DNA methylation during ongoing islet autoimmunity. 
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To dissect the question if the impaired demethylation of the Foxp3 CNS2 contributes to 

autoimmune activation or if it is a consequence thereof, CNS2 DNA methylation was assessed 

in NOD mice below 30 days of age with a very early onset of IAA+ positivity and compared to 

non-autoimmune prone BALB/c mice (Figure 19b). The increased Foxp3 CNS2 DNA 

methylation in these very young IAA+ NOD mice supports the concept that early changes in 

Foxp3 CNS2 methylation can contribute to promoting autoimmune activation and 

progression. 

To exclude differences in the composition of the Treg pool with regard to thymic-derived and 

peripheral Tregs as a contributing factor on differential Foxp3 CNS2 DNA methylation, I 

analyzed Tregs isolated from peripheral blood of human subjects without T1D and with recent 

onset of T1D. The expression of Helios, which is a marker of thymic-derived Tregs (Thornton 

et al., 2010), did not differ between the two groups (Figure 19d), suggesting that the observed 

differences in Foxp3 CNS2 DNA methylation are not affected by the composition of the Treg 

pool. 

 

 

Figure 19. Foxp3 CNS2 methylation is changed upon onset of islet autoimmunity and T1D. (a) 
Methylation of the Foxp3 CNS2 (four CpG sites and combination of all sites) in Tregs isolated from 
pancreatic lymph nodes of female NOD mice with and without autoimmunity. n = 6. (b) Methylation 
of the Foxp3 CNS2 (mean of all sites) in Tregs isolated from lymph nodes of young female BALB/c mice 
or IAA+ NOD mice, age < 30 days. n ≥ 7. (c) Methylation of the Foxp3 CNS2 (eight CpG sites and 
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combination of all sites) in Tregs isolated from peripheral blood of male human subjects with recent 
onset of T1D and healthy controls. n = 8. (d) Helios+ Tregs (% of CD4+Foxp3hi Tregs) isolated from 
peripheral blood of human subjects with recent onset of T1D and healthy controls. n = 4. One data 
point represents one subject. Experiments were performed in two (a-c) or three (d) technical 
replicates per subject. Data are presented as box-and-whisker plots with min and max values or as 
means ± SEM. (a and c) Ordinary one-way ANOVA, Tukey's multiple comparisons test. (b and d) 
Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

4.9 Tet2 plays an important role for Treg induction in vitro 

In order to provide evidence for the potentially important role of Tet2 for Treg induction, Tet2 

abundance was analyzed during the early phase of in vitro Treg induction from BALB/c naive 

CD4+ T cells. I observed a strong increase in Tet2 mRNA levels after 3 hours of TCR stimulation, 

followed by a decrease to baseline levels or below after 6 hours (Figure 20a). This activation 

of Tet2 upon TCR stimulation was also reflected on the protein levels with increased Tet2 

abundance after 6 hours and an additional increase after 12 hours (Figure 20b). 

 

 

Figure 20. Early T cell activation induces Tet2 expression in vitro. (a) Tet2 mRNA abundance at various 
time points (0 – 18 hours) of TCR stimulation of CD4+ T cells isolated from lymph nodes of BALB/c mice. 
n ≥ 8. (b) Tet2 protein abundance (median fluorescence intensity) after 0, 6 and 12 hours of TCR 
stimulation of CD4+ T cells isolated from lymph nodes of BALB/c mice. n = 5. One data point represents 
one subject. Experiments were performed in three technical replicates per subject. Data are presented 
as box-and-whisker plots with min and max values (b) or as means ± SEM. (a) Ordinary one-way 
ANOVA, Tukey's multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. 

To further highlight the importance of Tet2 during the early phase of Treg induction, I 

performed Tet2 knockdown Treg induction experiments using naive CD4+ T cells from BALB/c 

mice and healthy human subjects in presence of a Tet2 siRNA. The reduced Tet2 abundance 

resulted in significantly attenuated Treg induction efficacy in both the murine (Figure 21a) 
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and the human system (Figure 21b), suggesting a critical role of Tet2 for T cell activation and 

Treg induction. 

 

 

Figure 21. Tet2 is essential for efficient Treg induction in vitro. (a) In vitro Treg induction in presence 
of a control siRNA or a Tet2 siRNA, using limited TCR stimulation of naive CD4+ T cells isolated from 
lymph nodes of BALB/c mice. n = 6. (b) In vitro Treg induction in presence of a control siRNA or a Tet2 
siRNA, using limited TCR stimulation of naive CD4+ T cells isolated from human peripheral blood. n = 
4. One data point represents one subject. Experiments were performed in three technical replicates 
per subject. Data are presented as box-and-whisker plots with min and max values Student’s t-test. 
*P < 0.05, **P < 0.01. 

 

4.10 Analysis of miR142-3p inhibition in vitro 

To better understand the potential role of miR142-3p and Tet2 for Treg induction and stability 

I analyzed miR142-3p inhibition during Treg induction in vitro. 

4.11 Delivery of functional miR142-3p inhibitors in vitro 

The uptake as well as the high efficacy and specificity of the miRNA inhibitor were 

demonstrated in several independent experimental settings. First, the chitosan-coated PLGA 

nanoparticle-mediated miRNA uptake in CD4+ T cells including intracellular co-localization of 

the nanoparticles and the miRNA was shown using a fluorescently-labeled miRNA (Serr et al., 

2018). Specifically, naive CD4+ T cells were stimulated in the presence of FA-labeled 

nanoparticles and/or a fluorescently-labeled miRNA. As shown in Figure 22a and b, FA-labeled 

nanoparticles and the miRNA were efficiently taken up by the cells and confocal microscopy 

images in Figure 22a show the intracellular co-localization of nanoparticles and miRNA. 
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Figure 22. Nanoparticle-mediated miRNA uptake in CD4+ T cells. (a) Confocal microscopic images 
showing the intracellular co-localization of FA-labeled nanoparticles (green) and Dy457-labeled 
transfected control miRNAs (red) in CD4+T cells stimulated with anti-CD3/anti-CD28 for 18 hours. (b) 
Uptake of PE-labeled miRNAs in Treg induction assays, in vitro, as assessed by FACS analyses, pre-
gated on live CD4+ T cells. 

 
Second, to demonstrate the efficacy of the miR142-3p inhibitor in T cells in vitro, the 

stimulation of CD4+ T cells in presence of the miR142-3p inhibitor reduced miR142-3p 

abundance by more than 99% after three hours of incubation (Figure 23a). Third, the co-

transfection of Jurkat T cells with a miR142-3p sensor plasmid, constructed by inserting a 

double-stranded oligonucleotide containing the miR142-3p target sequences into the 3’-UTR 

of a dual luciferase reporter plasmid, and the miR142-3p inhibitor significantly de-repressed 

luciferase expression (Figure 23b). Fourth, the functional blockade of miR142-3p activity in 

CD4+ T cells was demonstrated by showing increased expression of Tgfbr1 and ATG16L1, two 

established target genes of miR142-3p (Lu et al., 2018; Talebi et al., 2017), in T cells stimulated 

in presence of a miR142-3p inhibitor compared to a control inhibitor (Figure 23c and d). 
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Figure 23. A miR142-3p inhibitor efficiently blocks its target miRNA in vitro. (a) Effect of a miR142-
3p inhibitor on miR142-3p mRNA abundance upon TCR stimulation of naive CD4+ T cells isolated from 
lymph nodes of BALB/c mice. Data are shown as fold change compared to a control inhibitor. n = 4. 
(b) Normalized luciferase activity of Jurkat T cells co-transfected with a miR142-3p inhibitor and a 
miR142-3p activity sensor plasmid containing the miR142-3p target sequences in the 3’-UTR. n = 4. (c) 
mRNA abundance of Tgfbr1, an established target of miR142-3p, after 6 hours of TCR stimulation of 
CD4+ T cells isolated from lymph nodes of BALB/c mice, in presence of a miR142-3p inhibitor and a 
control inhibitor respectively. n = 4. (d) mRNA abundance of ATG16L1, an established target of 
miR142-3p, after 6 hours of TCR stimulation of CD4+ T cells isolated from lymph nodes of BALB/c mice, 
in presence of a miR142-3p inhibitor and a control inhibitor respectively. n = 4. One data point 
represents one subject. Experiments were performed in three technical replicates per subject. Data 
are presented as box-and-whisker plots with min and max values or as means ± SEM. (a) Ordinary one-
way ANOVA, Tukey's multiple comparisons test. (b, c and d) Student’s t-test. *P < 0.05, **P < 0.01, 
***P < 0.001. 

 

4.12 miR142-3p inhibition increases Tet2 abundance 

To underline Tet2 as a direct target of miR142-3p, Treg induction experiments using naive 

CD4+ T cells from BALB/c mice in presence of the miR142-3p inhibitor were performed and 

the levels of Tet2 mRNA and protein were analyzed. Of note, the inhibition of miR142-3p 

resulted in significantly higher Tet2 mRNA levels after 6 hours of TCR stimulation (Figure 24a) 

and increased Tet2 protein abundance after 12 hours (Figure 24b). 
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Figure 24. Inhibition of miR142-3p increases Tet2 levels during early T cell activation. (a) Tet2 mRNA 
abundance after 3, 6 and 9 hours of TCR stimulation of CD4+ T cells isolated from lymph nodes of 
BALB/c mice, in presence of a miR142-3p inhibitor and a control inhibitor respectively. n = 5. (b) Tet2 
protein abundance (median fluorescence intensity) after 6 and 12 hours of TCR stimulation of CD4+ T 
cells isolated from lymph nodes of BALB/c mice, in presence of a miR142-3p inhibitor and a control 
inhibitor respectively. n = 6. One data point represents one subject. Experiments were performed in 
three technical replicates per subject. Data are presented as box-and-whisker plots with min and max 
values. Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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While the levels of the two other members of the Tet enzyme family, Tet1 and Tet3, were 

also dynamic upon TCR stimulation there was no effect of miR142-3p inhibition (Figure 25a 

and b), providing further evidence that miR142-3p specifically targets Tet2. 

 

 

Figure 25. Tet1 and Tet3 expression upon TCR stimulation and miR142-3p inhibition. (a) Tet1 and 
Tet3 mRNA abundance at various time points (0 – 12 hours) of TCR stimulation of CD4+ T cells isolated 
from lymph nodes of BALB/c mice. n = 6. (b) Tet1 and Tet3 mRNA abundance after 3, 6, 9 and 12 hours 
of TCR stimulation of CD4+ T cells isolated from lymph nodes of BALB/c mice, in presence of a miR142-
3p inhibitor and a control inhibitor respectively. n = 4. One data point represents one subject. 
Experiments were performed in three technical replicates per subject. Data are presented as means ± 
SEM. Ordinary one-way ANOVA, Tukey's multiple comparisons test. *P < 0.05, ***P < 0.001. 
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4.13 Tet2 3’UTR luciferase reporter assay confirms Tet2 as a direct miR142-3p 

target 

In order to provide further mechanistic evidence for the direct miR142-3p – Tet2 target 

relationship a Tet2 3’UTR luciferase reporter assay was performed. The co-transfection of 

HEK-293 cells with a TET2 3’UTR reporter construct and a miR142-3p mimic resulted in a 

significantly lower luciferase activity compared to the control mimic (Figure 26a). To further 

support these findings, I used site directed mutagenesis by PCR to mutate the potential 

miR142-3p binding sites in the Tet2 3’UTR. I first mutated the potential binding site identified 

by the chimeric reads from HITS-CLIP data (HITS CLIP mut) and second two other binding sites 

in the Tet2 3’UTR (position 4135-4141 and 5392-5398; predicted mut), which were predicted 

using Targetscan (Agarwal et al., 2015). As before, HEK-293 cells were co-transfected with the 

respective luciferase reporter construct and a miR142-3p mimic. In the HITS CLIP mut the 

mimic showed an effect comparable to the wildtype construct (Figure 26b). Importantly, the 

effect of the miR142-3p mimic was fully abrogated using the predicted mut (Figure 26c), 

indicating that the binding sites in the Tet2 3´UTR at positions 4135-4141 and 5392-5398 are 

the ones targeted by miR142-3p. These findings therefore provide further evidence for the 

direct targeting of Tet2 by miR142-3p. 

 

 

Figure 26. miR142-3p targets the methylcytosine dioxygenase Tet2 3’ UTR. (a) Normalized luciferase 
activity of HEK-293 cells co-transfected with a miR142-3p mimic and a wildtype TET2 3′UTR reporter 
construct. n = 4. (b) Normalized luciferase activity of HEK-293 cells co-transfected with a miR142-3p 
mimic and a TET2 3′UTR reporter construct, with a mutation in the potential miR142-3p binding site, 
identified by HITS-CLIP chimeric reads. n = 4. (c) Normalized luciferase activity of HEK-293 cells co-
transfected with a miR142-3p mimic and a TET2 3′UTR reporter construct, with a mutation in the 
predicted miR142-3p binding sites. n = 4. One data point represents one subject. Experiments were 
performed in three technical replicates per subject. Data are presented as means ± SEM. Student’s t-
test. *P < 0.05. 
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4.14 miR142 loss-of function models confirm Tet2 as a direct target of miR142-

3p in vitro 

Furthermore, I employed two loss-of-function models, 3T3 fibroblasts and miR142 knockout 

(miR142-/-) mice, to support the direct miR142-3p – Tet2 target relationship. As virtually all 

non-hematopoietic cells the 3T3 fibroblast cell line lacks miR142-3p expression almost 

completely (Figure 27a), providing a suitable experimental system to study the effect of 

miR142-3p in absence of endogenous miR142-3p expression. The introduction of miR142-3p 

in these cells via transfection with a miR142-3pc mimic resulted in significantly decreased 

Tet2 mRNA levels (Figure 27b). 

 

 

Figure 27. miR142-3p targets Tet2 in 3T3 fibroblasts. (a) miR142-3p abundance in CD4+ T cells isolated 
from lymph nodes of BALB/c mice and 3T3 fibroblasts. n = 4. Data are presented as fold change 
compared to CD4+ T cells. (b) Tet2 mRNA abundance in 3T3 fibroblasts, 48 hours after transfection 
with a miR142-3p mimic and a control mimic respectively. n = 6. One data point represents one 
individual experiment. Experiments were performed in three technical replicates per subject. Data are 
presented as box-and-whisker plots with min and max values or as means ± SEM. Student’s t-test. **P 
< 0.01, ***P < 0.001. 
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Next, I used T cells from miR142 deficient animals (Figure 28a) to validate the direct targeting 

of Tet2 by miR142-3p directly in a mouse model. The stimulation of CD4+ T cells from miR142-

/- mice resulted in significantly increased Tet2 mRNA levels when compared to T cells from 

miR142+/+ mice (Figure 28b). In line with the increased expression of Tet2 mRNA, Tet2 protein 

levels were likewise elevated in T cells from miR142 deficient mice following TCR stimulation 

when compared to T cells from mice expressing miR142 (Figure 28c). 

 

Figure 28. Increased Tet2 abundance in miR142-/- mice. (a) miR142-3p abundance in CD4+ T cells 
isolated from lymph nodes of miR142 knockout (miR142-/-) and control (miR142+/+) mice. n = 4. ND = 
not detectable. (b) Tet2 mRNA abundance after 12 hours of TCR stimulation of CD4+ T cells isolated 
from lymph nodes of miR142+/+ and miR142-/- mice. n = 4. (c) Tet2 protein abundance (median 
fluorescence intensity) after limited TCR stimulation (18 hours stimulation, 36 hours no stimulation) 
of CD4+ T cells isolated from lymph nodes of miR142+/+ and miR142-/- mice. n = 6. One data point 
represents one subject. Experiments were performed in three technical replicates per subject. Data 
are presented as box-and-whisker plots with min and max values. Student’s t-test. *P < 0.05, ***P < 
0.001. 

 
As described above, stimulation of BALB/c T cells in presence of a miR142-3p inhibitor 

resulted in increased expression of Tet2 (Figure 24a and b) and two well-established miR142-

3p targets, Tgfbr1 and ATG16L1 (Figure 23c and d), when compared to a control inhibitor. To 

confirm that these changes are due to a direct effect of miR142-3p inhibition, I performed 

corresponding experiments with T cells from miR142-/- mice which indicated the absence of 

any difference between T cells stimulated in presence of a miR142-3p inhibitor and a control 

inhibitor (Figure 29). The findings in both loss-of-function models again underline the direct 

effect of the miR142-3p inhibitor and provide compelling evidence that Tet2 is a direct target 

of miR142-3p. 
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Figure 29. Inhibition of miR142-3p has no effect in miR142 deficient CD4+ T cells in vitro. (a) Tet2 
mRNA abundance after 6 hours of TCR stimulation of CD4+ T cells isolated from lymph nodes of 
miR142-/- mice, in presence of a miR142-3p inhibitor and a control inhibitor respectively. n = 4. (b) 
Tgfbr1 mRNA abundance after 6 hours of TCR stimulation of CD4+ T cells isolated from lymph nodes 
of miR142-/- mice, in presence of a miR142-3p inhibitor and a control inhibitor respectively. n = 4. (c) 
ATG16L1 mRNA abundance after 6 hours of TCR stimulation of CD4+ T cells isolated from lymph nodes 
of miR142-/- mice, in presence of a miR142-3p inhibitor and a control inhibitor respectively. n = 4. One 
data point represents one subject. Experiments were performed in three technical replicates per 
subject. Data are presented as means ± SEM. Student’s t-test. 

 

4.15 Inhibition of miR142-3p improves Treg induction from naive CD4+ T cells 

in vitro 

Having established impaired Treg induction from naive CD4+ T cells and upregulation of 

miR142-3p in CD4+ T cells during onset of islet autoimmunity, I next investigated the potential 

specific contribution of this miRNA to diminished Treg induction during autoimmune 

activation. I wondered if the differentially expressed miR142-3p might interfere with Treg 

induction from naive T cells, thereby promoting autoimmune activation and progression. To 

integrate the role of miR142-3p activity with Treg induction and islet autoimmunity, murine 

and human in vitro Treg induction experiments were performed in presence of a miR142-3p 

mimic or inhibitor respectively. Increasing miR142-3p activity using a mimic significantly 

reduced Treg induction efficacy using naive CD4+ T cells from non-autoimmune prone in 

BALB/c mice, resembling the previously reported impaired Treg induction efficacy upon onset 

of islet autoimmunity in NOD mice (Figure 30). Concordantly, inhibiting miR142-3p resulted 

in a significant improvement of Treg induction (Figure 30). The mimic- or inhibitor-mediated 

modulation of miR142-3p activity likewise decreased or enhanced Treg induction efficacy 

using naive CD4+ T cells from NOD mice with and without islet autoimmunity, while no 
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significant changes were observed using naive CD4+ T cells from NOD mice with established 

T1D (Figure 31). 

Next, to assess the relevance of miR142-3p activity for human Treg induction, I used naive 

CD4+ T cells from individuals without islet autoimmunity, with recent onset of T1D, and with 

established T1D. In naive CD4+ T cells from subjects without islet autoimmunity, the miR142-

3p mimic significantly reduced the frequency of induced Tregs, while the inhibition of miR142-

3p improved Treg induction efficacy (Figure 32), just as observed in the mouse model. 

Increasing miR142-3p activity did not further reduce Treg induction efficacy in naive CD4+ T 

cells from children with recent onset of T1D (Figure 33a) or individuals with established T1D 

(Figure 33b), presumably because miR142-3p levels were already saturated in these cells. 

However, in both groups the inhibition of miR142-3p resulted in significantly higher 

frequencies of induced Tregs (Figure 33). These findings suggest that high levels of miR142-

3p limit in vitro Treg induction efficacy during islet autoimmunity and T1D in humans and 

mice, while miR142-3p inhibition was able to restore this impairment. 

Of note, there were no significant differences in cell viability and Ki67 expression after Treg 

induction with the miR142-3p inhibitor and the control inhibitor, excluding altered cell 

survival or proliferation as a contributing factor to the improved Treg induction (Figure 34). 

 

 

Figure 30. Inhibition of miR142-3p improves murine Treg induction in vitro. (a) Representative FACS 
plots for in vitro Treg induction assays in presence of a miR142-3p inhibitor and a control inhibitor 
respectively, using naive CD4+ T cells isolated from lymph nodes of BALB/c mice. (b) In vitro Treg 
induction assays in presence of a miR142-3p mimic and a miR142-3p inhibitor respectively, using naive 
CD4+ T cells isolated from lymph nodes of BALB/c mice. n = 8. One data point represents one subject. 
Experiments were performed in three technical replicates per subject. Data are presented as box-and-
whisker plots with min and max values. Student’s t-test. *P < 0.05, **P < 0.01. 
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Figure 31. Inhibition of miR142-3p improves NOD Treg induction in vitro. (a-c) In vitro Treg induction 
assays in presence of a miR142-3p mimic and a miR142-3p inhibitor respectively, using naive CD4+ T 
cells isolated from lymph nodes of NOD mice with different stages of autoimmunity. (a) IAA- (b) IAA+ 
(c) diabetic. n = 5. One data point represents one subject. Experiments were performed in three 
technical replicates per subject. Data are presented as box-and-whisker plots with min and max 
values. Student’s t-test. *P < 0.05, **P < 0.01. 

 

 

Figure 32. Inhibition of miR142-3p improves human Treg induction in vitro. (a) Representative FACS 
plots for in vitro Treg induction assays in presence of a miR142-3p inhibitor and a control inhibitor 
respectively, using naive CD4+ T cells isolated from human peripheral blood. (b) In vitro Treg induction 
assays in presence of a miR142-3p mimic and a miR142-3p inhibitor respectively, using naive CD4+ T 
cells isolated from peripheral blood of human subjects without autoimmunity. n = 6 for mimic n = 16 
for inhibitor. One data point represents one subject. Experiments were performed in three technical 
replicates per subject. Data are presented as box-and-whisker plots with min and max values. 
Student’s t-test. *P < 0.05, ***P < 0.001. 

 

 

Figure 33. Inhibition of miR142-3p improves human Treg induction in vitro during onset of T1D. (a, 
b) In vitro Treg induction assays in presence of a miR142-3p mimic and a miR142-3p inhibitor 
respectively, using naive CD4+ T cells isolated from peripheral blood of human subjects with recent 
onset of T1D (a) and longterm T1D (b). n = 5. One data point represents one subject. Experiments were 
performed in three technical replicates per subject. Data are presented as box-and-whisker plots with 
min and max values. Student’s t-test. *P < 0.05, **P < 0.01.  
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Figure 34. miR142-3p inhibition does not affect cell viability or proliferation during Treg induction 
in vitro. (a) Cell viability (% and cell count) and Ki67+ cells of CD4+ T cells after Treg induction using 
subimmunogenic stimulation of naive CD4+ T cells isolated from lymph nodes of BALB/c mice. n = 4. 
(b) Cell viability (% and cell count) and Ki67+ cells of Foxp3+ Tregs after induction in vitro using 
subimmunogenic stimulation of naive CD4+ T cells isolated from lymph nodes of BALB/c mice. n = 4. 
One data point represents one subject. Experiments were performed in three technical replicates per 
subject. Data are presented as box-and-whisker plots with min and max values. Student’s t-test. 
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4.16 Inhibition of miR142-3p improves stability of in vitro induced Tregs 

Based on the beneficial effect of miR142-3p inhibition on murine and human Treg induction 

efficacy in vitro, I wanted to investigate if this improvement was accompanied by increased 

Treg stability. To analyze the phenotypic stability, I re-stimulated in vitro induced Tregs for 30 

hours, which leads to a considerable loss of the Treg phenotype, in presence of the miR142-

3p inhibitor or a control inhibitor. Remarkably, the inhibition of miR142-3p during re-

stimulation of in vitro induced Tregs resulted in a significantly higher maintenance of the Treg 

phenotype, as evidenced by high levels of Foxp3 and CD25 (Figure 35). Thus, the miR142-3p 

inhibition improves both in vitro Treg induction efficacy and stability of induced Tregs. 

 

Figure 35. miR142-3p inhibition improves stability of in vitro induced Tregs. (a) Procedure and 
representative FACS plots of restimulation experiments in presence of a miR142-3p inhibitor and a 
control inhibitor respectively, using Tregs previously induced from naive CD4+ T cells isolated from 
lymph nodes of BALB/c Foxp3GFP reporter mice. (b) Quantification of restimulation experiments as 
described in (a). n = 5. One data point represents one subject. Experiments were performed in three 
technical replicates per subject. Data are presented as box-and-whisker plots with min and max 
values. Student’s t-test. *P < 0.05. 

 
There were no significant differences in cell viability and Ki67 expression after Treg induction 

or restimulation, excluding altered cell survival or proliferation as a contributing factor (Figure 

36). 
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Figure 36. miR142-3p inhibition does not affect cell viability or proliferation during restimulation in 
vitro. Cell viability (% and cell count) and Ki67+ cells of CD4+ T cells after restimulation of in vitro 
induced Tregs for 30 hours. n = 5. One data point represents one subject. Experiments were performed 
in three technical replicates per subject. Data are presented as box-and-whisker plots with min and 
max values. Student’s t-test. 

 

4.17 Inhibition of miR142-3p in vivo 

In order to expand these findings to the in vivo system and to address the potential 

pathological relevance, I next analyzed the effect of miR142-3p inhibition in vivo. 

4.18 Delivery of functional miR142-3p inhibitors in vivo 

For the inhibition of miR142-3p in vivo I used an LNA in vivo miRNA inhibitor which has been 

shown to accumulate in a broad range of tissues and to efficiently inhibit its targets in several 

independent studies. When delivered systemically, a series of studies have documented that 

LNA miRNA inhibitors distribute broadly into most tissues, including hematopoietic tissues 

such as lymph nodes, spleen and bone marrow (Cantafio et al., 2016; Straarup et al., 2010). 

In order to provide experimental evidence for the delivery of functional miR142-3p inhibitors 

specifically to CD4+ T cells in vivo I used a fluorescently-labeled miR142-3p inhibitor. 

Importantly, the successful delivery of the inhibitor to CD4+ T cells in relevant draining lymph 

nodes including liver-draining lymph nodes, mesenteric lymph nodes as well as pancreatic 

lymph nodes and directly in pancreas-residing CD4+ T cells was shown after 4 hours (Figure 

37a) and 24 hours (Figure 37b). Previous miRNA inhibition experiments in vivo worked best 

with a miRNA inhibitor application for 14 days every other day. Therefore, the successful 

delivery of the inhibitor to CD4+ T cells in lymph nodes was likewise assessed at the end of the 

14-days application period (Figure 37c and d). 
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Figure 37. miR142-3p inhibitor accumulates in CD4+ T cells in vivo. (a) Representative histograms 
showing the accumulation of the FAM-labelled miR142-3p inhibitor in CD4+ T cells isolated from 
relevant lymph nodes and the pancreas 4 hours after inhibitor application. (b) Representative 
histograms showing the accumulation of the FAM-labelled miR142-3p inhibitor in CD4+ T cells isolated 
from relevant lymph nodes and the pancreas 24 hours after inhibitor application. (c) Representative 
histograms showing the accumulation of the FAM-labelled miR142-3p inhibitor in CD4+ T cells isolated 
from lymph nodes of mice treated with a miR142-3p inhibitor or control inhibitor for 14 days with 10 
mg/kg i.p. every other day. (d) miR142-3p inhibitor abundance (median fluorescence intensity) in CD4+ 
T cells isolated from lymph nodes of mice treated as described in (c). n = 4. One data point represents 
one mouse. Data are presented as box-and-whisker plots with min and max values. Student’s t-test. 
***P < 0.001. 
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In addition, the efficacy of the successfully delivered inhibitors was demonstrated by showing 

increased expression of Tgfbr1, a well-established target of miR142-3p, in pancreatic T cells 

(Figure 38). 

 

Figure 38. miR142-3p inhibitor efficiently blocks its target miRNA in vivo. (a) Immunofluorescent 
staining for CD3 (green), Tgfbr1 (red) and DAPI (blue) in pancreas cryosections of IAA+ NOD mice after 
treatment with a miR142-3p inhibitor or control inhibitor for 14 days with 10 mg/kg i.p. every other 
day. Scale bar: 25 μm (b) Quantification of CD3+Tgfbr1+ T cells per high power field in samples from 
(a). n ≥ 10. One data point represents one high power field. Data are presented as box-and-whisker 
plots with min and max values. Student’s t-test. *P < 0.05. 

 

4.19 Inhibition of miR142-3p improves murine islet autoimmunity in vivo 

To address the potential pathological relevance of the proposed miR142-3p/Tet2 axis in vivo, 

I investigated the effect of miR142-3p inhibition in NOD mice with ongoing islet 

autoimmunity. The miR142-3p inhibitor was applied at 10 mg/kg bodyweight, 

intraperitoneally (i.p.) every other day for 14 days. 

In line with a direct targeting of Tet2 by miR142-3p its inhibition in vivo resulted in significantly 

elevated Tet2 levels in pancreatic T cells of IAA+ NOD mice (Figure 39a and b). In addition, this 

effect was accompanied by an increased Tet2 expression (Figure 39c) and a lower Ki67 

expression (Figure 39d), indicating reduced proliferation, in peripheral T cells of miR142-3p 

inhibitor treated IAA+ NOD mice. 
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Figure 39. miR142-3p inhibition increases frequency of Tet2+ T cells in murine islet autoimmunity in 
vivo. (a) Immunofluorescent staining for CD3 (green), Tet2 (red) and DAPI (blue) in pancreas 
cryosections of IAA+ NOD mice treated with a miR142-3p inhibitor or control inhibitor for 14 days with 
10 mg/kg i.p. every other day. (b) Quantification of CD3+Tet2+ T cells per high power field in samples 
from (a). n ≥ 7. (c) Representative histogram of Tet2 staining in CD4+ T cells isolated from peripheral 
blood of IAA+ NOD mice treated with a miR142-3p inhibitor or control inhibitor as described in (a). (d) 
Representative FACS plots indicating CD4+Ki67+ T cells in peripheral blood of IAA+ NOD mice treated 
as described in (a). One data point represents one high power field. Data are presented as box-and-
whisker plots with min and max values. Student’s t-test. *P < 0.05. 
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In order to link the increased Tet2 expression upon miR142-3p inhibition in vivo to Tet2 

mediated demethylation in Tregs, the DNA methylation status of the Foxp3 CNS2 was 

assessed in Tregs isolated from pancreatic lymph nodes of inhibitor-treated IAA+ NOD mice. 

DNA methylation was decreased at all individual CpG sites within the Foxp3 CNS2 of miR142-

3p inhibitor-treated mice when compared to mice treated with a control inhibitor, and this 

reduction reached statistical significance when the entire CNS2 region was considered (Figure 

40). 

 

Figure 40. miR142-3p inhibition decreases Foxp3 CNS2 methylation in murine islet autoimmunity in 
vivo. Methylation of the Foxp3 CNS2 (four CpG sites and combination of all sites) in Tregs isolated 
from pancreatic lymph nodes of IAA+ NOD mice treated with a miR142-3p inhibitor or control inhibitor 
for 14 days with 10 mg/kg i.p. every other day. Experiments were performed in two technical 
replicates per subject. Data are presented as means ± SEM. Ordinary one-way ANOVA, Tukey's 
multiple comparisons test. **P < 0.01. 
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Importantly, immunofluorescence analyses revealed significantly enhanced frequencies of 

Foxp3+ Tregs within the pancreas following inhibition of miR142-3p in vivo, linking a miR142-

3p inhibition-mediated increase in Tet2 expression to epigenetic remodeling and a higher 

Treg stability directly in the pancreas of NOD mice with islet autoimmunity (Figure 41). 

 

 

Figure 41. miR142-3p inhibition increases frequency of Foxp3+ Tregs in murine islet autoimmunity 
in vivo. (a) Immunofluorescent staining for CD3 (green), Foxp3 (red), Insulin (white) and DAPI (blue) 
in pancreas cryosections of IAA+ NOD mice treated with a miR142-3p inhibitor or control inhibitor for 
14 days with 10 mg/kg i.p. every other day. Scale bars: 50 µm. (b) Quantification of CD3+Foxp3+ T cells 
per high power field in samples from (a). n = 14. One data point represents one high power field. Data 
are presented as box-and-whisker plots with min and max values. Student’s t-test. **P < 0.01. 
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In addition, miR142-3p signaling could be directly linked to the state of islet autoimmunity in 

vivo. The inhibition of miR142-3p in IAA+ NOD mice reduced pancreatic T cell infiltration as 

shown by histopathological analyses of pancreatic cryosections (Figure 42a) and the 

corresponding insulitis scoring (Figure 42b). These effects were accompanied by reduced IAA 

levels (Figure 42c) while the inhibition of miR142-3p did not result in changes of blood glucose 

or body mass (Figure 42d and e). 

 

 

Figure 42. miR142-3p inhibition improves murine islet autoimmunity in vivo. (a) Representative 
hematoxylin and eosin stained pancreas cryosections from IAA+ NOD mice treated with a miR142-3p 
inhibitor or control inhibitor for 14 days with 10 mg/kg i.p. every other day. Scale bars: 100 µm. (b) 
Grading of insulitis from mice treated as described in (a). n = 3 per group. (c) IAA levels in serum of 
IAA+ NOD mice after treatment with a control inhibitor or a miR142-3p inhibitor as described in (a). 
Data are shown as change from baseline. n = 3. (d) Blood glucose levels in IAA+ NOD mice treated as 
described in (a). n = 3. (e) Body mass development in IAA+ NOD mice treated as described in (a). n = 3. 
One data point represents one individual (d) or mean of three individuals (e). Data are presented as 
means ± SEM. Student’s t-test. 
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In order to confirm that the observed effects on Tet2 expression, Foxp3 CNS2 methylation 

and Foxp3+ Tregs in vivo were directly mediated by inhibition of miR142-3p, the inhibitor was 

applied to miR142 deficient mice. Expectedly, the application of the miR142-3p inhibitor to 

miR142 deficient mice had no effect on Treg frequency (Figure 43a), Tet2 protein abundance 

(Figure 43b) or Foxp3 CNS2 methylation (Figure 43c). 

 

 

Figure 43. miR142-3p inhibitor has no effect in miR142-/- mice in vivo. (a) Ex vivo CD25hiFoxp3+ Tregs 
isolated from lymph nodes of miR142-/- mice treated with a miR142-3p inhibitor or control inhibitor 
for 14 days with 10 mg/kg i.p. every other day. n = 4. (b) Ex vivo Tet2 protein abundance (median 
fluorescence intensity) in CD4+ T cells isolated from lymph nodes of miR142-/- mice treated with a 
miR142-3p inhibitor or control inhibitor as described in (a). n = 4. (c) Methylation of the Foxp3 CNS2 
(mean of all sites) in Tregs isolated from lymph nodes of miR142-/- mice treated with a miR142-3p 
inhibitor or control inhibitor as described in (a). n = 4. One data point represents one mouse. Data are 
presented as box-and-whisker plots with min and max values. Student’s t-test. 
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Finally, to expand these in vivo findings to a model of human T1D, MHCII deficient HLA-DQ8 

transgenic NOD.Cg-Prkdcscid Il2rgtm1Wjl (NSG) mice were reconstituted with PBMCs from 

individuals with T1D for a pilot experiment. The inhibition of miR142-3p in these humanized 

mice revealed significantly increased levels of Tet2 in pancreatic T cells and a trend towards 

elevated frequencies of CD127lowCD25high Tregs (Figure 44). 

 

 

Figure 44. Effects of miR142-3p inhibition in humanized NSG mice. (a) Representative set of FACS 
plots indicating CD25hiCD127lo Tregs in lymph nodes and spleen of humanized NSG mice treated with 
a miR142-3p inhibitor or control inhibitor for 14 days with 10 mg/kg i.p. every other day. (b) 
Immunofluorescent staining for CD3 (green), Tet2 (red) and DAPI (blue) in pancreas cryosections of 
humanized NSG mice treated with a miR142-3p inhibitor or control inhibitor as described in (a). (c) 
Quantification of CD3+Tet2+ T cells per high power field in samples from (b). n ≥ 3. One data point 
represents one high power field. Data are presented as box-and-whisker plots with min and max 
values Student’s t-test. **P < 0.01 
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4.20 Additional targets of miR142-3p 

miRNAs target a multitude of genes, regulating their expression and downstream pathways. 

Therefore, I analyzed the HITS CLIP dataset and made use of in silico target prediction tools 

to identify additional target genes of miR142-3p that might be involved in Treg development 

and function. Specifically, Stat5, Smad3 and TGFB receptors (TGFBR1, TGFBR2 and TGFBR3) 

were identified and as for Tet2, the direct targeting of these genes by miR142-3p was 

validated by showing elevated mRNA expression levels after 6 hours of TCR stimulation in 

presence of a miR142-3p inhibitor compared to a control inhibitor (Figure 45). 

 

Figure 45. Inhibition of miR142-3p increases levels of genes important for Treg function. Abundance 
of Smad3, Stat5, TGFBR1, TGFBR2 and TGFBR3 mRNA after 6 hours of TCR stimulation of CD4+ T cells 
isolated from lymph nodes of BALB/c mice, in presence of a miR142-3p inhibitor and a control inhibitor 
respectively. n = 5. One data point represents one subject. Experiments were performed in three 
technical replicates per subject. Data are presented as means ± SEM. Student’s t-test. *P < 0.05, **P 
< 0.01. 
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4.21 Tet2 mediated regulation of Bach2 

Given the broad role of Tet2 in various cell types, including T cells, I performed Tet2 ChIP 

sequencing of CD4+ T cells in order to identify additional genes that are regulated by Tet2 and 

could potentially contribute to Treg homeostasis. The analysis revealed Tet2 binding peaks in 

numerous genes and the results for one interesting candidate gene, Bach2, is shown in Figure 

46. Four Tet2 binding sites were identified upstream of the Bach2 transcription start site and 

three of them correlated with DNase I hypersensitive sites indicating open chromatin and 

therefore putative regulatory regions. To investigate if these regions are involved in 

regulation of the Bach2 gene by Tet2 mediated DNA demethylation I established an HRM and 

Pyrosequencing based methylation assay for one of the four potential binding sites, covering 

eight CpG sites. The methylation analysis revealed differential methylation of the putative 

Bach2 regulatory region with very low levels of methylation in naive T cells and Tregs and 

considerably increased levels in activated T cells (Figure 47). 

 

 

Figure 46. ChIP-Seq of CD4+ T cells identifies four Tet2 binding sites upstream of the Bach2 
transcription start site. Tet 2 ChIP-Seq analysis of a putative regulatory region upstream of Bach2 
showing Tet2 binding peaks, the input control and DNase I hypersensitive sites (DHS). Methylation 
analysis was performed in the region marked with a red box (32,422,750 – 32,422,924). 
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Figure 47. Methylation of a putative Bach2 regulatory region in T cell subsets. Methylation of the 
putative regulatory region upstream of the Bach2 TSS (mean of all sites) in T cell subsets isolated from 
lymph nodes of BALB/c mice. n = 8. One data point represents one subject. Experiments were 
performed in two technical replicates per subject. Data are presented as box-and-whisker plots with 
min and max values. Student’s t-test. ***P < 0.001. 
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5 Discussion 

During the last decades a multitude of studies has significantly improved our understanding 

of T1D development. Both genetic and environmental factors contribute to T1D risk and 

autoimmune activation. The destruction of the pancreatic beta cells is assumed to result from 

a defective immune tolerance and is mainly mediated by T cells. Therefore, a better 

understanding of the underlying mechanisms in T cells, modifying T1D risk and triggering 

activation of islet autoimmunity as well as the critical progression to symptomatic T1D are 

crucial for the development of novel intervention strategies. Since Tregs play a major role in 

immune regulation and their impaired function and stability can contribute critically to the 

onset of islet autoimmunity and T1D, the major aim of this thesis was the dissection of 

mechanisms underlying impaired Treg homeostasis in the setting of islet autoimmunity. 

Specifically, the focus was set on DNA methylation and miRNAs as potentially important 

regulators of Treg development, maintenance, function and stability. 

Impaired Treg induction from naive CD4+ T cells in children with recent onset of islet 

autoimmunity (Serr et al., 2016b, 2018) suggests in vitro Treg induction assays as an important 

tool to investigate the underlying molecular mechanisms of autoimmune activation. 

Therefore, I performed a first set of experiments aiming at optimizing murine and human Treg 

induction in vitro using subimmunogenic TCR stimulation, in the absence of exogenous TGFβ. 

The early withdrawal of the TCR stimulus, mimicking subimmunogenic conditions, resulted in 

a substantially improved Treg induction efficacy compared to continuous TCR stimulation. 

This further supports the concept of an ideal window regarding quality, quantity and duration 

of stimulation for efficient Treg induction in vitro, as indicated by previous studies (Daniel et 

al., 2011a; Gottschalk et al., 2010; Serr et al., 2016b). In addition, and linking these results to 

the regulation of Treg stability, the expression of Foxp3 and additional important Treg 

markers was more stable in Tregs induced using short-term TCR stimulation compared to their 

continuously induced counterparts. 

Since maintained Foxp3 expression and consequently Treg stability are directly linked to the 

demethylated state of the Foxp3 CNS2, I established a HRM and pyrosequencing based 

methylation assay, covering the relevant CpG sites within the human and the murine CNS2, 

enabling a quantitative analysis of Treg stability on a molecular level. The assay could 
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reproduce the previously reported differential methylation of the Foxp3 CNS2 in five distinct 

ex vivo CD4+ T cell subsets, linking the different expression levels of Foxp3 in the analyzed T 

cell populations to the DNA methylation state of the Foxp3 CNS2. Consequently, and as 

previously reported, the level of Foxp3 expression and its maintenance is directly linked to 

the methylation status of the Foxp3 CNS2 and the methylation assay represents a valuable 

tool to assess Treg stability in the context of this research project. This includes the transient 

low expression of Foxp3 in human activated CD4+ T cells. Of note, although the short-term in 

vitro Treg induction assay resulted in significantly higher percentages of induced Tregs and 

this was accompanied by a higher stability of the Treg phenotype, this increase in stability was 

not reflected by a DNA demethylation of the Foxp3 CNS2 in induced Tregs. 

However, the differences in Tregs stability after induction in vitro suggest a role for Foxp3 

CNS2 DNA methylation at least at a certain point during Treg induction and especially 

activation and maintenance of Foxp3 expression. This hypothesis is further supported by 

previous findings showing the importance of methylation changes in the Foxp3 CNS2 during 

Treg development and Treg induction in vitro (Yang et al., 2015b; Yue et al., 2016). To capture 

potential methylation dynamics during the early phase of murine and human Treg induction 

from naive CD4+ T cells, I analyzed Treg markers and Foxp3 CNS2 methylation as early as 12 

hours of Treg induction. This analysis revealed cells expressing Treg markers, especially high 

levels of Foxp3, with an increase over time and importantly a rapid demethylation of the 

Foxp3 CNS2 in the early phase of the Treg induction. The observed methylation dynamic was 

restricted to cells with high levels of Foxp3, indicating that CNS2 demethylation is an active 

process and does not result from TCR stimulation or cell proliferation per se. 

Importantly, the higher Treg induction efficacy following short-term stimulation, suggests 

that the termination of the stimulus during the short phase of DNA demethylation within the 

Foxp3 CNS2 might be a critical contributor to efficient Treg generation. Although these 

epigenetic changes are not maintained in the in vitro Treg induction assay, the temporary 

demethylation seems to be critically linked with an ideal window for the induction and 

maintenance of Foxp3 as previously suggested (Daniel et al., 2011b; Serr et al., 2016b). 

Recent studies showed that the onset of islet autoimmunity and T1D in mice or humans is 

accompanied by a reduced capacity of naive CD4+ T cells to be differentiated into Tregs in 

vitro (Serr et al., 2016b, 2018). These findings were validated by in vitro Treg induction assays 



  Discussion 

91 

using naive CD4+ T cells from NOD mice and human subjects with different stages of 

autoimmunity, revealing impaired Treg induction capacity upon onset of islet autoimmunity. 

This again highlights intrinsic defects in Tregs during islet autoimmunity which could 

contribute to autoimmune activation and raises the question of contributors to these 

impairments. 

The molecular mechanisms underlying the impaired Treg induction during islet autoimmunity 

as well as promoting both onset of autoimmunity and the highly variable progression to 

symptomatic T1D remain poorly understood. Recent studies have highlighted miRNAs as 

critical contributors to immune regulation and suggested that their dysregulation can 

promote the onset of autoimmunity and/or the progression to clinically overt T1D. Potential 

target genes of miRNAs can be predicted in silico based on their nucleotide sequence. These 

approaches result in a multitude of potential targets, the relevance of which has remained 

unclear. Therefore, this thesis aimed at the identification of specific miRNAs that contribute 

to the onset of autoimmunity and the identification of their relevant targets and downstream 

pathways which could considerably advance our understanding of autoimmune activation. 

Here, I identified increased levels of miR142-3p, which is the most abundant active miRNA in 

the RISC of human CD4+ T cells, during the onset of islet autoimmunity and T1D in CD4+ T cells 

of mice and humans. Most previous studies analyzed the abundance of circulating miRNAs 

and T cell specific miRNAs without investigating their RISC association. In contrast, the high 

abundance of miR142-3p specifically in the RISC provides an additional layer of information 

pointing towards an important regulatory role of this miRNA. 

The identification of differentially expressed miRNAs can enable their use as biomarkers, 

however, the differential expression does not necessarily imply a causative role of these 

miRNAs in the respective disease setting. To gain insight into the involvement in mechanisms 

underlying disease pathogenesis, the identification of direct targets of the miRNAs and their 

downstream pathways are crucial. The analysis of an existing mRNA sequencing dataset 

showed that the majority of in silico predicted miR142-3p targets was downregulated in CD4+ 

T cells of individuals with ongoing islet autoimmunity compared to healthy controls. These 

findings provide additional evidence that the increased abundance of miR142-3p during islet 

autoimmunity might be associated with a regulatory function and support a potentially 

important role of this miRNA for the activation of T cell specific islet autoimmunity. 
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In the context of immune function and specifically Tregs, miR142-3p has been identified as a 

regulator of ATG16L1 and its role in regulating autophagy, proliferation and function in 

thymic-derived Tregs as well as the implication of these findings for graft-versus-host disease 

have been highlighted (Lu et al., 2018). Another study has shown that miR142-3p regulates 

GARP expression in Tregs and, as a result, their expansion in response to activation, which 

provides insight into mechanisms involved in Treg proliferation (Zhou et al., 2013). While the 

findings of both studies are important for the field, they do not address the impact of miR142-

3p on de novo Treg induction from naive CD4+ T cells and stability of induced Tregs during the 

onset of islet autoimmunity, which was the focus of this project. 

To further investigate the role of miR142-3p for activation of autoimmunity I performed HITS 

CLIP analysis of human CD4+ T cells. This method analyses miRNA and mRNA fragments 

present in the RISC and therefore offers a valuable tool to gain information about the specific 

contribution of individual miRNAs to mRNA regulation as well as the miRNA-mRNA target 

relationships in the specific setting. The analysis identified 271 unique RISC-associated 

miRNAs, of which miR142-3p was the most abundant miRNA, and 7,829 corresponding mRNA 

targets which showed a significant enrichment of biological processes involved in immune 

activation and regulation. These findings support the notion that miRNAs can critically 

contribute to immune regulation in CD4+ T cells and suggest that miR142-3p might be of 

particular importance during onset of autoimmunity. 

Bringing together the impaired Treg induction during the onset of islet autoimmunity and the 

crucial importance of Foxp3 CNS2 DNA methylation for Treg induction and stability, I 

identified the methylcytosine dioxygenase Tet2, which is a mediator of DNA demethylation, 

as a target of miRNA mediated regulation in CD4+ T cells. By catalyzing DNA demethylation of 

regulatory regions and consequently altering the accessibility of the DNA to transcription 

factors, Tet enzymes are involved in the regulation of various cellular processes. They’re 

involved in the differentiation of CD4+ T cells in humans and mice, as well as Treg homeostasis 

and function by active demethylation of the Foxp3 CNS2 (Nair and Oh, 2014; Wang et al., 

2013; Yang et al., 2015b; Yue et al., 2016). Furthermore, and supporting the important role of 

Tet enzymes for Tregs, overexpression of the Tet1 catalytic domain improves the stability of 

Foxp3 expression in induced Tregs (Someya et al., 2017). 
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To answer the question, whether miR142-3p mediated regulation of Tet2 expression 

contributes to the observed Treg induction impairments during the onset of islet 

autoimmunity, I analyzed Tet2 expression upon onset of murine and human 

autoimmunity/T1D. Indeed, the high levels of miR142-3p correlated with a reduced 

abundance of Tet2 protein in CD4+ T cells isolated from lymph nodes and pancreata of IAA+ 

NOD mice. Similarly, the abundance of Tet2+ T cells was significantly reduced in the peripheral 

blood of subjects with recent onset of T1D. Providing the next aspect of a potentially causative 

downstream pathway of miR142-3p, which has not been reported previously, I furthermore 

demonstrate that these observations are directly linked to epigenetic remodeling of the 

Foxp3 CNS2. There was a significant increase in Foxp3 CNS2 DNA methylation of Tregs upon 

recent onset of islet autoimmunity in NOD mice and recent onset of T1D in humans. The 

expression of Helios, which is a marker of thymic-derived Tregs (Thornton et al., 2010), did 

not differ in Tregs from individuals with recent onset of T1D and healthy controls, showing 

that the observed differential DNA methylation does not result from differences in the 

composition of the Treg pool. These findings further support the hypothesis that dysregulated 

DNA methylation remodeling impairs Treg homeostasis and consequently contributes to the 

onset and progression of islet autoimmunity. Importantly, I identified increased Foxp3 CNS2 

DNA methylation in Tregs from NOD mice below 30 days of age with a very early onset of 

autoimmunity, providing strong evidence for a potential causative role of miR142-3p/Tet2 

signaling in promoting Treg impairments and autoimmunity. The novel findings provided here 

are crucial for the assessment of the applicability of a differentially expressed, disease 

associated miRNA for potential intervention strategies. 

In line with a critical contribution of Tet2 to Treg function and Treg induction (Nair and Oh, 

2014; Wang et al., 2013; Yang et al., 2015b; Yue et al., 2016), I showed increased levels of 

Tet2 mRNA and protein during the early phase of Treg induction. Furthermore, the reduced 

Treg induction efficacy in the presence of a Tet2 siRNA provides additional conceptual support 

for the relevance of Tet2 for murine and human Treg induction and its potential involvement 

in impaired Treg homeostasis during islet autoimmunity. The finding that reduced Tet2 

expression alone was sufficient to interfere with Treg induction potential underscores the 

critical contribution of Tet2. This is partially in contrast to previous studies employing 
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combined Tet targeting and suggesting that reduced Tet2 function can be compensated by 

increased activity of Tet1 and Tet3 (Yue et al., 2016). 

In order to understand whether the observed link between Tet2 and the onset of islet 

autoimmunity is indeed mediated by miR142-3p, I used miR142-3p inhibitors and mimics to 

modulate miRNA activity during Treg induction in vitro. The uptake of the inhibitor by CD4+ T 

cells, as well as its ability to inhibit miRNA activity, were shown in an extensive set of 

experiments. Importantly, and confirming Tet2 to be regulated by miR142-3p, the inhibition 

of miR142-3p resulted in increased levels of Tet2 mRNA and protein during the early phase of 

Treg induction while no comparable effect on Tet1 or Tet3 abundance were observed. 

Since miRNAs target many genes which are likewise regulated by many different miRNAs, the 

clear verification of a direct miRNA-mRNA target relationship is crucial for the understanding 

of miRNA mediated pathways. Here, the first approaches are usually in silico target prediction 

tools like Targetscan (Agarwal et al., 2015) or miRNADA (Betel et al., 2010). The 

complementary pairing of miRNA seed sequences and mRNA is widely used for prediction of 

miRNA-mRNA pairs, often in combination with evolutionary conservation (Lewis et al., 2005), 

secondary structure (Long et al., 2007), or neighboring context information (Grimson et al., 

2007). While these rules have been valuable to identify multitudes of potential miRNA targets, 

both false positive and false negative predictions cannot be excluded and some non-canonical 

target sites might not be identified (Chi et al., 2012; Mittal and Zavolan, 2014). The functional 

relevance of imperfectly matched miRNA seeds has been shown in various studies (Didiano 

and Hobert, 2006; Tay et al., 2008; Vella et al., 2004). This highlights the importance of 

methods like HITS-CLIP that can directly assess functional miRNA-mRNA interactions in vivo, 

regardless and despite of in silico predictions. The validity and robustness of HITS-CLIP and 

comparable methods, including the analysis of chimeric reads, has been shown in several 

studies (Chi et al., 2009; Kameswaran et al., 2014; Mittal and Zavolan, 2014; Schug et al., 

2013). However, also HITS-CLIP data alone are not sufficient to define definite target 

relationships, they are a valuable source of information for miRNA-mRNA pairs in vivo and 

here provide important and sufficient experimental evidence to dissect the identified miR142-

3p/Tet2 relationship and to follow up with additional molecular and cellular experimental 

approaches. 
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3’UTR luciferase reporter assays are the most common approach to confirm genes as direct 

targets of a particular miRNA. Here, the co-transfection of HEK-293 cells with a reporter 

construct containing the Tet2 3’UTR and a miR142-3p mimic resulted in reduced luciferase 

activity. In control experiments with mutated binding sites the HITS CLIP mut showed an 

effect comparable to the wildtype construct, but the effect of the miR142-3p mimic was fully 

abrogated using the predicted mut. This indicates that the binding sites in the Tet2 3´UTR at 

positions 4135-4141 and 5392-5398 are the ones targeted by miR142-3p. These findings 

therefore provide clear experimental evidence for the direct targeting of Tet2 by miR142-3p, 

which has not been reported previously. 

In addition, I analyzed the role of miR142-3p signaling in non-hematopoietic 3T3 fibroblasts, 

which do not express miR142-3p endogenously. Here, the gain of function experiment using 

the application of a miR142-3p mimic caused a diminished Tet2 expression. In addition, 

increased Tet2 mRNA and protein levels of in vitro activated T cells isolated from miR142-/- 

compared to miR142 competent mice, provide compelling mechanistic evidence for direct 

targeting of Tet2 by miR142-3p. 

Having established increased levels of miR142-3p and impaired Treg induction from naive 

CD4+ T cells during the onset of islet autoimmunity, I next asked the question whether the 

upregulated miR142-3p interferes with Treg induction, thereby promoting autoimmune 

activation and progression. To integrate the role of miR142-3p activity with Treg induction 

and islet autoimmunity, I performed murine and human in vitro Treg induction experiments 

in presence of a miR142-3p mimic or inhibitor respectively. This is not only relevant for the 

identification of the underlying signaling pathways, but also to obtain information whether 

miRNA targeting could be a promising strategy to improve the impaired Treg induction in islet 

autoimmunity and thereby delay or even prevent the transition to symptomatic T1D in the 

context of future intervention strategies. 

In both mice and humans, the onset of islet autoimmunity and T1D is accompanied by a 

reduced Treg induction capacity of naive CD4+ T cells to be differentiated into Tregs in vitro. 

Critically, this effect was reproduced by in vitro Treg induction assays in the presence of a 

miR142-3p mimic, suggesting that the increased expression of miR142-3p indeed contributes 

to impaired Treg induction. Conversely, the inhibition of miR142-3p during in vitro Treg 

induction from naive CD4+ T cells of individuals with and without islet autoimmunity or T1D 
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improved Treg induction efficacy. Importantly, in individuals or mice with ongoing islet 

autoimmunity or T1D, miR142-3p inhibition increased frequencies of induced Tregs to levels 

observed in healthy subjects, suggesting miR142-3p inhibition as a promising starting point 

for treatment approaches in settings of reduced Treg induction capacity. 

Since miR142-3p targets the methylcytosine dioxygenase Tet2, which is involved in DNA 

demethylation of the Foxp3 CNS2 and consequently ensures stable expression of Foxp3 in 

Tregs, I wanted to investigate if the beneficial effect of miR142-3p inhibition on Treg induction 

in vitro was accompanied by increased Treg stability. Remarkably, the inhibition of miR142-

3p during re-stimulation of induces Tregs resulted in a significantly higher maintenance of the 

Treg phenotype. 

These findings provide compelling evidence for a miR142-3p/Tet2/Foxp3 axis as one possible 

mechanism to explain increased Treg induction efficacy and Treg stability in vitro upon 

miR142-3p inhibition. I showed rapid methylation dynamics during the early phase of Treg 

induction and a miR142-3p inhibition mediated increase in Tet2 in this time frame. This is in 

line with the crucial role of Tet2 for Treg induction (Nair and Oh, 2014; Wang et al., 2013; 

Yang et al., 2015b; Yue et al., 2016) and suggests that miR142-3p inhibition leads to improved 

epigenetic remodeling in this early phase of Treg induction. However, I could not show a direct 

effect of miR142-3p inhibition on Foxp3 CNS2 DNA methylation in the early phase of Treg 

induction. This is most likely a result of the in vitro Treg induction assay and specifically the 

very rapid molecular changes and the dynamics of more cells acquiring the Foxp3 phenotype 

while other cells already are becoming remethylated. 

To address a potential pathological relevance by expanding these findings to in vivo models 

of T1D, I next analyzed the effect of miR142-3p in vivo. 

For the inhibition of miR142-3p in vivo I used an LNA in vivo miRNA inhibitor which has been 

shown to accumulate in a broad range of tissues and to efficiently inhibit its targets in several 

independent studies. When delivered systemically LNA miRNA inhibitors distribute broadly 

into most tissues, including hematopoietic tissues such as lymph nodes, spleen and bone 

marrow (Cantafio et al., 2016; Straarup et al., 2010). In line with these studies, I provide clear 

experimental evidence for the delivery of functional miR142-3p inhibitors specifically to CD4+ 

T cells in vivo using a fluorescently-labeled miR142-3p inhibitor. Importantly, the successful 

delivery of the inhibitor to CD4+ T cells was confirmed in relevant draining lymph nodes 
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including liver-draining lymph nodes, mesenteric lymph nodes as well as pancreatic lymph 

nodes and directly in pancreas-residing CD4+ T cells. Moreover, I validated the efficiency of 

the delivered miR142-3p inhibitor in pancreatic tissue and local immune cells by showing 

increased expression of Tgfbr1, a well-established target of miR142-3p, in pancreatic T cells. 

These rigorous validation experiments clearly show that LNA miRNA inhibitors are an efficient 

tool for miRNA inhibition in vivo which does not result in any obvious side effects. 

Importantly, the inhibition of miR142-3p in NOD mice with islet autoimmunity resembled the 

previously observations in vitro and in ex vivo T cell samples. In line with a miR142-

3p/Tet2/Foxp3 axis, the inhibition of miR142-3p resulted in increased frequencies of Tet2+ T 

cells in pancreata of IAA+ NOD mice as well as elevated Tet2 protein abundance in peripheral 

T cells and consequently decreased DNA methylation of the Foxp3 CNS2 in Tregs. In a next 

step I could show that these epigenetic alternations have a direct causative effect on Tregs in 

islet autoimmunity by demonstrating that inhibitor treated mice exhibit higher frequencies 

of Tregs in the pancreas. Intriguingly, these observed effects could be directly linked to the 

progression of islet autoimmunity in IAA+ NOD mice in vivo. The in vivo inhibition of miR142-

3p reduced murine islet autoimmunity and islet autoantibody levels while blood glucose and 

body mass were unaffected. These important findings show that miR142-3p modulation can 

directly reduce islet infiltration in a mouse model of T1D, suggesting miR142-3p as a promising 

target for intervention strategies aiming at delaying or preventing the onset of symptomatic 

T1D. Here, further experiments are required to investigate if miR142-3p inhibition can indeed 

interfere with autoimmune progression to symptomatic T1D. Additionally, potential 

treatment strategies necessitate the development of improved targeted application 

strategies. In particular, the optimization of both specificity and efficiency is crucial to 

facilitate the translation of mechanistic findings into therapeutic approaches to delay or even 

prevent the onset of autoimmunity. 
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Although mouse models, like the NOD mouse in the setting of T1D, are valuable tools for the 

investigation of mechanisms underlying disease development and the development of 

intervention strategies, the challenging translatability from these mouse models to the 

human disease remain a limiting factor. Therefore, humanized mouse models are a useful 

intermediate step to assess the translatability of findings gained in the mouse system. 

Especially the reconstitution of humanized mice with cells from subjects with different stages 

of islet autoimmunity makes it possible to study the effect of newly developed treatment 

strategies in a setting resembling human islet autoimmunity and T1D. Ideally humanized mice 

are reconstituted with human hematopoietic stem cells, but their availability is very limited 

in the peripheral blood. The reconstitution with PBMCs is not suitable for long term studies 

because of profound graft versus host disease but it is a useful alternative to hematopoietic 

stem cells in short term studies (King et al., 2008). Here, I reconstituted MHCII deficient HLA-

DQ8 transgenic NSG mice with PBMCs from individuals with established T1D to expand the 

findings from the NOD model to a model of the human disease. Intriguingly, the inhibition of 

miR142-3p in this pilot experiment resulted in increased levels of Tet2 in pancreatic T cells 

and a trend towards elevated Treg frequencies, suggesting that miR142-3p inhibition might 

have a beneficial effect in improving Treg homeostasis even in the context of established 

human T1D. Future studies including dose-titration and variations in application duration will 

be necessary to validate these findings in Tregs in the experimental setting of established T1D. 

Although I was able to show a direct link between miR142-3p, Tet2 and epigenetic remodeling 

of the Foxp3 CNS2 in Tregs and the inhibition of miR142-3p had a considerable impact on Tet2 

expression, Treg function and even autoimmunity, it is important to note that miR142-3p 

targets a multitude of genes, potentially impacting their expression and various downstream 

pathways. Interestingly the analysis of the HITS CLIP dataset and in silico target prediction 

revealed multiple target genes of miR142-3p that might be involved in Treg development and 

function. Specifically, Stat5, Smad3 and TGFB receptors (TGFBR1, TGFBR2 and TGFBR3) were 

identified and as for Tet2, the direct targeting of these genes by miR142-3p was further 

validated by showing elevated mRNA expression levels after 6 hours of TCR stimulation in 

presence of a miR142-3p inhibitor compared to a control inhibitor. Stat5 has been shown as 

a downstream target of IL2 involved in Treg development (Mahmud et al., 2013). CD4+ T cells 

receiving a high affinity TCR signal express IL2Rα and IL2Rβ which makes them highly 
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responsive to IL2. In a second, TCR independent step these Treg progenitors receive IL2 signals 

which are transmitted via Stat5 to induce Foxp3 expression, resulting in Treg maturation. 

TGFβ has been shown to exhibit potent immunoregulatory properties, among others by 

inducing the expression of Foxp3 in Tregs (Konkel et al., 2017). TGFB binds to TGFBR which 

activates several transcriptions factors, including Smad proteins. These are phosphorylated 

and activated which results in their translocation to the nucleus where they regulate the 

transcription of their target genes like Foxp3. Both signaling pathways add to the identified 

mechanism of Tet2-mediated DNA demethylation to ensure Foxp3 expression and 

maintenance and consequently proper Treg function and stability. These findings suggest that 

a regulatory network of genes involved in the regulation of Treg function and stability is 

targeted by miR142-3p. This contributes to our understanding why the targeting of a single 

miRNA has a profound effect on Treg function and stability in a highly complex context like 

T1D autoimmunity. Furthermore, the discovery of a complex signaling network downstream 

of miR142-3p offers additional potential targets for therapeutic interventions. 

In addition, Tet2, the validated target of miR142-3p, has been shown to be involved in the 

regulation of several cellular processes by catalyzing the demethylation of regulatory regions 

of various genes. In the present project I focused on the role of Tet2 mediated demethylation 

of the Foxp3 CNS2 for Treg function and stability in the context of autoimmunity. However, 

additional regulatory regions might be controlled by Tet2 and contribute to the regulation of 

Foxp3. Therefore, I performed Tet2 ChIP Sequencing in CD4+ T cells to identifying gene regions 

bound by Tet2. In addition to Foxp3, which has been described as a target of Tet protein 

mediated demethylation in several studies, the ChIP Sequencing revealed Tet2 binding of 

multiple genes in human and murine T cells. One interesting candidate was Bach2, where the 

analysis identified four Tet2 binding peaks upstream of the transcriptional start site. Bach2 is 

involved in the development of Tregs by inducing the expression of Foxp3. Specifically, by 

occupying enhancer regions of genes associated with effector T cell function, Bach2 represses 

the transcriptional program of this cell subset and consequently supports the maintenance of 

the Treg phenotype. Methylation analysis of the regions potentially targeted by Tet2 revealed 

differential methylation of the CpG sites in one of these regions in T cells subsets (32,422,750 

– 32,422,924). This region is highly demethylated in naive CD4+ T cells (5.4%) as well as Foxp3+ 

Tregs (4.1%), whereas the methylation is considerably higher in activated T cells (18.7%). 
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These first results are in line with previously reported Bach2 expression levels in T cell subsets. 

Naive T cells as well Tregs express high levels of Bach2 (Tsukumo et al., 2013) to maintain 

their cell specific transcriptional program and prevent the expression of effector function 

genes (Kim et al., 2014; Roychoudhuri et al., 2013; Tsukumo et al., 2013). This suggests that a 

Tet2 mediated DNA demethylation in this region of the Bach2 gene is associated with high 

expression levels of the gene, and that the epigenetic regulation of this putative enhancer 

region could contribute to proper Treg induction and maintenance. This provides another line 

of evidence that miR142-3p/Tet2 signaling is involved in the regulation of Treg induction and 

stability which supports the important role of this pathway for immune homeostasis. 

The importance of miRNAs for the precise regulation of immune homeostasis and how their 

dysregulation can contribute to various diseases including autoimmunity and T1D has been 

highlighted in numerous studies. Regarding the potential clinical application for novel 

prevention or treatment strategies the well-known and relatively simple structure of miRNAs 

makes them promising potential drug targets. Due to their structure miRNAs can be efficiently 

targeted using highly specific inhibitors or mimics. Therefore, the activity of miRNAs can be 

easily blocked or increased, enabling a precise interference in the regulation of the respective 

target genes. In this context it is important to keep in mind that miRNAs target a multitude of 

genes, hindering the direct and precise control of individual genes. However, it is most likely 

that these complex regulatory networks are involved in diseases pathogenesis, supporting 

the concept of miRNAs as promising drug targets. In the setting of autoimmunity and T1D 

miRNA-targeting strategies have been successfully used in various settings including in vitro, 

mouse models of T1D and humanized mice, resulting in an increased expression of the 

respective miRNA targets, improved Treg function and decreased immune infiltration in the 

pancreas (Serr et al., 2016a, 2018). Furthermore, a specific miRNA inhibitor has already been 

successfully tested in a clinical trial to treat hepatitis C virus infection (Janssen et al., 2013). 

To ensure both efficacy and safety of miRNA-targeting drugs, these approaches require the 

selective and targeted delivery of miRNA inhibitors to the desired cell population. This is of 

particular importance for the treatment of organ-specific autoimmune diseases such as T1D 

but also for other diseases setting which require a precise and local intervention in affected 

cell types, which remains a major challenge (Li and Rana, 2014). However, considerable 

advancements have been made to improve both, the uptake of miRNA inhibitors by immune 



  Discussion 

101 

cells and the targeted delivery of these inhibitors. The use of nanoparticles and 

oligonucleotide encapsulation techniques improved uptake by lymphocytes and 

combinations of antibodies and nanoparticles or single chain fusion antibodies, which already 

have T cell specific delivery of miRNA inhibitors in mouse models, could improve the specific 

targeting of T cells or even T cell subsets (Kumar et al., 2008; Peer et al., 2008). However, the 

T cell specific targeting of miRNAs in vivo for therapeutic strategies remains challenging and 

additional hurdles have to be overcome. To overcome these limitations, the optimization of 

both delivery efficiency and specificity is of particular importance and will enable the 

translation of mechanistic insights into novel treatment and prevention strategies in the 

context of islet autoimmunity. 

In line with the data presented in this thesis, several recent studies reported a direct link 

between the high abundance of two specific miRNAs in T cells and impairments in Treg 

induction during the onset of islet autoimmunity (Serr et al., 2016a, 2018). Importantly, even 

the targeting of individual miRNAs resulted in considerable changes in gene expression, 

effects on the downstream signaling pathways of these genes and improved islet 

autoimmunity in mouse models. Therefore, the targeting of individual miRNAs or a 

combination of several miRNAs with improved, highly specific and efficient delivery 

techniques, could contribute to the reestablishment of immune homeostasis and ultimately 

interfere with the onset of islet autoimmunity. The development and validation of future 

treatment approaches will require optimized humanized mouse models to mimic the 

mechanisms underlying human autoimmune diseases in a preclinical model. These models 

are valuable tools to underpin findings based on both murine and human studies and to 

considerably advance the field towards novel translational treatment strategies based on 

specific miRNA targeting. 

In conclusion, I identified a miR142-3p/Tet2/Foxp3 axis in murine and human CD4+ T cells that 

during islet autoimmunity leads to impaired epigenetic remodeling and consequently 

interferes with the efficient induction of Tregs and impaired Treg stability. These results offer 

a new mechanistic model where during islet-autoimmunity miR142-3p/Tet2-mediated Treg 

instability can contribute to autoimmune activation and progression and suggest that 

targeting miR142-3p could contribute to the development of novel intervention strategies, 

aiming at improved Treg induction and stability to interfere with islet autoimmunity.
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