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Summary 
Defects in immune tolerance are critical triggers of autoimmune Type 1 Diabetes (T1D). A 
better understanding of their molecular basis is therefore pivotal for the development of 
novel therapeutic strategies aimed at limiting autoimmune activation and progression. 
CD25+Foxp3+ regulatory T cells (Tregs) are the main mediators of peripheral T cell tolerance 
and their de novo induction is a long envisioned goal for the restoration of tolerance in 
autoimmunity. However, the exact requirements, especially for human Treg induction, are ill 
defined. Therefore, we aimed here to investigate the antigen-specific induction of human 
Tregs in vitro and in vivo in a humanized mouse model. The highly variable progression to 
symptomatic T1D which ranges from a few months to more than two decades in children 
underscores the plasticity in mechanisms regulating immune activation versus immune 
tolerance. T cells from children at a pre-symptomatic stage of the disease, who are 
autoantibody positive but have not yet progressed to symptomatic T1D, therefore offer a 
valuable resource for studying signaling pathways involved in aberrant immune activation 
versus immune tolerance. In this thesis, we sought to analyze mechanisms of aberrant 
immune activation during the early heterogeneous phase of the disease. Here, focus was set 
on T follicular helper (TFH) cells, a cell type important for antibody production by B cells. 
Additionally, we aimed at studying miRNAs that might be involved in regulating aberrant 
immune activation or impairments in T cell tolerance, because of their ability to regulate 
complex cellular states. Using novel insulin-specific tetramer reagents, we show here, that 
children with recent activation of islet autoimmunity display decreased frequencies of insulin-
specific CD25+Foxp3+ regulatory T cells (Tregs), which are important mediators of 
immunological tolerance. Likewise, we observe increased frequencies of T follicular helper 
(TFH) precursor cells in these children with recent activation of islet autoimmunity. These 
effects are however reversed in children with longterm autoimmunity, meaning with 
autoantibodies for more than 10 years without developing the symptomatic disease, 
supporting the concept of inducing regulatory T cells or limit immune activation to delay the 
progression to symptomatic T1D. In the context of this thesis, we demonstrate that human 
Treg induction requires subimmunogenic stimulation with a strong agonistic ligand for the T 
cell receptor (TCR). We show that strong agonistic insulin variants are able to induce human 
Tregs from naïve T cells in vitro and in vivo in a humanized mouse model and that the 
induced Tregs are stable and functional. Concerning the underlying mechanisms, we 
demonstrate that the enhanced frequencies of TFH cells in children with recent activation of 
islet autoimmunity are mediated by an increased abundance of miRNA92a and identify 
krueppel-like factor 2 KLF2 as a novel target of this miRNA. Most importantly, we 
demonstrate that the inhibition of miRNA92a by an antagomir can reduce insulitis scores and 
autoantibody titers as well as immune activation in non-obese diabetic (NOD) mice in vivo. 
The data presented here contribute to the understanding of requirements for efficient Treg 
induction as well as to the mechanistic basis of aberrant immune activation and defective 
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tolerance in islet autoimmunity. Additionally, the introduced novel tetramer reagents and 
humanized mice are new tools that will help to improve clinical trial readouts, as well as the 
evaluation of translatability of new reagents to the human disease. 
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Zusammenfassung 
Defekte in der Immuntoleranz sind wichtige Auslöser für Typ 1 Diabetes (T1D). Ein 
detaillierteres Verständnis der zugrunde liegenden molekularen Mechanismen ist daher 
essentiell zur Entwicklung von neuen Therapieansätzen zur Hemmung der Aktivierung und 
des Fortschreitens der Autoimmunität. CD25+Foxp3+ regulatorische T-Zellen (Tregs) sind 
entscheidende Vermittler der peripheren zellulären Immuntoleranz und ihre de novo 
Induktion ist ein seit langem angestrebtes Ziel zur Wiederherstellung der Toleranz bei 
Autoimmunität. Allerdings ist über die genauen Voraussetzungen für die de novo Induktion 
von Tregs, insbesondere im humanen System, nur wenig bekannt. Deshalb war es unser Ziel, 
die antigen-spezifische Induktion von humanen Tregs in vitro und in vivo in einem 
humanisierten Mausmodell zu untersuchen. Die starke Varianz in der Zeit bis zur Entwicklung 
des symptomatischen T1D, die in Kindern zwischen wenigen Monaten und mehr als zwei 
Jahrzehnten betragen kann, betont die Plastizität in Mechanismen, die Immunaktivierung und 
Immuntoleranz regulieren. T-Zellen von Kindern in einem prä-symptomatischen Stadium der 
Krankheit, die Autoantikörper positiv, aber noch nicht zur symptomatischen Krankheit 
fortgeschritten sind, bieten daher eine wertvolle Ressource zur Untersuchung von 
Signalwegen, die in der Immunaktivierung versus Immuntoleranz involviert sind. In dieser 
Arbeit wollten wir die Mechanismen der abnormen Immunaktivierung während dieser frühen, 
heterogenen Phase der Krankheit untersuchen. Hier haben wir unseren Fokus auf T follikuläre 
Helfer (TFH) Zellen gesetzt, einem Zelltyp, der für die Antikörperproduktion durch B-Zellen 
essentiell ist. Zusätzlich zielten wir darauf ab, miRNAs zu untersuchen, die an der Regulation 
der abnormen Immunaktivierung oder der gestörten Immuntoleranz beteiligt sind, wegen 
ihrer Fähigkeit komplexe zelluläre Zustände zu regulieren. Mithilfe von neuen insulin-
spezifischen Tetramer-Reagenzien zeigen wir hier, dass Kinder mit kürzlich eingetretener 
Aktivierung der Inselautoimmunität, eine verringerte Frequenz an insulin-spezifischen Tregs 
aufweisen. Ebenso sehen wir in den Kindern mit kürzlich eingetretener Aktivierung der 
Inselautoimmunität eine erhöhte Frequenz von TFH Vorläuferzellen. Diese Effekte sind 
allerdings umgekehrt in Kindern mit Langzeit Inselautoimmunität, die Autoantikörper für 
mehr als 10 Jahre aufweisen, ohne die symptomatische Krankheit zu entwickeln, was das 
Konzept der Induktion von insulin-spezifischen Tregs zur Verhinderung des Fortschreitens 
zum symptomatischen T1D unterstützt. Im Zusammenhang dieser Dissertation zeigen wir, 
dass die Induktion von humanen Tregs die Gabe von stark-agonistischen Liganden für den T-
Zell Rezeptor (TCR) unter subimmunogenen Bedingungen benötigt. Wir zeigen, dass stark-
agonistische Insulinvarianten Tregs aus naiven humanen T-Zellen induzieren können, in vitro 
und in vivo in einem humanisierten Mausmodell und, dass die induzierten Tregs stabil und 
funktionell sind. Bezüglich der zugrunde liegenden Mechanismen zeigen wir, dass der 
Anstieg in TFH Zellen in Kindern mit kürzlich eingetretener Aktivierung der 
Inselautoimmunität durch eine erhöhte Expression der miRNA92a hervorgerufen wird und wir 
identifizieren Krueppel-like factor 2 (KLF2) als ein neues Target von miRNA92a. Darüber 
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hinaus zeigen wir, dass die Hemmung der miRNA92a mittels eines antagomirs zu einer 
Reduktion des Insulitis Scores und der Insulin Autoantikörper Titer, sowie der 
Immunaktivierung im non-obese diabetic (NOD) Mausmodell in vivo führt. Die hier 
präsentierten Daten tragen zu einem detaillierteren Verständnis der Voraussetzungen für die 
Induktion von humanen Tregs, sowie der Mechanismen von abnormer Immunaktivierung und 
gestörter Immuntoleranz in Inselautoimmunität bei. Zusätzlich werden die hier eingeführten 
neuen Tetramer-Reagenzien und humanisierten Mäuse zu einer Verbesserung der 
Auswertung von klinischen Studien, sowie der Bewertung der Nutzbarkeit von neuen 
Reagenzien für den humanen T1D beitragen. 
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1. Introduction 

1.1 Immunological self-tolerance 
Already in the beginning of the 20th century, Paul Ehrlich proposed, that the immune system 
generally avoids a reaction against the body’s own structures, a phenomenon he called 
“horror autotoxicus” (Ehrlich, 1906). This discrimination of self versus non-self is acquired 
early during development and maintained throughout life mainly in two ways: recessive and 
dominant tolerance. Recessive tolerance happens during T cell development in the thymus to 
eliminate self-reactive T cell receptors (TCRs) that develop during somatic rearrangement 
(Kappler et al., 1987; Kisielow et al., 1988). If an autoreactive T cell escapes negative selection, 
a second mechanism, called dominant tolerance, will help to tame their autoreactive 
response. The main mediators of dominant tolerance are CD4+CD25+ regulatory T cells 
(Tregs) (Sakaguchi et al., 1995; Thornton and Shevach, 1998).  

1.1.1 Regulatory T cells execute dominant tolerance 

Tregs develop in the thymus (Apostolou et al., 2002; Jordan et al., 2001) or can be induced 
from naïve T cells in the periphery (Apostolou and von Boehmer, 2004; Kretschmer et al., 
2005; Verginis et al., 2008). Tregs are characterized by a high expression of the high-affinity α 
chain of the interleukin 2 (IL2) receptor (CD25) (Sakaguchi et al., 1995; Thornton and Shevach, 
1998) and the expression of their master transcription factor Forkhead box protein 3 (Foxp3). 
Foxp3 is the Treg lineage specifying factor and is essential for Treg development and function 
(Fontenot et al., 2003; Fontenot et al., 2005; Hori et al., 2003; Khattri et al., 2003; Roncador et 
al., 2005). Tregs obtain the capacity to tame their autoreactive counterparts in various ways: 
They can inhibit T cell responses directly by killing their effector T cell counterparts via 
secretion of lytic enzymes, such as granzyme B (Cao et al., 2007; Gondek et al., 2005), they 
can secrete immunosuppressive cytokines like IL10 (Asseman et al., 1999; Kearley et al., 2005) 
or transforming growth factor β (TGFβ) (Fahlén et al., 2005; Green et al., 2003), and they can 
disrupt the metabolic environment of the effector T cells. For example Tregs can deprive their 
surroundings from IL2, a cytokine which is crucial for CD4+T cell responses, via the high 
expression of CD25 (Pandiyan et al., 2007). Most importantly, Tregs can also modulate the 
activity of antigen-presenting cells (APCs) (Misra et al., 2004; Onishi et al., 2008). Since Treg 
mediated suppression does not necessarily require cell contact, Tregs are able to not only 
inhibit T cells with the same antigen specificity, but also other T cells in their proximity, a 
process called bystander suppression (Miller et al., 1991). 

A tight regulation of the immune system is of great importance in order to, on the one hand, 
ensure protective immune responses against foreign antigens like viruses or bacteria, but on 
the other hand avoid immune reactions against self-antigens. The failure of the immune 
system to discriminate self from non-self structures leads to the development of autoimmune 
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diseases, characterized by an immune reaction of the body directed against self-antigens. The 
essential role of Tregs in regulating immune responses is evidenced by the lethal 
autoimmune phenotype of mice with the Scurfy mutation in the Foxp3 gene (Brunkow et al., 
2001) and similar mutations in the human gene leading to the fatal autoimmune disorder 
immunedysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX) (Bennett et 
al., 2001).  

1.2 Autoimmune diseases – the failure of immunological 
self-tolerance 

There are more than 80 diseases known which have an autoimmune character. According to 
the National Institutes of Health all autoimmune diseases combined affected 23.5 million US 
citizens in 2012 and the incidence is rising (National Institute of Environmental Health 
Sciences, 2012). Autoimmune diseases can be separated into diseases with a systemic or 
organ-specific autoimmune reaction. The most common organ-specific autoimmune diseases 
are Type 1 Diabetes (T1D), Multiple Sclerosis and Rheumatoid Arthritis.  

T1D is one of three diseases included in the term diabetes, the other two being Type 2 
Diabetes and Gestational Diabetes. In T1D the immune system attacks and destroys the 
insulin-producing β cells in the islets of Langerhans in the pancreas. T1D is also known as 
juvenile diabetes, because the disease onset is usually very early in life. Intensive research is 
focused on finding a treatment or preventive measurement for T1D, however to date, 
individuals suffering from the disease require lifelong insulin-replacement therapy and are at 
high risk of developing secondary complications such as blindness, heart diseases and kidney 
problems. In 2015 half a million people worldwide were affected by T1D with 86.000 new 
cases every year and this incidence is rising by 3% every year (International Diabetes 
Federation, 2015). This incidence increase is especially dramatic in children below the age of 5 
years, with a doubling in the number of new cases being predicted from 2005 to 2020 
(Patterson et al., 2009). 

1.2.1 Immunepathogenesis of human Type 1 Diabetes 

T1D risk has an environmental and a genetic component. Environmental factors that have 
been proposed to influence T1D development are among others certain viruses, microbial 
stimulation and the diet early in life (summarized in (Rewers and Ludvigsson, 2016)).  

It is apparent, that in T1D a combination of environmental and genetic factors make up the 
risk for disease development. However, the genetic component contributes extensively to the 
risk, indicated by the around 10 times increased risk in children with a first-degree relative 
with T1D, depending on which family member is affected (Bonifacio et al., 2004; Hemminki et 
al., 2009; Ziegler and Nepom, 2010). The strongest contributor to the genetic risk for T1D is 
the human leucocyte antigen (HLA) class II, with the genotype HLA-DR4; HLA-DQ8 
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accounting for the highest risk (Nerup et al., 1974; Singal and Blajchman, 1973; Todd et al., 
1987; Ziegler and Nepom, 2010). In children with a family history of T1D the risk can rise up 
to 30% if this genotype is present, depending on the family member already affected by T1D 
(Aly et al., 2006; Schenker et al., 1999; Ziegler and Nepom, 2010). Even in children without a 
family history of T1D the risk to develop T1D can rise to 5% if this genotype is present (Emery 
et al., 2005; Ziegler and Nepom, 2010). In the general Caucasian population the HLA-DR4; 
HLA-DQ8 genotype is present in around 2.3% of the children born in the US and 39% of 
diabetic patients with disease onset before age 20 harbor the HLA-DR4; HLA-DQ8 genotype 
(Lambert et al., 2004; Ziegler and Nepom, 2010).  

Genome wide association studies have identified several variants in gene loci other than the 
HLA locus associated with T1D (Barrett et al., 2009; Todd et al., 2007). The highest contributor 
is the insulin locus, where a variation in the variable number of tandem repeats (VNTR) 5’ of 
the insulin gene is responsible for higher expression in the thymus and a reduced risk for T1D 
development (Pugliese et al., 1997; Vafiadis et al., 1997).   

Already in the beginning of the 1970s and 1980s researchers have highlighted that in T1D 
there is a long pre-symptomatic phase marked by the presence of islet autoantibodies and 
that these autoantibodies are powerful tools for risk assessment in T1D (Bonifacio et al., 1990; 
Bottazzo et al., 1974; Gorsuch et al., 1981). By now, islet autoantibodies against four islet 
autoantigens have been identified and are used for predictive purposes: insulin (Palmer et al., 
1983), glutamic acid decarboxylase (GAD) (Baekkeskov et al., 1990), insulinoma-antigen 2 
(IA2) (Lan et al., 1994; Rabin et al., 1994) and zinc transporter 8 (ZnT8) (Wenzlau et al., 2007). 
Using a prospective follow-up from birth cohort, Anette-Gabriele Ziegler and colleagues have 
shown in 2013 that the lifelong risk for T1D development approaches 100% if two or more 
autoantibodies are present (Ziegler et al., 2013).  

These findings have paved the way for a proposed new staging of the disease, where the 
presence of multiple autoantibodies without clinical symptoms is included in the disease 
diagnosis as pre-symptomatic T1D (Insel et al., 2015). The time of progression from 
autoantibody development (so-called ‘seroconversion’) to clinical symptoms is very 
heterogeneous and can range from a few months in some children (so-called fast 
progressors) to more than a decade in others (so-called slow progressors) (Ziegler et al., 
2013). However, currently very little is known about the mechanisms underlying this 
heterogeneity.  

The identification of children with a pre-symptomatic disease allows the study of mechanisms 
of islet autoimmunity before the onset of the symptomatic disease, a time when the targets 
of the autoimmune attack to a large extent are destroyed already. Specifically, the 
heterogeneity in the disease progression offers a tool to study mechanisms of aberrant 
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immune activation versus T cell tolerance. As one T cell type involved in the promotion of 
immune activation, T follicular helper (TFH) cells were studied in the context of this thesis.  

1.2.2 Immune effector mechanisms in Type 1 Diabetes: T follicular helper cells 

TFH cells are a subset of CD4+T cells that are defined by the expression of their master 
transcription factor B-cell lymphoma 6 (Bcl6) (Johnston et al., 2009; Nurieva et al., 2008; Yu et 
al., 2009), the C-X-C chemokine receptor type 5 (CXCR5) (Breitfeld et al., 2000; Kim et al., 
2001; Schaerli et al., 2000) and by the secretion of their effector cytokine IL21 (Avery et al., 
2010; Linterman et al., 2010; Zotos et al., 2010). The expression of CXCR5 together with a low 
expression of C-C chemokine receptor 7 (CCR7) enables these T cells to enter the B cell 
follicle of the lymph node (Hardtke et al., 2005; Haynes et al., 2007), where they take part in 
the germinal center (GC) reaction, helping B cells to undergo class switch recombination and 
to produce high-affinity antibodies (Breitfeld et al., 2000; Johnston et al., 2009; Kim et al., 
2001; Nurieva et al., 2008; Schaerli et al., 2000; Yu et al., 2009).  

Because of their requirement for functional humoral immune responses, TFH cells play a 
major role in the clearance of infections (Harker et al., 2011) and are important for long-
lasting vaccinations (Bentebibel et al., 2013). Since autoantibodies are a hallmark of many 
autoimmune diseases, TFH cells have been studied in the context of autoimmunity. Recently, 
Rupert Kenefeck and colleagues have demonstrated in a transgenic TCR model, that the 
transfer of TFH cells from diabetic mice to healthy recipients can induce diabetes (Kenefeck et 
al., 2015). Furthermore, increased IL21 production by CD4+T cells and increased frequencies 
of circulating TFH precursors have been demonstrated in patients with T1D (Ferreira et al., 
2015). However, all of these studies focused on patients with established T1D, a point where 
most of the pancreatic β cells, the targets of the immune attack in T1D, are destroyed already. 
Data on the involvement of TFH cells in disease progression and initiation is lacking.  

TFH cells have been studied extensively in animal models, yet their differentiation in humans 
is still poorly understood. One major challenge in the study of human TFH cells is their 
primary point of action in the lymph nodes and limited access in the blood. Studies by He et 
al. have demonstrated, that a CXCR5+CCR7low programmed cell death 1 (PD1)high TFH 
precursor population circulates in the blood (He et al., 2013). These cells are CD45RA-, 
indicating an antigen-experienced, memory state. CXCR5+CCR7lowPD1highTFH precursors can 
be readily reactivated and help to produce high-affinity antibodies in response to infections 
and their frequency in the blood correlates with the frequency of active TFH cells in the 
lymph nodes (He et al., 2013). Therefore, circulating CXCR5+CCR7lowPD1highTFH precursors 
offer a good opportunity to study TFH responses in health and disease.  

In 2011, Morita et al. have described three subsets of circulating CXCR5+TFH cells, termed 
Th1-like, Th2-like and Th17-like TFH cells, which display a T helper-like profile and produce 
similar cytokines as their T helper cell counterparts, although to a lesser extent (Morita et al., 
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2011). These precursors can be distinguished by the combination of expression of CXCR3 and 
CCR6, with Th1-like TFH cells being CXCR3+CCR6-, Th2-like TFH cells being CXCR3-CCR6- and 
Th17-like TFH cells being CXCR3-CCR6+ (Morita et al., 2011). These subsets are distinct in 
their ability to provide B cell help: whereas Th1-like TFH cells are unable to provide B cell 
help, Th2-like and Th17-like TFH cells are able to do so, although impacting differentially on 
class switching (Morita et al., 2011).  

The differentiation of TFH cells is a highly complex process, involving several differentiation 
steps and factors. When a naïve T cell gets activated via its TCR during an immune response, 
it can induce the TFH program by upregulating Bcl6, CXCR5 and inducible T cell costimulator 
(ICOS) and induce IL21 production (Deenick et al., 2010; Goenka et al., 2011; Langenkamp et 
al., 2003). Further characteristics of these early TFH cells are the upregulation of PD1, 
downregulation of CCR7 and downregulation of P-selectin glycoprotein ligand 1 (PSGL-1) 
(Deenick et al., 2010; Odegard et al., 2008; Poholek et al., 2010). Achaete-scute homologue 2 
(Ascl2), another transcription factor important for early TFH cell development, was recently 
identified. It was highlighted in mouse studies that Ascl2 expression can induce CXCR5 
expression in CD4+T cells and that the upregulation of Ascl2 will precede Bcl6 expression (Liu 
et al., 2014).  

Bcl6 is transiently induced by stimulation with IL6, IL21 and ICOS signaling (Choi et al., 2011a; 
Nurieva et al., 2008; Nurieva et al., 2009). ICOS upregulates Bcl6 by relieving the repression of 
Bcl6 via forkhead box protein O1 (Foxo1) (Stone et al., 2015). Alternatively, Foxo1 repression 
of Bcl6 can also be relieved by degradation via the E3 ubiquitin ligase ITCH (Xiao et al., 2014). 
Consequently, TFH differentiation is dependent on low levels of Foxo1.  

ICOS is additionally required in TFH cells to induce the production of IL21 (Odegard et al., 
2008) and is furthermore involved in the migration of TFH cells to the B cell follicle via the  
interaction with ICOS-ligand on B cells (Xu et al., 2013). TFH function is largely dependent on 
ICOS signaling via phosphatidylinositol-3-kinase (PI3K) (Gigoux et al., 2009; Rolf et al., 2010) 
which in turn is negatively regulated by the phosphatase and tensin homolog (PTEN) and the 
PH domain and leucine rich repeat protein phosphatase 2 (PHLPP2) (Brognard et al., 2007; 
Stambolic et al., 1998).  

The interaction with follicular B cells will induce further maturation of TFH cells, like the 
upregulation of SLAM-associated-protein (SAP), which is indispensable for TFH function in 
the GC reaction. The continuous stimulation with antigen, in the follicles provided by follicular 
B cells, is important to maintain high levels of Bcl6 and the TFH cell phenotype (Baumjohann 
et al., 2013b; Choi et al., 2011b; Choi et al., 2013), therefore circulating TFH precursors express 
only low levels of Bcl6 (Hale et al., 2013; He et al., 2013).  

In 2013, Dirk Baumjohann and colleagues and Seung Goo Kang and colleagues 
independently reported a new important component of the TFH differentiation program. 
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They demonstrated, that the microRNA17~92 (miRNA17~92) cluster is essential for normal 
TFH development and function (Baumjohann et al., 2013a; Kang et al., 2013). 

1.2.3 The role of miRNAs in the regulation of immune activation in Type 1 Diabetes 

MiRNAs are small, ~22nt long, non-coding RNAs which are part of the RNA interference 
(RNAi) pathway (Grishok et al., 2001). In contrast to other RNAs involved in this pathway, 
namely small interfering RNAs (siRNAs), miRNAs are transcribed from the genome and not 
derived from endogenous or exogenous double stranded RNA (dsRNA) (Zamore et al., 2000).  

Primary miRNAs (pri-miRNA) are cleaved into stem-loop structured pre-miRNAs in the 
nucleus by an RNA cleavage enzyme called Drosha (Lee et al., 2003). After export to the 
cytoplasm, the hairpin structure is cleaved by the enzyme Dicer into two complementary 
strands (Hutvágner et al., 2001; Ketting et al., 2001). One strand is subsequently incorporated 
into the so-called RNA-induced silencing complex (RISC) (Hammond et al., 2000; Hutvágner 
and Zamore, 2002).  

The RISC complex consists of the mature miRNA and several protein components, most 
importantly Argonaute 2 (AGO2) (Hammond et al., 2001). The miRNA complementarily binds 
the 3’ untranslated region (UTR) of its target mRNAs with a specific ~7nt long seed sequence, 
thereby guiding the RISC complex to its target (Lewis et al., 2003). Binding of the RISC to the 
target mRNA induces translational repression (Olsen and Ambros, 1999) or degradation of 
the mRNA (Bagga et al., 2005; Lim et al., 2005), depending on the degree of complementarity 
with the miRNA (Haley and Zamore, 2004; Martinez and Tuschl, 2004) and the properties of 
the Argonaute protein in the RISC complex (Liu et al., 2004; Meister et al., 2004).  

Only recently it has become evident, that miRNA-mediated regulation of target expression is 
more complex than previously assumed. The group of Shobha Vasudevan has published 
several studies highlighting that, in dependence of cellular state and function, miRNAs can 
also lead to a translational upregulation of their targets (Bukhari et al., 2016; Truesdell et al., 
2012; Vasudevan, 2012; Vasudevan and Steitz, 2007; Vasudevan et al., 2007).  

MiRNAs usually have a multitude of targets and induce rather modest regulation (Baek et al., 
2008; Selbach et al., 2008). This enables miRNAs to regulate complex cellular states rather 
than single targets and makes them suitable candidates for immune modulating therapies. 

MiRNAs have been demonstrated to be involved in T cell differentiation and function (Cobb 
et al., 2006; Cobb et al., 2005). In the context of this thesis focus was set on miRNAs that are 
potentially involved in the aberrant immune activation in pre-symptomatic T1D.  

First of all, the miRNA17~92 cluster was studied, because of its essential role in TFH 
differentiation (Baumjohann et al., 2013a; Kang et al., 2013). The cluster transcribes six mature 
miRNAs: miRNA17, miRNA18a, miRNA19a, miRNA19b, miRNA20a and miRNA92a. This 
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miRNA cluster might be of interest to study in autoimmune diseases, since its overexpression 
leads to autoimmunity and autoantibody production (Xiao et al., 2008). MiRNA17~92 
regulates TFH differentiation and migration to the B cell follicles together with Bcl6. This 
occurs, on the one hand, by repressing TFH inappropriate subset genes like retinoid-related 
orphan receptor α (Rora) and, on the other hand, by regulating signaling through ICOS and 
PI3K/protein kinase B (Akt) (Baumjohann et al., 2013a; Kang et al., 2013). Two validated 
targets of the miRNA17~92 cluster are PTEN and PHLPP2 (Jiang et al., 2010; Xiao et al., 2008), 
the former counteracting the function of PI3K (Stambolic et al., 1998) and the latter 
dephosphorylating Akt (Brognard et al., 2007). Although a lot of research has been 
conducted on the regulation of TFH cell differentiation by miRNA17~92 in mouse models, 
very little is known about TFH differentiation in humans, especially in the context of 
autoimmune T1D. 

Another miRNA potentially important for aberrant immune activation is miRNA181a. This 
miRNA has been reported to regulate the sensitivity to the TCR stimulus in developing 
lymphocytes in the thymus in murine models (Li et al., 2007). Therefore, it could potentially 
be an important signaling intermediate regulating aberrant immune activation versus T cell 
tolerance in mature T cells in autoimmune settings such as T1D.  

1.2.4 Lessons from murine models of Type 1 Diabetes 

The non-obese diabetic (NOD) mouse is the model of choice for studying T1D in a murine 
setting. NOD mice develop spontaneous diabetes with immune infiltration of the islets and 
autoimmune destruction of the β cells (Makino et al., 1980). The disease in the NOD mouse 
shows many similarities to that in man, including the presence of insulin autoantibodies 
(Pontesilli et al., 1987). In the NOD mouse, unlike in the human disease, females are 
predominantly affected, with 80% of females having developed diabetes at 30 weeks of age 
opposed by only 20% of males (Makino et al., 1980). In these mice the risk to develop T1D is 
associated to a high degree with the major histocompatibility complex class II (MHCII), with 
the NOD MHCII IAg7 (further referred to as IAg7) being the high risk genotype (Hattori et al., 
1986; Prochazka et al., 1987).  

Insulin is an essential autoantigen in the NOD mouse. This was highlighted by the abrogation 
of disease development in NOD mice lacking the Insulin 1 and Insulin 2 genes (Nakayama et 
al., 2005) and the tolerogenic effect of transgenic overexpression of preproinsulin 2 (Jaeckel 
et al., 2004). In mice, the autoimmune response is focused on an IAg7-restricted insulin 
epitope of the B chain comprising residues 9-23 (B:9-23), since 90% of islet infiltrating T cell 
clones recognize this peptide in the context of IAg7 (Alleva et al., 2001; Daniel et al., 1995b) 

The IAg7 displays a polymorphism that influences the binding affinity to the insulin B:9-23 
epitope. A change in position 57 of the β chain from arginine to serine disrupts the usually 
present hydrogen bond to position 76 of the α chain and leaves an unopposed positive 
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charge at position p9 of the binding pocket. This positive charge is met by an also positively 
charged arginine at position 22 of the peptide, making the interaction unstable and weak 
(Stadinski et al., 2010a).  

This inefficient presentation of the insulin B:9-23 peptide by the MHCII leads to a weak 
interaction with the insulin-specific TCR of autoreactive T cells in the thymus and thereby 
promotes their escape from negative selection (Wucherpfennig and Sethi, 2011). In addition, 
a weak agonistic ligand for the TCR is unable to efficiently induce Tregs in the periphery and 
thereby also limits dominant tolerance.  

Even though polyclonal Treg frequencies were found to be rather unaltered in the NOD 
mouse (Mellanby et al., 2007; You et al., 2005), as well as in human T1D (Brusko et al., 2007; 
Brusko et al., 2005; Lindley et al., 2005), evidence is accumulating pointing towards a 
contribution of defects in Treg function or stability to T1D. In the human disease, this is 
highlighted by the identification of polymorphisms associated with increased T1D risk in 
genes relevant for Treg maintenance and function like Il2ra (Vella et al., 2005) and cytotoxic T 
Lymphocyte associated protein 4 (Ctla4) (Nistico et al., 1996).  

Tregs can be generated de novo in the peripheral immune system and bear therapeutic 
potential, since there antigen-specific induction promises high safety compared to general 
immunosuppressive treatments. However, the exact requirements for optimal antigen-
specific induction of functional and stable Tregs need further investigation. 

1.2.5 Strategies for de novo T cell tolerance induction 

Functional Tregs are stable, which is maintained by a complete demethylation of the Treg 
specific demethylated region (TSDR) of the Foxp3 locus. In contrast, effector T cells have a 
completely methylated TSDR. (Floess et al., 2007; Polansky et al., 2008) 

The most common protocol for the induction of Tregs in vitro is the stimulation of naïve T 
cells via the TCR in the presence of TGFβ. However, these in vitro induced Tregs are not 
stable, have a methylated TSDR and do not resemble ex vivo Tregs (Floess et al., 2007; 
Polansky et al., 2008). 

Research in mouse models demonstrated that Tregs can be efficiently induced in the 
peripheral immune system in vivo, even in the absence of TGFβ. For this process to be most 
efficient, a strong agonistic ligand for the TCR is needed, supplied under subimmunogenic 
conditions, avoiding general immune activation. From these studies it has become evident, 
that a weak interaction of the agonistic ligand with the TCR could not be compensated for by 
higher dose of the ligand (Daniel et al., 2011; Daniel et al., 2010; Gottschalk et al., 2010; 
Gottschalk et al., 2012; Kretschmer et al., 2005). 
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To overcome the problematic inefficient antigen-presentation of the insulin B:9-23 by the 
IAg7, insulin variants, so-called mimetopes, which have an altered amino acid sequence, were 
developed based on work from John Kappler’s group (Stadinski et al., 2010b). His laboratory 
demonstrated that the exchange of the positively charged arginine at position 22 to the 
negatively charged glutamic acid increases the binding of the peptide to the IAg7 (Crawford 
et al., 2011; Stadinski et al., 2010b). An additional alteration at position 21 was included, 
based on the presence of so-called type A and type B T cells in the pancreatic infiltrates of 
NOD mice. These T cells are specific for the insulin B:9-23 epitope but differ in their 
preference of the TCR contact residue, which is situated at position p8 of the MHCII binding 
pocket (Crawford et al., 2011).  

Carolin Daniel and colleagues applied a combination of these insulin mimetopes to young 
NOD mice by osmotic minipumps to achieve subimmunogenic doses. This treatment led to a 
significant improvement of insulin-specific Treg induction when compared to the natural 
insulin B:9-23 epitope and was also suited to halt the progression to T1D development in 
these mice for 40 weeks and longer. The treatment was furthermore accompanied by 
increased frequencies of insulin-specific Tregs in the pancreatic lymph nodes and directly in 
the pancreas (Daniel et al., 2011). 

An efficient insulin-specific Treg induction in NOD mice was however limited to young mice, 
with moderate or low levels of autoantibodies (Daniel et al., 2011). In mice with a strong 
immune reaction, indicated by high autoantibody titers, most of the insulin-specific T cells 
are already activated (Daniel et al., 2011).  

The group of Matthias Merkenschlager has demonstrated that Tregs can also be induced in a 
TGFβ independent manner by limiting the activity of the PI3K/Akt/mammalian target of 
rapamycin (mTOR) pathway, either by premature withdrawal of the TCR stimulus, or by 
inhibition of either PI3K, Akt or mTOR (Sauer et al., 2008). PI3K is activated via the 
costimulatory CD28 pathway (Garçon et al., 2008) and leads itself to the phosphorylation of 
Akt. Akt activates mTOR, which in turn phosphorylates Foxo proteins like Foxo1 and Foxo3a, 
resulting in their exclusion from the nucleus, where they are needed for Foxp3 induction. 
Therefore, Tregs are dependent on high expression of molecules that counteract the 
PI3K/Akt/mTOR pathway, such as PTEN (Delgoffe et al., 2013; Ouyang et al., 2010; Sauer et al., 
2008). The strong engagement of the PI3K/Akt/mTOR pathway in activated T cells is therefore 
believed to be one mechanism that limits Treg induction in previously activated T cells (Sauer 
et al., 2008). To potentially also improve Treg induction in settings of ongoing autoimmune 
activation, it is important to better understand mechanisms of aberrant immune activation 
during islet autoimmunity.  
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1.3 Current strategies for the prevention or treatment of 
Type 1 Diabetes 

To date, many clinical trials and research efforts are focusing on the prevention and 
treatment of T1D. In this regard, increasing interest is focused on antigen-specific strategies, 
as they promise higher safety compared to the alternative general immune suppression.  

Preventive strategies can be classified into three major categories: primary, secondary and 
tertiary prevention. Primary prevention means the prevention of seroconversion in children 
genetically at risk for T1D. Secondary prevention aims at the prevention of the progression to 
symptomatic T1D in children with multiple autoantibodies and tertiary prevention is the 
preservation of residual β cell function in patients with T1D.  

With insulin as the antigen, three trials have been already conducted with the aim of 
secondary prevention: The Diabetes Prevention Trial-1 (DPT-1) (Skyler et al., 2005), the 
Intranasal Insulin Trial I (Harrison et al., 2004) and the Intranasal Insulin for Prevention of T1D 
Trial (Nanto-Salonen et al., 2008). All of these studies showed no or only limited clinical 
benefit. Recently, the Pre-POINT study was completed, a randomized trial aiming at primary 
prevention using oral insulin administration in children with genetic susceptibility for T1D 
(Bonifacio et al., 2015). The Pre-POINT study group reported an increase in insulin-responsive 
T cells with regulatory features in children treated with oral insulin, compared to the placebo 
control group, accompanied by no events of hypoglycemia, autoantibody development or 
T1D development (Bonifacio et al., 2015).  

Combined, these studies demonstrate that successful antigen-specific tolerance induction is 
strongly dependent on the choice of antigen, the route of administration and especially the 
time point of intervention. Interestingly the human high-risk HLA-DQ8 shows striking 
structural similarity to the IAg7 of the NOD mouse with the identical problem of the disrupted 
hydrogen bond and the positively charged p9 position of the binding groove. Since the 
insulin B:9-23 is identical in its sequence in mouse and man this suggests similar antigen-
presentation events involved in the development of human and murine T1D (Lee et al., 
2001b). It will be of great importance to investigate the exact requirements for the insulin-
specific induction of stable and functional Foxp3+Tregs, also in the human setting. To gain a 
better understanding of the human immune system and to enable improved translatability, 
novel model systems that bridge the gap between mouse models and the human disease will 
be essential. 

1.4 Humanized mouse models for translational research 
One major challenge for the development of novel therapeutic and preventive strategies in 
T1D is the limited translatability of findings from the NOD mouse model to human disease 
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(summarized in (Atkinson and Leiter, 1999)). Even though the NOD mouse model shows high 
levels of similarity to human T1D (Makino et al., 1980; Pontesilli et al., 1987), differences in the 
physiology of the pancreatic islets (Steiner et al., 2010), as well as differences in the immune 
system (summarized in (Mestas and Hughes, 2004)) between mouse and man, might lead to 
difficulties in the translation between the two species.  

Since the discovery of the protein kinase, DNA activated, catalytic polypeptide (Prkdc) severe 
combined immunodeficiency (scid) mutation (abbreviated as Prkdcscid)(Bosma et al., 1983), 
mice harboring this mutation have been engrafted with human hematopoietic tissues 
(McCune et al., 1988), hematopoietic stem cells (HSCs) (Lapidot et al., 1992) or peripheral 
blood mononuclear cells (PBMCs) (Mosier et al., 1988) in order to study the human immune 
system in vivo. The scid mutation disables TCR and B cell receptor (BCR) rearrangement and 
therefore leads to a loss of functional T and B cells (Schuler et al., 1986).  

Because of the very low reconstitution efficacy in these early models, extensive research has 
led to the development of several humanized mouse models, differing in the background 
strain, the immunodeficiency mutations and the material used for engraftment (summarized 
in (Shultz et al., 2007)). It has become evident, that the most efficient reconstitution with 
human immune cells is achieved in the NOD.Cg-PrkdcscidIl2rgtm1Wjl (NSG) mouse (Ishikawa et 
al., 2005; Ito et al., 2002; Shultz et al., 2005). These are NOD mice with the Prkdcscid mutation 
and an additional mutation leading to the knockout of the IL2 receptor γ chain (IL2rg). The 
IL2rγ is a common chain for various cytokine receptors (namely the receptors for IL2, IL4, IL7, 
IL9, IL15, IL21) and crucial for their signaling (Asao et al., 2001; Giri et al., 1994; Kondo et al., 
1994; Kondo et al., 1993; Noguchi et al., 1993; Russell et al., 1994; Russell et al., 1993; 
Takeshita et al., 1992). The absence of signaling through these cytokine receptors greatly 
impairs immune functionality and especially NK-cell development (Cao et al., 1995; DiSanto 
et al., 1995; Ohbo et al., 1996), a cell population that has been associated with impaired 
human cell engraftment in early humanized models (Christianson et al., 1996). The NOD 
mouse background has additional advantages, since NOD-scid mice harbor additional defects 
in innate immunity (Shultz et al., 1995) and further support human cell engraftment due to a 
polymorphism in the Sirpa gene, encoding the signal regulatory protein-α (Sirpα) (Strowig et 
al., 2011; Takenaka et al., 2007). Sirpα is expressed on macrophages and its interaction with 
CD47 on hematopoietic cells prevents phagocytosis of the body’s own or transplanted 
hematopoietic cells (Blazar et al., 2001; Okazawa et al., 2005; Oldenborg et al., 2000). It has 
been demonstrated by Takenaka and colleagues in 2007 that the Sirpa polymorphism of the 
NOD mouse leads to improved binding to human CD47, thereby supporting human cell 
engraftment in NOD-scid mice (Takenaka et al., 2007).  

Importantly, NSG mice develop a diverse T cell repertoire, comparable to the human 
repertoire in its complexity (Marodon et al., 2009). However, the selection of T cells in the 
thymus on murine MHCII molecules might be problematic when studying human disease 
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settings that rely on the recognition of antigens presented by human antigen presenting cells 
(APCs) on HLA molecules. Therefore, novel mouse strains deficient for murine MHCII and 
transgenically overexpressing human HLA molecules (HLA-DR4 (Covassin et al., 2011) and 
HLA-DQ8) have been developed.  

These models promise to be a helpful tool for defining requirements for efficient human Treg 
induction in vivo. The very early onset of pre-symptomatic T1D, with the peak incidence of 
seroconversion between nine months and two years of age (Giannopoulou et al., 2015; 
Ziegler and Bonifacio, 2012), remains a major challenge, especially for primary prevention 
efforts. Since the Treg induction efficacy is limited in an already activated immune setting, it 
will be crucial to find regiments that will reduce immune activation and open a window of 
opportunity for T cell tolerance induction, also at later stages of the disease. 

1.5 Objectives 
Antigen-specific tolerization strategies are a promising tool to implement the vision of 
preventing T1D due to their safe and specific mode of action. In this regard, insulin 
mimetopes have been used successfully in the NOD mouse model to prevent the 
development of T1D. However, the exact conditions for efficient and stable Treg induction in 
a human setting are not known.  

Therefore, the first objective of this thesis was to study as a proof of principle, the antigen-
specific induction of human Foxp3+Tregs in the setting of a human immune system in vivo. 
Specifically, it was the goal to investigate the use of insulin mimetopes for Foxp3+Treg 
induction in the human setting in vitro and in humanized mice in vivo.   

The requirement of limited immune activation for efficient Treg induction is a major 
challenge for antigen-specific tolerization strategies for T1D, since the peak incidence of 
seroconversion is very early in life. The heterogeneity in the time of progression from 
seroconversion to symptomatic disease implies differences in immune activation and T cell 
tolerance in children at risk to develop T1D. However, the underlying mechanisms of this 
heterogeneity are poorly understood. A better understanding of the mechanisms regulating 
the aberrant immune activation in this early pre-symptomatic phase of the disease is 
essential in order to find new regimens that will limit immune activation and open a window 
of opportunity for antigen-specific tolerance induction, also after onset of the autoimmune 
process.  

Therefore, the second objective of this thesis was to study mechanisms of aberrant immune 
activation in the early heterogeneous phase of T1D. Here, the focus was set on TFH cells due 
to their capacity to provide help to B cells to produce high-affinity antibodies.  
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Additionally, as a third objective, miRNAs were studied, because of their ability to regulate 
complex cellular states. Specifically, miRNAs that might be involved in regulating aberrant 
immune activation or impairments in T cell tolerance were studied in the context of this 
thesis.  
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2. Methods 

2.1 Human subjects, blood samples and cell isolation 
Blood samples were collected from first degree relatives of T1D patients, who consented to 
the Munich Bioresource project (approval number #5049/11, approval committee: Technische 
Universität München, Munich, Germany). The age of seroconversion (development of islet 
autoantibodies) had been documented for all patients in previous prospective follow-up from 
birth studies. Blood collection was performed using sodium heparin tubes and the volume 
was in accordance with EU guidelines (maximum 2.4 ml/kg of body weight).  

The stratification of the subjects was based on the time of presence or absence of multiple 
islet autoantibodies (without the development of symptomatic T1D): no autoimmunity = islet 
autoantibody negative; recent onset of islet autoimmunity = multiple islet autoantibodies for 
less than 5 years; persistent autoimmunity = multiple islet autoantibodies for more than 5 but 
less than 10 years; longterm autoimmunity = multiple islet autoantibodies for more than 10 
years.  Additionally, children with onset of symptomatic T1D before the age of 5 years (fast 
progressor) and patients with longterm symptomatic T1D for 45 years were studied. The 
investigators were not blinded for the group allocations of the different children. 

PBMCs were isolated via density centrifugation over Ficoll Paque (GE Healthcare). Human 
CD4+T cells were isolated from PBMC samples by negative magnetic activated cell sorting 
(MACS) enrichment using the EasySep Human CD4 T Cell enrichment kit (Stem Cell) or by 
positive enrichment using CD4 Microbeads human (Miltenyi Biotec) according to the 
instructions. Autologous dendritic cells (DCs) were isolated via MACS enrichment using the 
Blood DC Isolation Kit II human (Miltenyi Biotec). B cells were isolated from the flow through 
of positive CD4 enrichments using CD19 Microbeads human (Miltenyi Biotec).  

Umbilical cord blood (UCB) was obtained immediately after delivery from healthy full-term 
newborns in citrate phosphate dextrose and provided through the DKMS Cord Blood Bank of 
the University Hospital Dresden (Germany) or from the Institute of Diabetes Research, 
Klinikum rechts der Isar, Technische Universität München (approval number #5293/12, 
Technische Universität München, Munich, Germany).  

The HLA genotype was determined based on a fast genotyping protocol described previously 
(Nguyen et al., 2013). 

PBMCs were isolated form UCB samples and HSCs were purified using the Diamond CD34+ 
Isolation Kit human (Miltenyi Biotec).  
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2.2 Mice and murine cell isolation 
All mice were bred and maintained group-housed on a 12-h/12-h light dark cycle at 25°C 
with food and water ad libitum under specific pathogen free conditions at the animal facility 
of Helmholtz Zentrum München, Munich, Germany, according to the Institutional Animal 
Committee Guidelines. Ethical approval for all mouse experimentations has been received by 
the District Government of Upper Bavaria, Munich, Germany (approval numbers: #55.2-1-54-
2532-81-12 and 55.2-1-54-2532-84-12). The investigators were not blinded to group 
allocation during the in vivo experiments or to the assessment of experimental end points.  

NOD.Cg-Prkdcscid H2-Ab1tm1Gru Il2rgtm1Wjl Tg(HLA-DQA1,HLA-DQB1)1Dv//Sz mice were 
developed by and obtained from Leonard Shultz at the Jackson Laboratory (JAX strain 
number 026561).  

NOD.129X1(Cg)-Foxp3tm2Tch/DvsJ and NOD/ShiLtJ mice were obtained from the Jackson 
Laboratory (JAX strain number 025097 and 001976). Insulin autoantibodies were determined 
with ELISA as described previously (Babaya et al., 2009). To determine levels of insulin 
autoantibodies (IAA) in NOD mice, a Protein A/G radiobinding assay based on 125I-labeled 
recombinant human insulin was applied as previously described (Achenbach et al., 2009). 

Cells were isolated from lymph nodes and spleen by gentle grinding through a 70 µm cell 
strainer. CD4+T cells were purified by MACS enrichment using a CD4-Biotin antibody (BD 
Biosciences) and Streptavidin Microbeads (Miltenyi Biotec).  

Pancreata were digested for 4-7 min at 37°C using collagenase V (1 mg/ml) in PBS with 0.1 
mM HEPES and 0.1% BSA.  

White adipose tissue was digested for 10 min at 37°C using collagenase II (4 mg/ml) in PBS 
with 0.5% BSA and 10 mM CaCl2. 

For in vivo inhibition of miRNA92a, IAA+NOD mice or reconstituted NSG mice were injected 
intra peritoneally (i.p.) with 10 mg/kg custom-designed in vivo LNA miRNA92a antagomir 
(Exiqon) on day 0, day 2 and day 6. Analysis was performed on day 7. Additional experiments 
were performed in IAA+NOD mice for 14 days with injections of miRNA92a antagomir every 
second day.  

2.3 Cell staining and flow cytometry 
Cells were stained for 30 min on ice in Hanks buffer supplemented with 5% FCS and 10 mM 
HEPES after treatment with Fc blocking reagent (BD Bioscience). The antibodies and clones 
that were used for the stainings can be found in the publications provided in this thesis.  



- 28 - 

 

For intracellular staining of Foxp3 and Ki67 cells were fixated and permeabilized using the 
Foxp3 staining buffer set (eBioscience), stained for 30 min on ice and washed three times 
afterwards.  

Cells were acquired and sorted on a BD FACS Aria III cell sorting system with FACS Diva 
software and optimal compensation and gain settings. Dead cells were excluded based on 
forward and sideward scatter and staining with sytox blue or red (Life Technologies) or 
Fixable viability dye eFlour450 (eBioscience). Analysis was performed using FlowJo software 
version 7.6.1 (TreeStar Inc.).  

2.4 Proliferation assays 
Naïve CD4+CD25-T cells or HLA-DQ8-restricted insulin-specific T cell clones were labelled 
with CFSE (1 µM) for 3-4 minutes at 37°C and washed with PBS. The cells were seeded in X-
Vivo15 medium, complemented with 10% human serum (Invitrogen), penicillin-streptomycin 
(50 µg/ml) and 2 mM glutamin into 96-well plates and stimulated with peptides (detailed 
information on peptide sequences can be found the publications provided in this thesis). For 
peptide-presentation either autologous DCs or T cell depleted PBMCs were added to the 
culture. Analysis of CFSE dilution and CD25 expression was performed after 5 days of 
stimulation. 

2.5 Tetramer stainings 
Insulin-B-chain-10-23-mimetope based Tetramer reagents were obtained from Richard A. 
Willis from the NIH tetramer core facility (Atlanta, USA). For the identification of human HLA-
DQ8-restricted insulin-specific CD4+T cells, tetramers based on ins.mim.1 (14E-21G-22E) and 
ins.mim.4 (14E-21E-22E) were used. For the identification of murine IAg7-restricted insulin-
specific CD4+T cells, tetramers were based on ins.mim.2 (21G-22E) and ins.mim.3 (21E-22E). 
CD4+T cells were stained with tetramer reagents in 10 µl RPMI medium with 5% human 
serum (human stainings, or FCS for murine stainings) for 1 hour at 37°C with gentle agitation 
every 20 minutes. Afterwards, surface antibodies were added directly and cells were stained 
for 30 minutes on ice. Dead cell staining was performed before analysis of the cells.  

Control tetramers, fused to irrelevant peptides, were used to verify the specificity and virtually 
no tetramer+CD4+T cells were detected with the control tetramers.  

2.6 Generation of insulin-specific CD4+T cell clones 
Naïve T cells (CD4+CD25-) were CFSE-labelled (as described in 2.4) and stimulated in 96-well 
plates with 230 µg/ml artificial APCs (aAPCs) for 7 days. aAPCs were used, to make sure that 
the cells were stimulated only with peptides presented by HLA-DQ8. The generation of aAPCs 
was described previously (Maus et al., 2003). Specifically, anti-HLA-DQ antibodies (SPV-L3, 
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Abcam) were coated onto antibody-coupling beads (Dynabeads Antibody coupling kit, Life 
Technologies) at 20 µg/mg beads, followed by coupling with unlabeled HLA-DQ8 tetramers 
(ins.mim.1 and ins.mim.4 or control tetramer based, 3 µg per 1x10^7 beads). After 7 days, 
cells were analyzed on the BD FACS Aria III and one single CFSEdimCD4+T cell was sorted into 
each well of a 96-well plate prefilled with irradiated feeder cells (CD4-depleted PBMCs from a 
DQ8+ and a DQ8- donor and EBV-transformed B cells form the Riken cell Bank, Japan) in X-
vivo medium with 30 µg/ml anti-CD3 (Okt3, BioLegend), 20 U/ml IL2 and 10 ng/ml IL4 (both 
from Peprotech). For expansion IL21 (10 ng/ml), IL15 (10 ng/ml) and IL7 (0.1 ng/ml, all from 
Peprotech) were added additionally. Cells were split into 48-well plates after 2 weeks and 
tested for antigen-specificity by restimulation with the natural insulin B:9-23 epitope or 
mimetopes at 0.1 – 10 µg/ml in the presence or absence of anti-DQ blocking antibody (SPV-
L3, abcam, 10 µg/ml) for 48 hours and analyzed for CD25 upregulation.  

2.7 HLA-DQ8 peptide-binding assay 
HLA-DQ8 binding analysis of the 4 mimetopes was performed according to previously 
described procedures (Ettinger and Kwok, 1998; Sidney et al., 2013; Yang et al., 2014). 
Specifically, the FITC labelled GAD 253-265R255F peptide was used as an indicator peptide at 
10 µM together with thrombin cleaved HLA-DQ8 monomers (provided by the NIH tetramer 
core facility, Richard A. Willis) at 0.4 µM and increasing concentrations of competitor peptides 
(natural insulin B:9-23 epitope, ins.mim.1-4) or MPI 185-204 as a binding control. Indicator 
peptide and monomers without competitor peptide served as a positive control and for 
background analysis the binding reaction was performed without monomers. The binding 
reaction was performed for 48h at 37°C and captured on anti-HLA-DQ (SPV-L3, Abcam, 15 
µg/ml) pre-coated plates. Detection was performed using anti-FITC HRP antibodies (Abcam, 
1:1000) and TMB substrate (BD Bioscience). Fluorescence was measured on an Epoch plate 
reader (Biotech) at 405 and 450 nm. Binding curves were fitted by nonlinear regression using 
log transformed x values (x ¼ test peptide concentration) with the one-site competitive 
binding model to extract IC50  values (Prism software, v.6.04, GraphPad Software).  

2.8 In vitro Treg induction assay 
Human naïve CD4+CD45RA+CD45RO-CD25-CD127+T cells were sort purified on the BD FACS 
Aria III cell sorting system and stimulated in 96-well plates. For polyclonal Treg induction, 
plates were pre-coated with 5 µg/ml anti-CD3 (UCHT1, Biolegend) and 5 µg/ml anti-CD28 
(CD28.1, Biolegend). For insulin-specific Treg induction the cells were stimulated with 
ins.mim.1 and ins.mim.4, presented by autologous CFSE-labelled DCs. 100 U/ml IL2 was 
added to the culture medium. To mimic subimmunogenic conditions in vitro, the cells were 
pipetted into new uncoated wells, or the T cells were sort-purified from DCs as CFSEdim after 
18h. T cells were cultured without stimulation for additional 36h prior to analysis.  
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To analyze Treg stability CD25highCD127low Tregs were sort-purified from Treg induction 
assays and restimulated with anti-CD3 and anti-CD28 antibodies for 54h and Foxp3 
expression was analyzed.  

2.9 DNA bisulfite conversion and methylation analysis 
Lysis and bisulfite conversion of the sorted Foxp3+T cells were combined, due to the low cell 
numbers and performed with the EpiTect Plus LyseAll Bisulfite Kit (Qiagen) or the EZ DNA 
Methylation-Direct Kit (Zymo Research), according to the instructions. A combination of MS-
HRM and Pyrosequencing analysis was performed, as previously described (Baron et al., 2007; 
Floess et al., 2007). Primers were designed with the PyroMark Assay Design Software 2.0 
(Qiagen) to cover the area of differential methylation in the first Foxp3 intron initially reported 
by Baron et al. (Baron et al., 2007) (primer sequences can be found in the publications 
provided in this thesis). Methylation results are presented as the mean of all 5’-C-phophate-
G-3’ (CpG)-sites analyzed.  

2.10 Reconstitution of NSG mice and in vivo Treg induction 
Two-week old immunodeficient murine MHCII-deficient HLA-DQ8 transgenic NOD.Cg-
PrkdcscidIl2rgtm1Wjl (NSG) mice were reconstituted with 50.000 CD34+HSCs injected i.v. in 50 µl 
PBS. The mice were sex-matched to the HSC donor and donors were HLA-DQ8+. 
Reconstitution efficacy was tested after 8 weeks based on murine and human CD45 
expression in peripheral blood. In vivo Treg induction experiments were performed at week 
20 post-reconstitution based on previously described protocols (Daniel et al., 2011).  
Specifically, osmotic minipumps transfusing continuous and minute amounts of peptide 
(ins.mim.1 and ins.mim.4, 5µg/d) for 14 days were implanted subcutaneously. Treg induction 
was analyzed in various tissues and peripheral blood by FACS analysis as indicated in 2.2.  

2.11 Expression analysis of mRNAs and miRNAs 
Cells were sort-purified and RNA extraction was performed using the miRNeasy Micro Kit 
(Qiagen), or, in the case of very low cell numbers, cDNA was synthesized directly using the 
SMARTer ultra low input RNA Kit for Sequencing-v3 (Takara Clontech) according to the 
instructions. Previously isolated RNA was transcribed into cDNA using the iScript cDNA 
Synthesis Kit (BioRad) and qPCR analysis was performed on a CFX96 real time system (Biorad) 
in combination with SsoFast Evagreen Supermix (Biorad) and QuantiTect Primer Assays 
(Qiagen). Levels of Histone and 18s rRNA were used for normalization.  

2.12 In vitro Treg suppression assay 
CD4+CD3+CD127lowCD25highTregs were sort-purified (in control experiments Treg identity of 
CD4+CD3+CD127lowCD25highT cells was confirmed by intracellular staining for Foxp3) from 
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lymph nodes and spleens of humanized mice and expanded for six days by polyclonal 
stimulation with αCD3 and αCD28 at 1µg/ml each in the presence of IL-2 (500 U/ml) and 
2x10^5 irradiated CD4- feeder cells. On day 6 conventional sort-purified 
CD4+CD3+CD127+CD25-T cells (expanded accordingly with 50 U/ml IL2) and expanded Tregs 
were sort-purified to remove the remaining feeder cells and conventional T cells (responder 
cells) were labeled with CFSE (0.25 µM). Treg cells and conventional T cells were rested for 16 
hours in the absence of IL2 to force them into synchronous resting states and further 
cultured at different ratios (responder: Tregs 1:0; 1:2; 1:4 and 1:8) for three days in the 
presence of αCD3 and αCD28 [1µg/ml each]. On day 3 responder cell proliferation was 
assessed by dilution of the CFSE label. Suppression of responder cell proliferation is shown in 
% suppression of the proliferation of the responder cells stimulated in the absence of Tregs.  

For insulin-specific suppression assays, induced Tregs from humanized mice were sorted-
purified as indicated above and insulin-specific T cell clones were used as effector cells as 
described above. The cells were stimulated either with insulin mimetopes [100 ng/ml] or the 
natural insulin B:9-23 epitope [10 µg/ml].  

Additional experiments were performed using effector T cells from T1D individuals and 
polyclonal stimulation as outlined above. 

2.13 In vitro TFH precursor cell induction assay 
Human naïve T cells (sort-purified as CD3+CD4+CD45RA+CD45RO-CXCR5-) and memory B 
cells (sort-purified as CD20+CD27+) were cocultured at a ratio of 1:1 and stimulated with 5 
µg/ml anti-CD3 (Okt3, Biolegend) and anti-CD28 (CD28.2, Biolegend) for 5 days in the 
presence of a miRNA92a mimic or antagomir. MiRNA92a mimic (miRCURY LNA microRNA 
Mimic; Exiqon) or antagomir (miRCURY LNA microRNA Antagomir; Exiqon) were loaded onto 
PLGA-coated nanoparticles at a ratio of 1:50 by mixing and incubation at room temperature 
for 30 minutes. The loaded nanoparticles were added to the culture at  a final concentration 
of mimic of 0.75 ng/µl per 100,000 cells (“high”), 0.375 ng/µl per 100,000 cells (“medium”) or 
0.1875 ng/µl per 100,000 cells (“low”). The miRNA92a antagomir loaded nanoparticles were 
added at a final antagomir concentration of 2 ng/µl per 100,000 cells. As a control a negative 
control miRNA mimic or antagomir, which was found to have no homology to any known 
miRNA or mRNA in mouse, rat and human, were added to the cultures. Cells were analyzed 
on a BD FACS AriaIII cell sorting system for expression of CXCR5, PSGL-1, PD1 and CCR7. In 
some experiments IL-6 and IL-21 were added to the culture at 50 ng/ml or cells were 
stimulated with PMA/Ionomycin (PMA 50 ng/ml, Ionomycin 1 µg/ml) 12h prior to analysis. In 
some experiments a PTEN inhibitor (SF1670, 325 nM) or a PI3K inhibitor (LY494002, 10 µM) 
were added to the cultures. The miRNA92a-krueppel-like factor 2 (KLF2) target site blocker or 
control TSB (custom designed by Exiqon) were loaded onto PLGA-coated nanoparticles as 
described above and added to the culture at a final concentration of 2 ng/µl per 100,000 
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cells. The nanoparticles were developed and tested by the research group of Claus-Michael 
Lehr at the Helmholtz Center for Pharmaceutical Research, Saarland. Further information on 
the preparation and characterization can be found in the publications provided in this thesis.  

2.14 Histopathological analysis and immunofluorescent 
staining of pancreas sections 
Pancreata were embedded with TissueTek O.C.T. Compound and frozen on dry ice. Serial 
sections were prepared and stained with hematoxylin and eosin in the lab of Benno 
Weigmann at the Kussmaul Campus of the University of Erlangen. Insulitis scoring was 
performed as previously described (Jaeckel et al., 2004; Krishnamurthy et al., 2006). The 
researches were blinded for group allocations. Serial sections were sent to the lab of Ari 
Waisman at the Johannes-Gutenberg Universität, Mainz and stained for immunofluorescent 
analysis. Rabbit–anti-mouse insulin antibodies (Cell Signaling), rat–anti-mouse CD4 (Becton, 
Dickinson and Company) and rat–anti-mouse Foxp3 antibodies (eBioscience) were used as 
primary antibodies. Donkey–anti-rabbitAlexa647 antibodies (Dianova), goat–anti-ratAlexaFluor488 

(Dianova) and goat–anti-ratbio (Becton, Dickinson and Company) were used as secondary 
antibodies and combined with TSA Cyanine3 amplification (PerkinElmer). Nuclei were 
counterstained with HOECHST 33342 dye (Invitrogen). Negative control slides were incubated 
with secondary antibodies only. Cells were analyzed by confocal microscopy (Olympus). 

2.16 Statistics 
Results are presented as the mean and standard error of the mean (s.e.m.) or as percentages, 
where appropriate. For normal distributed data the Student’s t test was used. The 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 data that was not normally distributed, the 
nonparametric Wilcoxon signed-ranks test was applied. Group size estimations were based 
upon a power calculation to yield minimally an 80% chance to detect a significant difference 
in the respective parameter of P < 0.05 between the relevant groups. The significance level 
was determined as a two-tailed P value of <0.05. Statistical significance is shown as *P < 0.05, 
**P < 0.01, ***P < 0.001, or not significant (P > 0.05). Statistical analyses were performed 
using the programs GraphPad Prism 6 and the Statistical Package for the Social Sciences 
(SPSS 19.0; SPSS, Inc.). 
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3. Results: Publications originating from this thesis 
 

3.1 Summary of publications 
Type 1 diabetes vaccine candidates promote human Foxp3(+)Treg induction in 
humanized mice: Serr et al. 2016 

In this publication we investigated the requirements for human Treg induction. We 
demonstrate that subimmunogenic doses of a strong agonistic TCR ligand can efficiently 
induce human Tregs in vitro and in vivo in a HLA-DQ8 transgenic murine MHCII deficient 
humanized mouse model. We used strong agonistic variants of the insulin B:9-23 epitope 
supplied by osmotic minipumps for Treg induction in these mice and observed increased 
frequencies of Tregs. We furthermore show that the induced Tregs are stable and functional. 
Moreover, we use novel HLA-DQ8-restricted insulin B:9-23 specific tetramer reagents based 
on the strong agonistic variants of the insulin B:9-23 epitope to identify insulin-specific Tregs 
in children at different stages of islet autoimmunity. We show that children with recent 
activation of islet autoimmunity display decreased frequencies of insulin-specific Tregs. In 
contrast, Treg frequencies in children with longterm islet autoimmunity without progression 
to symptomatic disease are comparable to those in children without islet autoantibodies, 
supporting the concept of insulin-specific Treg induction for the prevention of T1D 
progression. In summary, this publication shows as a proof of principle that subimmunogenic 
doses of strong agonistic TCR ligands are able to induce human Tregs in vitro and in vivo and 
might help to better define Treg induction strategies for the prevention of islet 
autoimmunity. 

 

miRNA92a targets KLF2 and the phosphatase PTEN signaling to promote human T 
follicular helper precursors in T1D islet autoimmunity: Serr et al. 2016  

In this second publication we were interested to investigate differences in the aberrant 
immune activation in children with different durations of islet autoimmunity. We focused on 
TFH precursor cells, since they are important mediators in (auto)-antibody production and 
are therefore an important effector T cell population in autoimmunity. Here, we identify 
insulin-specific as well as polyclonal TFH precursor cells to be increased during recent 
activation of islet autoimmunity, whereas the frequencies of TFH precursors in children with 
longterm islet autoimmunity are similar to those in children without islet autoantibodies. 
During recent activation of islet autoimmunity we identify Th2-like TFH cells to be specifically 
increased. Concerning the molecular mechanism underlying these differences, we observe 
miRNA92a to be differentially regulated between children with or without islet 
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autoantibodies and we show a positive correlation between miRNA92a expression and TFH 
precursor cell frequencies in the blood. In TFH induction assays a miRNA92a mimic increased, 
while a miRNA92a antagomir inhibited TFH induction. Specifically we identify negative 
regulators of T cell activation like CTLA4, Foxo1 and PTEN to be negatively regulated by 
miRNA92a. Additionally, we identify KLF2 as a novel target of miRNA92a and show that the 
downregulation of KLF2 by miRNA92a is essential for TFH precursor cell induction. Most 
importantly, a miRNA92a antagomir improved insulitis scores and decreased immune 
activation in insulin autoantibody positive NOD mice in vivo. In summary, this publication 
provides evidence for the involvement of TFH cells and miRNA92a in the aberrant immune 
activation in pre-symptomatic T1D and proposes miRNA92a as possible drug candidate for 
the prevention of islet autoimmunity. 
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3.2 Type 1 diabetes vaccine cadidates promote human 
Foxp3(+) Treg induction in humanized mice 
 

Isabelle Serr, Rainer W. Fürst, Peter Achenbach, Martin G. Scherm, Füsun Gökmen, Florian 
Haupt, Eva-Maria Sedlmeier, Annette Knopff, Leonard Shultz, Richard A. Willis, Anette-G. 
Ziegler and Carolin Daniel.  
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Immune tolerance is executed partly by Foxp3þ regulatory T (Treg) cells, which suppress

autoreactive T cells. In autoimmune type 1 diabetes (T1D) impaired tolerance promotes

destruction of insulin-producing b-cells. The development of autoantigen-specific vaccination

strategies for Foxp3þTreg-induction and prevention of islet autoimmunity in patients is still in

its infancy. Here, using human haematopoietic stem cell-engrafted NSG-HLA-DQ8 transgenic

mice, we provide direct evidence for human autoantigen-specific Foxp3þTreg-induction

in vivo. We identify HLA-DQ8-restricted insulin-specific CD4þT cells and demonstrate

efficient human insulin-specific Foxp3þTreg-induction upon subimmunogenic vaccination

with strong agonistic insulin mimetopes in vivo. Induced human Tregs are stable, show

increased expression of Treg signature genes such as Foxp3, CTLA4, IL-2Ra and TIGIT and can

efficiently suppress effector T cells. Such Foxp3þTreg-induction does not trigger any effector

T cells. These T1D vaccine candidates could therefore represent an expedient improvement in

the challenge to induce human Foxp3þTregs and to develop novel precision medicines for

prevention of islet autoimmunity in children at risk of T1D.
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T
ype 1 diabetes (T1D) afflicts millions of people worldwide
and is a severe chronic autoimmune disease characterized
by the progressive loss of self-tolerance to insulin-

producing pancreatic b-cells1. The incidence of T1D is rising
dramatically especially in young children2. T1D and other
autoimmune diseases are thought to develop when T cells with
specificity for weakly binding T-cell receptor (TCR) agonists,
which may include self-antigens, evade thymic negative selection
and then mount a peripheral autoimmune attack3–7. In children,
the appearance of multiple islet autoantibodies indicates the onset
of islet autoimmunity (pre-T1D)8. Insulin autoantibodies are
often the first to appear thereby highlighting the contribution of
insulin in initiating T1D autoimmunity9.

Regulatory T (Treg) cells are pivotal in preventing auto-
immunity. Impairments in Treg numbers, function and induction
critically contribute to autoimmune destruction in T1D. Tregs are
characterized by the expression of the high-affinity interleukin-2
(IL-2) receptor a-chain (IL-2Ra) and the X-linked gene forkhead
box P3 (Foxp3), encoding the transcription factor Foxp3,
which acts as a lineage specification factor for the development
and function of CD4þCD25þTregs10–13. The essential function
of human Foxp3þTregs to avoid autoimmunity is illustrated by
the fatal autoimmune disease IPEX (immunodysregulation,
polyendocrinopathy, enteropathy and X-linked syndrome),
which is caused by mutations in the Foxp3 gene.

Foxp3þTregs have attracted attention as they can ‘tame’ their
autoreactive counterparts by direct contact-dependent inhibition
of antigen-presenting cells (APCs) and effector T cells or by
releasing inhibitory cytokines such as TGFb or IL-10. Tregs
maintain their regulatory functions for a long period of time even
in the absence of antigens that induced their generation and are
stable and transferable14, thereby permitting the prospective
induction of these cells to prevent unwanted immunity. We are
focusing on novel strategies using optimized variants of critical
autoantigens for Foxp3þTreg induction since Tregs bear the
promise of specifically targeting the harmful effects of peripheral
autoreactive T cells to control autoimmunity such as that
observed in T1D while preserving the ability of the immune
system to fight off infections15–18. Optimal in vivo induction of
stable murine Foxp3þTregs requires the subimmunogenic
delivery of strongly agonistic TCR ligands to naive CD4þ

T cells16,17,19–21. By contrast, even high immunogenic doses of
weakly agonistic ligands fail to induce stable Foxp3þTregs17,22.
The most efficient Foxp3þTreg induction is achieved in T cells
that proliferated least extensively19. Specific Foxp3þTreg
induction in the context of autoimmunity could allow
modulating the immune response for clinical benefit while
limiting long-term immune suppression.

T1D mouse models as non-obese diabetic (NOD) mice showed
that insulin functions as an essential autoantigen23,24. In humans
and mice, T cell responses to insulin are highly focused on a
human leukocyte antigen (HLA)-DQ8- or murine IAg7-restricted
segment of the insulin-B-chain comprising residues 9–23 and the
human epitope is identical to that of mouse insulin25–27. Initial
murine studies using subimmunogenic delivery of natural insulin
B-chain epitopes show only a limited Treg induction efficacy and
a slight delay in T1D progression17. As one possible means to
explain the poor efficacy of Treg induction by natural insulin
B-chain epitopes in murine T1D, it has been indicated that the
insulin-B-chain peptide is presented by I-Ag7 in a low-affinity
binding register, which results in weak-agonistic activity of the
peptide presented by the major histocompatibility complex
(MHC)II (refs 7,28). To efficiently induce insulin-specific
Foxp3þTregs that could interfere with the development of
T1D in NOD mice, we devised a strongly agonistic mimetope
of the natural insulin-B-chain-epitope (21E-22E) with improved

MHCII-binding7 and showed that its sub-immunogenic delivery
promoted efficient Foxp3þTreg induction and T1D protection
for 40 weeks and longer17. Importantly, crystal structures of the
human T1D susceptibility HLA-DQ8 allele and the homologous
molecule in NOD mice, I-Ag7, reveal striking structural overlap
between the MHC-peptide binding pockets29, which suggests
similar peptide presentation events of insulin-epitopes in human
T1D. Accordingly, a recent study provides evidence that insulin
B:9-23-reactive CD4þT cells are present in the peripheral blood
of T1D patients and that the immunogenic register of this
peptide has low-affinity binding to HLA-DQ8 (ref. 30). Moreover,
T1D risk may be related to how an HLA-DQ genotype determines
the balance of T-cell inflammatory versus regulatory responses
to insulin, having implications for insulin-specific therapies to
prevent T1D (ref. 31).

Currently, the majority of strategies approved by the FDA for
autoimmune diseases have focused on non-antigen-specific
immune suppression. Although this was found to be partially
effective in inhibiting autoreactivity, these compounds have
numerous side effects and long-term treatment remains
challenging. Strategies that promote autoantigen-specific Treg
induction will permit the specific blockade of the deleterious
effects of autoimmune destruction while maintaining the
ability of the immune system to clear non-autoantigens. While
promising results have been obtained in mice, in man the
development of autoantigen-specific Foxp3þTreg induction
strategies is still in its infancy. It is currently unclear
whether concepts established for efficient murine in vivo
Foxp3þTreg induction will be translatable to the human
immune system, especially in the context of autoimmune
diseases such as T1D. Further studies are needed that provide
mechanistic insights for the in vivo induction of human
autoantigen-specific Foxp3þTregs. As an excellent accessible
system permitting predictive in vivo immunology research, here
we used human haematopoietic stem cell (HSC)-engrafted
NOD-Scid-IL2-receptor-g-chain knockout (NSG)-HLA-DQ8
transgenic mice and newly established autoantigen-specific Treg
induction.

We provide first direct evidence that a set of two novel human
insulin mimetopes promotes human Foxp3þTreg induction in
human-HSC-engrafted NSG-HLA-DQ8 transgenic mice in vivo.
Such induced Tregs from humanized mice are stable over
prolonged periods of time, present with robust suppressive
capacities and harbour high abundance of Treg signature genes
such as Foxp3, CTLA4, IL-2Ra and TIGIT in the absence of
effector T-cell responses. These T1D vaccine candidates could
critically contribute to the development of efficient autoantigen-
specific Treg induction strategies for prevention of islet
autoimmunity in children at risk of developing T1D.

Results
Agonistic activity of insulin mimetopes in CD4þT cells.
To define optimal conditions for human insulin-specific
Foxp3þTreg induction we tested agonistic activities of four
insulin-B-chain-10-23 mimetopes. Peptide selections were made
first based on the finding that insulin-B:10-23 peptide variants
with a mutation of arginine (R) to glutamic acid (E) at position 22
and/or including a change to glycine (G) at position 21
(ins.mim.2¼ 21G-22E; ins.mim.3¼ 21E-22E) were more potent
in stimulating murine insulin-specific CD4þT cells7,17,28 and
stimulated human insulin-specific CD4þT cells30,31. The use of
either E or G at position 21 was included based on findings in
NOD mice that insulin B:9–23-specific CD4þT cells can be
divided into types A and B T cells. Both recognize the peptide
bound to IAg7 in register 3. However, type A T cells prefer the
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glutamic acid at position 21 as TCR-binding residue while type
B cells prefer glycine 21 (ref. 28).

Second, we set up two novel human insulin mimetopes with
mutations at position 22 to glutamic acid (E) together
with position 21 being E or G and an additional mutation of
position 14 from alanine (A) to glutamic acid (E) (ins.mim.1¼ 14
E-21G-22E; ins.mim.4¼ 14E-21E-22E). The mutation at
position 14 was included since structural analyses of a human
insulin-peptide-HLA-DQ8 complex had suggested that glutamic
acid (¼ E) is preferred over alanine at the first MHC-anchor29

(Supplementary Fig. 1 for peptide sequences).
Proliferative responses were assessed using polyclonal

CFSE-labelled CD4þT cells from eight islet autoantibody positive
HLA-DQ8þ children. Comparisons were made upon stimulation
with either the natural insulin-B-chain-epitope or a set of
insulin-B-chain mimetopes or as controls left untreated. When
the proportion of cells with diluted CFSE-label was determined,
the insulin mimetopes showed increased stimulatory capacities
when compared with the natural insulin-B-chain epitope
(unstimulated: 6.2±0.2 versus insulin B:9-23: 6.4±0.3 versus
insulin mimetopes: 13.7±1.4 CFSEdimCD45ROþCD25þT cells
in % of CD4þT cells, Po0.01, Fig. 1).

Moreover, a combination of ins.mim.1¼ 14E-21G-22E and
ins.mim.4¼ 14E-21E-22E resulted in significantly enhanced
stimulation when compared with ins.mim.2¼ 21G-22E and
ins.mim.3¼ 21E-22E) either in CD4þT cells from non-diabetic
children with ongoing islet autoimmunity (Fig. 1d, Po0.01) or
without autoimmunity (Supplementary Fig. 2).

Ex vivo identification of human insulin-specific Tregs. Next,
based on their enhanced stimulatory potential, agonistic activity
and in accordance with identified crystal structures29 we
employed 14E-21G-22E (ins.mim.1) and 14E-21E-22E
(ins.mim.4) for the development of insulin-specific HLA-DQ8-
tetramers. CD4þT-cell enrichment before flow cytometric
enumeration distinctly increased sensitivity of detection of
insulin-specific CD4þT cells. Virtually no tetramerþCD4þ

T cells were detected with the HLA-DQ8 control tetramers and
by using CD4þT cells from an HLA-DQ8-negative donor
(Fig. 2a,b). By contrast, insulin mimetope-specific CD4þ

T cells were readily identified ex vivo using HLA-DQ8
insulin mimetope-specific tetramers, and frequencies of
tetramerþCD4þT cells were correlated with CD3 expression
(second right and right plots in Fig. 2b).

To permit for the first time the direct ex vivo identification of
human HLA-DQ8-restricted insulin-specific Foxp3þTregs we
used pre-enriched CD4þT cells and newly developed settings to
combine tetramer stainings with multiparameter flow cytometry
and intracellular Foxp3 staining (Fig. 2c).

To verify the specificity of the tetramerþCD4þT cells for
the insulin mimetope and insulin B:9–23 itself, tetramerþ

cells were sort-purified and expanded in a polyclonal fashion.
Re-stimulation of CD4þT cells with the insulin mimetopes
induced rapid proliferation, as determined by dilution of
the CFSE label (Fig. 2d). The CD4þT cells likewise responded
to the natural insulin B:9–23 epitope, albeit to a lesser extent
(right plot in Fig. 2d).

Insulin-specific Foxp3þTregs and autoimmune progression.
HLA-DQ8-restricted insulin mimetope-specific CD4þT cells
were identified in children without and with various durations of
islet autoimmunity (disease categories: no autoimmunity:
islet autoantibody negative, recent activation: multiple islet
autoantibodies for o5 years and long-term autoimmunity:
multiple islet autoantibodies 410 years, Fig. 3a,c). Likewise

such T cells were found in children with recent-onset or
longterm T1D (Supplementary Fig. 3). At least 8� 106

and up to 40� 106 cells were acquired and HLA-DQ8-
restricted insulin mimetope-specific CD4þT cells were
detected in a range of 0.001–0.01% of CD4þT cells (see summary
graph in Fig. 3c). These frequencies of insulin mimetope-specific
CD4þT cells are in accordance with the range that has been
estimated for islet-antigen-specific CD4þT cells, for example for
proinsulin76-90-specific CD4þT cells the frequency has been
estimated to be B1 in 300,000 PBMCs32,33. Phenotyping of
HLA-DQ8-restricted insulin mimetope-specific CD4þT cells
revealed an increase in the frequency of cells with a memory
phenotype according to the duration of islet autoimmunity
(Fig. 3d).

In young at-risk children, T1D can develop within several
months of the appearance of autoantibodies. However, it may
take more than a decade in some children8,9, supporting
the concept of episodes of successful immune tolerance.
Of interest, frequencies of insulin mimetope-specific
Foxp3þTregs were significantly lower in children with recent
onset of autoimmunity than in children without autoimmunity
(no autoimmunity versus recent onset of autoimmunity: 1.9±0.9
versus 0.5±0.4% of TetþCD4þT cells, Po0.05, Fig. 3e).
We identified enhanced frequencies of insulin mimetope-
specific Foxp3þTregs in non-diabetic children with longterm
autoimmunity (long-term autoimmunity versus recent onset
of autoimmunity: 11.7±0.9 versus 0.5±0.4 Foxp3þTregs as a
% of TetþCD4þT cells, Po0.001, Fig. 3e), indicative of at
least periods of successful ongoing immune regulation in
such children. To further support a critical role of insulin
mimetope-specific Tregs in delaying progression of islet
autoimmunity to clinically overt T1D, frequencies of insulin
mimetope-specific Tregs were found to be severely reduced in
children with newly diagnosed T1D and a very early disease
manifestation (age at diagnosis r5 years) (Fig. 3e). These
findings underscore the rationale of inducing autoantigen-specific
Tregs for delaying T1D progression.

Agonistic activity of insulin mimetopes in CD4þT-cell clones.
To determine agonistic activities of the individual insulin
mimetopes we generated HLA-DQ8-restricted insulin mime-
tope-specific CD4þT-cell clones from children without islet
autoimmunity or with various durations of islet autoimmunity.
For the stimulation of human CD4þT cells and T-cell cloning
we used HLA-DQ8 insulin mimetope-specific artificial APCs
expressing insulinB:chain-10-23-mimetopes (14E-21G-22E
(ins.mim.1) and 14E-21E-22E (ins.mim.4)) which were
established using antibody-coupling beads, DQ-antibodies34 and
unlabelled insulin mimetope-specific HLA-DQ8-tetramers.
CD4þT cells responding to stimulation with insulin
mimetope-specific artificial APCs were single-cell-sorted as
CFSEdimCD25highCD4þT cells. In control experiments using
HLA-DQ8-expressing artificial APCs fused to irrelevant
peptides no dilution of the CFSE-label was observed
(Supplementary Fig. 4).

Insulin-specificity in growing CD4þT-cell clones was
confirmed upon stimulation with insulin mimetopes in the
presence or absence of DQ-blocking antibodies, analysed
flow-cytometrically by CD25 upregulation (Fig. 4a,b) and
confirmed by analyses of the highest CD25 levels (CD25þ þ þ

levels, Fig. 4c,d and Supplementary Fig. 5). All tested CD4þT-cell
clones also responded to the natural insulin B:9-23 epitope albeit
to a lower extent (Fig. 4e,f and Supplementary Fig. 5). These data
show that T cells cloned from CD4þT cells responding to
insulin-B-chain-10-23 mimetopes are likewise specific for the
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natural insulin B:9-23 epitope (Fig. 4e,f and Supplementary
Fig. 5).

The set of four insulin-B-chain-10-23 mimetopes was used
to assess their individual proliferative capacities (ins.mim.
2¼ 21G-22E; ins.mim.3¼ 21E-22E; ins.mim.1¼ 14E-21G-22E;
ins.mim.4¼ 14E-21E-22E) in generated insulin-specific CD4þ

T-cell clones (Fig. 4g). The stimulatory potential of the individual
insulin mimetopes is shown in fold of the stimulation
achieved with the natural insulin B:9-23 epitope. Irrespective
of the presence or duration of autoimmunity (Fig. 4g) all
insulin-variants were superior in stimulating insulin-specific
CD4þT-cell clones. In particular ins.mim.4 (ins.mim.4¼ 14E-
21E-22E) presented with a significantly enhanced stimulatory
capacity (Po0.05) when compared with ins.mim.2
(ins.mim.2¼ 21G-22E) and ins.mim.3 (ins.mim.3¼ 21E-22E).
A summary of the stimulatory capacities of all tested insulin-
specific CD4þT-cell clones is outlined in Fig. 4g. These
findings are in accordance with our observations obtained from
competitive in vitro HLA-DQ8 binding assays (Fig. 4h) where
ins.mim.4 presented with the highest affinity to HLA-DQ8

(IC50¼ 0.9 mM) when compared with ins.mim.3 (IC50¼ 2.1 mM),
ins.mim.2 (IC50¼ 6.3 mM), ins.mim.1 (IC50¼ 3.2 mM) and the
natural insulin B:9-23 epitope (IC50¼ 14.8 mM).

Human insulin-specific Foxp3þTreg induction in vitro. In
agreement with their enhanced stimulatory potential, agonistic
activity, in reference to identified categories of types A and B
T cells28 and in accordance with identified crystal structures29

we used ins.mim.1 (14E-21G-22E) and ins.mim.4 (14E-21E-22E)
to determine human insulin-specific Foxp3þTreg induction.
We set up human in vitro Foxp3þTreg induction mimicking
subimmunogenic TCR stimulation16,35. We developed a protocol
for human insulin-specific Foxp3þTreg induction without TGFb
using premature withdrawal of TCR stimulation building up on
murine studies35. Highly pure human naive CD4þT cells isolated
from children with or without islet autoimmunity (Fig. 5a–c;
disease categories: no autoimmunity, recent activation of
autoimmunity and longterm autoimmunity) were used as a
starting population (Supplementary Fig. 6 for gating example of
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Figure 1 | Agonistic activity of insulin mimetopes in human polyclonal CD4þT cells required for Foxp3þTreg induction. (a) Representative

FACS plots for the identification of proliferating human polyclonal CD4þCD3þT cells by CFSE-dilution in CD45ROþCD4þCD25þT cells (left to right).

(b) Representative FACS plots of CFSE-dilution profiles from human polyclonal CD4þT cells purified from children with or without pre-T1D either left

untreated, stimulated with the natural insulin B:9-23 epitope (1 mg ml� 1) or a set of four insulin-B-chain-10-23-mimetopes (shown are two staining

examples of cells stimulated with ins.mim.2¼ 21G-22E; ins.mim.3¼ 21E-22E; ins.mim.1¼ 14E-21G-22E; ins.mim.4¼ 14E-21E-22E, final concentration at

1mg ml� 1). Proliferating CFSEdimCD4þCD25þCD45ROþT cells were considered as responding T cells. (c) Percentages of divided human

CFSEdimCD4þCD25þCD45ROþT cells. Bars represent the means±s.e.m. (n¼ 8) from duplicate wells of eight children performed in four independent

experiments. **Po0.01 (Student́s t-test). (d) Percentages of divided human CFSEdimCD4þCD45ROþT cells upon stimulation with a combination of

ins.mim.2¼ 21G-22E; ins.mim.3¼ 21E-22E or a combination of ins.mim.1¼ 14E-21G-22E; ins.mim.4¼ 14E-21E-22E. Bars represent the means±s.e.m.

(n¼6) from duplicate wells of six children done in three independent experiments. **Po0.01 (Student́s t-test).
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human naive CD4þT cells). For antigen presentation during
Treg induction autologous dendritic cells (DCs) were purified
from PBMCs by depletion of CD14þ and CD19þ cells and
subsequent positive selection of CD304þ plasmacytoid DCs
and CD1cþ and CD141þ myeloid DCs.

We compared the in vitro Treg induction activity of the
natural insulin-B-chain epitope with ins.mim.1 (14E-21G-22E)
and ins.mim.4 (14E-21E-22E) (Fig. 5a–c). The combination
of ins.mim.1¼ 14E-21G-22E and ins.mim.4¼ 14E-21E-22E
showed best Treg induction as assessed by analysis of
induced CD127lowCD25highFoxp3highTregs. Optimal Treg
induction activity was seen in children without ongoing
autoimmunity (insulin mimetope (ins.mim.1þ 4 final at
0.001 ng ml� 1): 53.9±16.0 versus insulin-B-chain-epitope
(0.001 ng ml� 1): 0.0; Po0.05 or (0.01 ng ml� 1): 7.7±6.4% of
CD127lowCD25highCD4þT cells, Fig. 5a).

Stability of human Foxp3þTregs induced in vitro. Next, we
characterized human Treg stability upon their induction
using sub-immunogenic (limited) TCR stimulation16,35.
Sub-immunogenic TCR stimulation significantly increased
frequencies of induced CD127lowCD25highFoxp3highCD4þ

Tregs compared with non-sub-immunogenic (continuous)
TCR stimulation (limited TCR versus continuous TCR
stimulation: 42.5±2.7 versus 6.9±1.9 Foxp3highTregs as % of
CD127lowCD25high cells, Po0.01, Fig. 6a,b). Importantly,
when we re-stimulated the previously induced CD127low

CD25highTregs, the frequency of Foxp3highTregs was
significantly higher when the cells were previously stimulated
by limited TCR conditions than cells previously stimulated by
continuous TCR conditions (40.3±3.8 versus 9.4±3.2
Foxp3highTregs as % of CD127lowCD25highcells) (Fig. 6c,d).
These data support the concept that a subimmunogenic TCR
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Figure 2 | Ex vivo identification of human HLA-DQ8-restricted insulin-specific regulatory T cells. Human CD4þT cells were analysed by FACS, first

gating on live, CD14� , CD19� , CD8a� , CD11b� , CD4þ (left; a,b) and CD3þ , followed by examination of tetramer binding. (a) Representative FACS plots

for the direct ex vivo identification of HLA-DQ8-restricted insulin-specific CD4þT cells. Control staining was performed to assess the quality and specificity

of the tetramer staining using a combination of two control tetramers fused to irrelevant peptides (centre) or using CD4þT cells from an HLA-DQ8-

negative individual (right). (b) Representative FACS plots for the quality of HLA-DQ 8-restricted insulin-specific tetramer staining gating against CD4

(centre) and CD3 (right). (c) Representative FACS plots for the phenotypic characterization of HLA-DQ8-restricted insulin-specific CD4þT cells based on

CD45RA versus CD45RO expression (memory status) and of insulin-specific Foxp3þTregs based on CD127lowCD25high and Foxp3high expression.

(d) Re-stimulation of sorted and purified tetramerþCD4þT cells (example plot on the left) either left untreated (¼ control, left) or stimulated with insulin

mimetopes (ins.mim.1,2,3,4 at final 10 ng ml� 1, middle plot), or with insulin B:9-23 (100 ng ml� 1, right), as assessed by analysing the dilution of the CFSE

label and CD25 expression.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10991 ARTICLE

NATURE COMMUNICATIONS | 7:10991 | DOI: 10.1038/ncomms10991 | www.nature.com/naturecommunications 5

http://www.nature.com/naturecommunications


stimulus during human Treg induction in vitro confers increased
stability of Foxp3highTregs.

Insulin-specific CD4þ T cells in NSG-HLA-DQ8 mice. To
determine the conditions for human insulin-specific Foxp3þTreg

induction in the context of a human immune
system in vivo murine MHCII-deficient NSG-HLA-DQ8
transgenic mice were reconstituted 2 weeks after birth with
human HSCs purified from fresh umbilical cord blood from six
HLA-DQ8þ donors. Such reconstituted NSG-HLA-DQ8 mice
showed high engraftment efficiency 8 weeks post reconstitution in
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Figure 3 | Frequency of insulin mimetope-specific Foxp3þTregs in children with recent onset of islet autoimmunity. (a) Representative set of FACS

plots for the identification of HLA-DQ8-restricted insulin mimetope-specific CD4þT cells with control (left) and insulin mimetope-specific tetramer (right)

staining using CD4þT cells purified from HLA-DQ8þ children without autoimmunity (islet autoantibody negative), with recent onset of autoimmunity

(recent activation¼multiple autoantibodies for r5 years), persistent autoimmunity (multiple autoantibodies for 45 to r10 years) and longterm

autoimmunity (multiple autoantibodies 410 years without T1D). (b) Representative autoantibody profiles shown as the fold cutoff value for each disease

stage. (c) Frequency of HLA-DQ8-restricted insulin-specific tetramerþCD4þT cells in children without autoimmunity (islet autoantibody negative, n¼ 10),

with recent onset of autoimmunity (recent activation¼multiple autoantibodies for r5 years, n¼ 9), persistent autoimmunity (multiple autoantibodies for

45 to r10 years, n¼ 13), and long-term autoimmunity (multiple autoantibodies 410 years without T1D, n¼ 10). (d) Frequency of HLA-DQ8-restricted

insulin-specific memory tetramerþCD45ROþCD4þT cells in children without autoimmunity (islet autoantibody negative, n¼ 10), with recent onset of

autoimmunity (recent activation¼multiple autoantibodies for r5 years, n¼9), persistent autoimmunity (multiple autoantibodies for 45 to r10 years,

n¼ 13), and longterm autoimmunity (multiple autoantibodies 410 years without T1D, n¼ 10) (e) Frequency of HLA-DQ8-restricted insulin-specific

tetramerþCD127lowCD25high CD4þFoxp3high Tregs in children without autoimmunity (islet autoantibody negative, n¼ 8), with recent onset of

autoimmunity (multiple autoantibodies for r5 years, n¼8), persistent autoimmunity (multiple autoantibodies for 45 to r10 years, n¼ 12), longterm

autoimmunity (multiple autoantibodies for 410 years, n¼ 5), or newly diagnosed type 1 diabetes with very early disease manifestation (age at diagnosis

r5 years, n¼ 5). Data are presented as the mean±s.e.m. from 10 independent experiments. *Po0.05 and ***Po0.001 (Student́s t-test).
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peripheral blood (human CD45þ leukocytes¼ 73.5±5.1%,
Fig. 7). When analysed at 20 weeks post reconstitution
NSG-HLA-DQ8 mice presented with successful CD4þT-cell
development in pooled spleen and lymph nodes (3.9±0.4% of
human CD45þ leukocytes, Fig. 8, n¼ 8 from two independent
experiments) and peripheral blood (Supplementary Fig. 7) in
accordance with previous studies36. Upon reconstitution we
likewise identified in those animals other immune subsets, for
example, human CD8þT cells and B cells (Supplementary Fig. 8).

To characterize insulin mimetope-specific CD4þT cells we
used insulin-HLA-DQ8-tetramers. Of note, we identified
HLA-DQ8-restricted insulin mimetope-specific CD4þT cells
indicating successful positive selection on human HLA-DQ8
molecules in those humanized mice (0.2±0.2 of human CD4þ

T cells, Fig. 8). Expression levels of tetramerþCD4þT cells
correlated with CD3. No tetramerþCD4þT cells were detected
with the control tetramers. Two-third of the insulin-specific
CD4þT-cell fraction were in a naive CD45RAþ state (Fig. 8c,
middle plot) therefore suitable for Foxp3þTreg induction. HLA-
DQ8-restricted insulin-specific CD4þT cells were likewise
identified in peripheral blood but not in CD4þT cells purified
from white adipose tissues (WATs) (Supplementary Fig. 9).

Human insulin-specific Foxp3þTreg induction in vivo. To
determine human insulin-specific Foxp3þTreg induction
in vivo using subimmunogenic TCR stimulation reconstituted
NSG-HLA-DQ8 mice were subcutaneously implanted with
osmotic mini-pumps infusing minute amounts of insulin
mimetopes (5 mg per day for 14 days). Based on optimal CD4þ

T-cell development vaccination was done at 20 weeks post
reconstitution. In accordance with their enhanced stimulatory
potential as identified in insulin-specific CD4þT-cell clones
(Figs 1 and 4) and optimal in vitro Treg induction (Fig. 5)
we chose a combination of ins.mim.1¼ 14E-21G-22E and
ins.mim.4¼ 14E-21E-22E for in vivo Foxp3þTreg induction.

Human CD127lowCD25þTregs were identified in humanized
NSG-HLA-DQ8 mice in peripheral blood and spleen (Fig. 9a,b).
Treg identity within CD127lowCD25þT cells was verified by
intracellular staining for Foxp3 (Fig. 9c).

Three weeks after subimmunogenic vaccination with insulin
mimetopes humanized NSG-HLA-DQ8 mice showed significantly
increased frequencies of human CD127lowCD25þTregs
(Fig. 9d,þ PBS: CD127lowCD25þ Tregs: 2.8±0.4% versusþ
insulin mimetopes: CD127lowCD25þ Tregs: 10.2±1.0%;
Po0.001). Upon application of insulin mimetopes we also
identified HLA-DQ8-restricted insulin-specific CD127low

CD25highTregs (Supplementary Fig. 10).
Moreover, when CD4þT cells were isolated from pancreatic

islets we identified increased frequencies of CD127lowCD25þ

Tregs in NSG mice that had received insulin mimetopes for Treg
induction in contrast to control animals treated with PBS
(Supplementary Fig. 11).

Next, when we analysed Ki67 expression in insulin mimetopes
treated NSG mice, we observed a higher proliferative potential
of CD127lowCD25highTregs purified from lymph nodes when
compared with peripheral blood and pancreatic islets
(Supplementary Fig. 12).

Signatures of induced Tregs in NSG-HLA-DQ8 mice. Upon
in vivo Foxp3þTreg induction insulin-specific CD4þT cells
purified from spleens of humanized NSG-HLA-DQ8 mice pre-
sented with enhanced Foxp3 abundance as seen from quantitative
PCR with reverse transcription analyses thereby further sup-
porting the concept of insulin mimetope-specific
tolerance induction (Fig. 10a). Analyses of human Treg signature
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ins.mim.4¼ 14E-21E-22E) and the natural insulin-B-chain 9-23 epitope

using limited TCR stimulation in the presence of autologous CD304þ

plasmacytoid, CD1cþ and CD141þ myeloid dendritic cells in vitro and

human naive CD4þT cells purified from children with or without ongoing

islet autoimmunity (no autoimmunity, n¼ 5 per group (a); recent activation

of autoimmunity, n¼6 per group (b); longterm autoimmunity, n¼ 5 per

group (c)) from duplicate wells done in five independent experiments. Tregs

were identified as CD4þCD3þCD127lowCD25þT cells and then verified by

intracellular staining for Foxp3. *Po0.05 (Student́s t-test).
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genes37,38 revealed enhanced abundance of CTLA4 and
IL-2Ra which impact Treg physiology. In addition, we observed
significantly increased abundance of TIGIT which has been
reported as important for Treg suppressive function39,40 and
RTKN2 which was shown to share the unique Treg signature
expression pattern while its functional role in Treg biology
remains largely undefined37 (Fig. 10a). Upon subimmunogenic
vaccination with insulin mimetopes we did not observe any
significant changes in IKZF2 encoding Helios, nor in ENTPD1
(encoding CD39, a Treg effector molecule41). Moreover, no
upregulation of T effector cell genes such as IL-17Ra and IL-21
was seen (Supplementary Fig. 13, abundance of NFATc2, RORgt,
T-bet and IFNg were below the lower limit of detection).

Stability of human Foxp3þTregs induced in vivo. To assess the
methylation status of the Foxp3 CNS2 region (Treg-specific
demethylated region (TSDR)) we used high-resolution melting
(HRM)-PCR and pyrosequencing (Supplementary Fig. 14). The
TSDR region is critically involved in maintaining longterm
stability of Foxp3 expression42,43. We first evaluated the Foxp3
TSDR methylation status in ex vivo human CD4þT cell/Treg
populations from male and female donors (Supplementary
Fig. 15a,b). Because of the fact that the Foxp3 gene is X-linked,
levels of Foxp3 TSDR methylation were higher in T cells from
female compared with male donors.

Next, we found that upon Foxp3þTreg induction
in vivo human CD127lowCD25highFoxp3highTregs purified
from spleens and lymph nodes of humanized NSG-HLA-DQ8
mice presented with a demethylated TSDR region
(Supplementary Fig. 15c). The methylation status of such
Tregs from humanized mice induced by application of
insulin mimetopes was as low as levels seen in ex vivo
human Foxp3highTreg populations (Supplementary Fig. 15).
In contrast, the TSDR region from naive CD4þT cells
of such humanized NSG mice was completely methylated
(Supplementary Fig. 15c).

To further assess the stability of human Tregs induced
upon subimmunogenic TCR stimulation in vivo, humanized
NSG-HLA-DQ8 mice were maintained for 6 months upon
Treg induction. After 6 months humanized NSG mice that
had received insulin mimetopes for Foxp3þTreg induction
presented with significantly enhanced abundance of Foxp3,
CTLA4, IL-2Ra and TIGIT compared with control
animals (Supplementary Fig. 16a). Moreover, 6 months after
subimmunogenic vaccination no upregulation of T effector cell
genes had occurred (Supplementary Fig. 16b). In accordance,
CD4þT cells from such humanized NSG mice also harboured
reduced abundance of IL-17Ra, IL-21 and IFNg when
compared with control animals, (Supplementary Fig. 16b,
abundance of NFATc2, RORgt and T-bet remained below the
lower limit of detection).
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Figure 6 | Stability of human Foxp3þTregs induced by sub-immunogenic TCR stimulation in vitro. (a) Polyclonal induction of Tregs by limited TCR

stimulation in vitro. Representative FACS plots of limited (12 h) and continuous (54 h) TCR stimulation. (b) Frequency of Foxp3high Tregs induced by limited or

continuous TCR stimulation. Data are presented as the mean±s.e.m. (n¼ 5) of duplicate wells in five individual experiments. ***Po0.001 (Student́s t-test).

(c) Stability of Tregs induced by limited or continuous TCR stimulation in vitro. Representative FACS plots prepared after re-stimulation of CD127low

CD25highTregs that had been previously induced by continuous or limited polyclonal TCR stimulation to assess Treg stability. (d) Frequency of induced Tregs

following re-stimulation. Data are presented as the mean±s.e.m. (n¼ 5) of duplicate wells in five individual experiments. ***Po0.001 (Student́s t-test).
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These findings are in accordance with data obtained in murine
T1D. We purified CD4þT cells from pancreatic lymph nodes
of 40-week-old NOD Foxp3-GFP reporter mice that had
either received the natural insulin-B-chain epitope or insulin
mimetope (ins.mim.3¼ 21E-22E) for Treg induction at the
age of 4–6 weeks. Using two fluorescent insulin mimetope-
specific IAg7-tetramers (21G-22E- and 21E-22E-tetramer)28 we
showed that NOD mice that had received the insulin mimetope
and were still diabetes-free presented with significantly
increased frequencies of insulin-specific Foxp3þTregs (7.2±1.8
versus 20.2±1.7% of insulin-specific CD4þT cells, Po0.01,
Supplementary Fig. 17).

Moreover, T cells purified directly from the islets of NOD mice
that had received insulin mimetopes for Treg induction
presented with increased frequencies of stable Foxp3þTregs
accompanied by a demethylated Foxp3 TSDR region
(Supplementary Fig. 18).

Suppressive potential of induced tregs in vivo. For further
functional analyses of human CD127lowCD25highTregs
purified from humanized mice upon subimmunogenic
vaccination we performed in vitro suppression assays44. Human
CD127lowCD25highTregs and conventional T cells were sort-
purified from spleens and lymph nodes and first expanded using
polyclonal stimulation. Tregs and conventional T cells were rested
for 16 h in the absence of IL-2 to force them into synchronous
resting states44. Suppression of proliferative responses of
conventional CD4þT cells was then determined by analysing
the dilution of their CFSE label in the presence or absence of
Tregs. Ex vivo human Tregs presented with potent suppressive

capacities (% suppression of responder cell proliferation: Treg:
responder 1:2¼ 96.1±0.4; 1:4¼ 64.1±3.8; 1:8¼ 30.8±3.0;
Fig. 10b,c).

Next, we performed suppression assays with HLA-DQ8-
restricted insulin-specific T-cell clones cloned from children with
ongoing islet autoimmunity as responder cells and insulin
mimetopes or insulin B:9-23 for stimulation. Induced Tregs
from humanized mice suppressed insulin mimetope-specific
proliferation (% suppression of insulin-specific responder cells
proliferation: Treg: responder 1:1¼ 80.3±3.5; 1:2¼ 62.8±12.7;
1:4¼ 48.2±8.7; 1:8¼ 43.2±5.5; Fig. 10d). Likewise, such Tregs
suppressed proliferation of insulin-specific T-cell clones upon
stimulation with insulin B:9–23 (% suppression of insulin-specific
responder cells proliferation: Treg: responder 1:1¼ 73.5±2.5;
1:2¼ 64.5±4.4; 1:4¼ 41.8±2.7; and 1:8¼ 27.6±1.5; Fig. 10e).

Moreover, such induced Tregs from humanized mice sup-
pressed responder T-cell proliferation using effector T cells from
T1D patients (% suppression of responder cells proliferation:
Treg: responder 1:1¼ 46.6±2.3; 1:2¼ 21.4±2.4; 1:4¼ 15.6±1.6;
and 1:8¼ 9.5±1.7, Fig. 10f).

Discussion
Control of autoimmunity through instruction of endogenous
regulatory mechanisms is a long envisioned challenging goal
of physicians and scientists18. In man, the development
of autoantigen-specific tolerance induction strategies is still in
its infancy and currently studies are ongoing. Initial results
from clinical trials using natural autoantigens for induction of
self-tolerance, for example, natural insulin in T1D showed
thus far little benefit45–48. More recently, a first primary
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insulin-specific vaccination dose-finding study in children
genetically susceptible to T1D was finished49 where oral insulin
application to children genetically at risk but without ongoing
islet autoimmunity supported an immune response.

To further advance the translation of these antigen-specific
therapies from bench to bedside it will be critical to investigate
whether the choice of antigen, the time point and route
of administration induced a tolerogenic response and specifically
to study the conditions for efficient human Foxp3þTreg
induction. It has been suggested that efficacy of tolerance
induction may critically depend upon: disease state, antigen
dosage, route of administration, the study cohort that is treated
and the choice of antigen, for example, insulin versus insulin
B chain peptides.

In humans, T1D risk is linked strongly to combinations of the
HLA-DR4/DQ8 and DR3/DQ2 haplotypes50 with 90% of

T1D patients harbouring DQ8 or DQ2 alleles. HLA-DQ8 shares
with I-Ag7 strikingly similar binding pockets for peptide
presentation29. Insulin B:9-23-reactive CD4þT cells are present
in the peripheral blood of T1D individuals, the immunogenic
register of this peptide has low-affinity binding to HLA-DQ8
(ref. 30) and a strong agonistic variant of the natural insulin
epitope established in the murine system7 can efficiently stimulate
human CD4þT cells31.

Here, we identify two novel human insulin mimetopes
(ins.mim.1¼ 14E-21G-22E and ins.mim.4¼ 14E-21E-22E) with
increased stimulatory capacities when compared with the natural
insulin B:9-23 epitope and previously established insulin
variants7,17,30,31. The combination of ins.mim.1 and ins.mim.4
was chosen to use as the best stimulating mimetic within each
category of insulin-reactive CD4þT cells, namely type A and type
B cells, as suggested in the NOD mouse setting28. However, based
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Figure 8 | CD4þT-cell responses in reconstituted humanized NSG-HLA-DQ8 mice. Human immune subsets purified from pooled spleen and lymph

nodes of humanized NSG-HLA-DQ8 mice, 20 weeks post reconstitution, were first identified flow cytometrically based on murine versus human

CD45 expression. Human CD4þCD3þT cells were characterized upon exclusion of dead cells and additional markers (CD8, CD11b, CD14, CD19).

(a-c) Representative set of FACS plots for the identification of HLA-DQ8-restricted insulin-specific CD4þT cells. (a) Control staining to assess quality

and specificity of the tetramer staining by the use of a combination of two control tetramers fused to irrelevant peptides (a; upper row, right plot).

(b) Representative set of FACS plots for the identification of HLA-DQ8-restricted insulin-specific T cells gating against CD4 (b; lower row, right plot).

(c) Representative set of FACS plots for the phenotypic characterization of identified HLA-DQ8-restricted insulin-specific CD4þT cells based on gating

against CD3 and CD45RA- versus CD45RO-expression (memory-status, insulin-specific versus polyclonal). (d) Summary graphs for identified human

CD4þT cells purified from spleen and lymph nodes of respective mice, n¼8 from two independent experiments. (e) Summary graph for identified human

HLA-DQ8-restricted insulin-specific CD4þT cells purified from spleen and lymph nodes, n¼ 8 from two independent experiments.
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on its highest affinity to HLA-DQ8 ins.mim.4 (14E-21E-22E) will
probably contribute most to the observed functional effects.

Tetramers using ins.mim.1 and ins.mim.4 permitted for the
first time the direct ex vivo identification of human insulin
mimetope-specific CD4þT cells without prior in vitro
expansion30 and combined with intracellular Foxp3 staining the
immediate analysis of insulin mimetope-specific Foxp3þ

Tregs. We have demonstrated that high frequencies of insulin
mimetope-specific Tregs were associated with profound delays in
T1D progression in children, which supports the rationale for
inducing insulin-specific Foxp3þ Tregs to delay or even
prevent human T1D. Moreover, these data are consistent with
the observation that children with slowly progressing phenotypes
display an accumulation of protective genotypes in T1D
susceptibility genes51 most notably IL-2, IL2-Ra, INS VNTR
and IL-10.

The ability to directly identify human insulin-specific Foxp3þ

Tregs ex vivo will be of critical relevance to assess insulin-specific
vaccination responses. This is a critical step currently missing in
clinical T1D prevention efforts and will support the development
of novel T cell-specific biomarkers alongside personalized
strategies for efficient prevention of islet autoimmunity and T1D.

The best stimulating human insulin mimetopes when
applied at low subimmunogenic doses were also most efficient
in inducing human insulin-specific Foxp3þTregs. These
results are in accord with observations in NOD mice where
subimmunogenic doses of strongly stimulating insulin mimetopes
efficiently induced insulin-specific Foxp3þTregs which
prevented T1D development17. Here, we provide novel
conceptual evidence for using low doses of strong-agonistic
insulin mimetopes for efficient human Foxp3þTreg induction
and suppression of human autoimmunity.

With respect to safety aspects of insulin-specific vaccination
strategies, recently a first primary insulin-specific vaccination
dose-finding study in children genetically susceptible to T1D was
completed49. Application of high doses of insulin to genetically
at-risk healthy children without signs of islet autoimmunity
promoted an immune response without hypoglycemia. The
incidence and type of adverse events were not different
between children who received placebo and children who
received insulin, regardless of the insulin dose49.

Moreover, insulin peptides have also proved safe at early stages
of clinical development, supporting the concept for epitope-based
vaccines52.

Concerning the time point of vaccination for Treg induction,
we show that this process was most efficient in naive T cells from
children without ongoing autoimmunity or in non-diabetic
children with long-term autoimmunity. It is therefore suggested
that insulin mimetope-specific Foxp3þTreg induction may be
better applied as a primary preventive approach or as a secondary
vaccination strategy for non-diabetic children with longer
autoimmunity that have successfully passed the critical period
of autoimmune development without progression to overt disease
(longterm autoimmunity without T1D).

Mechanistically, recent data highlight a critical impact of
peptide-MHC quality (stimulation by a strong-agonistic ligand)
versus quantity on in vivo T-cell responses53. Evidence for
ligand discrimination beyond sensing of a cumulative TCR
signal in that T cell responses differed between low-density and
low-potency weak stimuli17,22,53–55 was provided. These findings
underline the importance of integrating peptide-MHC quality
and quantity in determining the minimal TCR stimulation
required for T-cell proliferation in vivo53 and support our
observations that most efficient stable Foxp3þTreg induction is
achieved by a subimmunogenic stimulus of a strong-agonistic
ligand17. Accordingly, Tregs induced in humanized NSG mice
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Figure 9 | Identification of CD127lowCD25þTregs in humanized NSG-
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reconstitution, were first identified flow cytometrically based on human

CD45 expression. Human CD4þCD3þT cells were characterized upon

exclusion of dead cells and additional markers (CD8, CD11b, CD14 and

CD19). (a) Representative set of FACS plots for the identification of

CD4þCD3þCD127lowCD25þTregs isolated from blood. (b) Representative

set of FACS plots identifying CD4þCD3þCD127lowCD25þTregs purified

from spleen. (c) Verification of Treg phenotype by intracellular staining for
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ins.mim.4¼ 14E-21E-22E) or control (PBS) in humanized NSG-HLA-DQ8

mice, n¼ 8 from two independent experiments. ***Po0.001 (Student́s

t-test).
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presented with a demethylated TSDR region and were maintained
for prolonged periods of time in the absence of effector cell
responses.

More studies are required to gain an improved understanding
of how the subimmunogenic application of antigens for the
efficient and stable induction of Foxp3þTreg cells can be best
achieved in human autoimmune diseases. These efforts might
include novel strategies for the application of self-antigens—for
example, the use of dissolving microneedle patches56, which were
recently tested for the administration of insulin to individuals
with T1D57. Such novel application strategies could help to mimic
continuous subimmunogenic antigen application promoting
efficient Foxp3þTreg induction. Safety and efficacy of such

novel devices for vaccination have been recently tested on human
skin58,59.

It has been shown that human HSC-engrafted NSG mice
harbour a highly-diverse TCR repertoire, which is critical for
mounting an efficient yet not self-destructive adaptive immune
response60. The replacement of mouse MHC molecules by
human MHC components has been a major advance in
increasing the utility of these ‘humanized’ mice as this permits
the generation and maintenance of robust human T cell
responses61.

In reconstituted NSG-HLA-DQ8 mice we provide first direct
evidence for HLA-DQ8-restricted insulin-specific CD4þT-cell
responses indicating positive selection on human HLA-DQ8
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Figure 10 | Treg signatures and suppressive potential in humanized NSG-HLA-DQ8 transgenic mice. (a) Quantitative PCR with reverse transcription

analyses of Foxp3, CTLA4, IL-2Ra, TIGIT and RTKN2 mRNA abundance in human CD4þT cells purified from pooled spleens and lymph nodes of humanized

mice after 3 weeks of in vivo Treg induction using subcutaneous insulin mimetopes infusion by osmotic mini-pumps (ins.mim.1¼ 14E-21G-22E;

ins.mim.4¼ 14E-21E-22E) in humanized NSG-HLA-DQ8 transgenic mice (n¼4). Bars represent the means±s.e.m. (n¼4 mice per group and experiment,

n¼ 2 independent experiments). *Po0.05; **Po0.01; ***Po0.001 (Student’s t-test). (b) Analyses of FACS-based suppression assays. Conventional

responder CD4þT cells or Tregs were purified from pooled spleens and lymph nodes of respective humanized animals. Representative histograms show

CFSE dilution profiles of CD4þT responder cells alone or in the presence of different ratios of Tregs (1:2; 1:4 and 1:8). (c) Summary graphs for the %

suppression of responder cell proliferation in the presence of distinct Treg ratios. Values represent means±s.e.m.; n¼ 5 mice per experiment, n¼ 2

independent experiments). (d) Summary graphs for the % suppression of responder cell proliferation using HLA-DQ8-restricted insulin mimetope-specific

CD4þT-cell clones from children with ongoing islet autoimmunity and stimulation with insulin mimetopes (ins.mim.1¼ 14E-21G-22E; ins.mim.4¼ 14E-21E-

22E, final at 0.1 mg ml� 1) in the presence of distinct Treg ratios. Values represent means±s.e.m.; n¼ 5 mice per experiment, n¼ 2 independent

experiments. (e) Summary graphs for the % suppression of responder cell proliferation using HLA-DQ8-restricted insulin mimetope-specific CD4þT-cell
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represent means±s.e.m.; n¼ 5 mice per experiment, n¼ 2 independent experiments. (f) Summary graphs for the % suppression of responder cell

proliferation using responder T cells from T1D patients (n¼ 3) in the presence of distinct Treg ratios. Values represent means±s.e.m.; n¼ 5 mice per

experiment, n¼ 2 independent experiments.
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molecules. Moreover, this will allow studying the requirements
for human insulin-specific Foxp3þTreg induction in further
detail.

In sum, in the pre-clinical setting of humanized NSG-HLA-
DQ8 transgenic mice we established for the first time
subimmunogenic Foxp3þTreg induction and demonstrate that
subimmunogenic application of insulin mimetopes promotes
enhanced levels of insulin-specific Foxp3þTregs in a human
immune system in vivo. Moreover, such induced Tregs were
found to be stable and presented with robust suppressive
capacities and increased abundance of Treg signature genes.

It remains challenging to interfere with processes that generate
autoimmune T1D in patients; however, defining the requirements
for efficient human insulin-specific Foxp3þTreg induction
in vivo as evidenced here by the establishment of subimmuno-
genic vaccination protocols in humanized mice alongside the
development of novel human insulin mimetopes could represent
a critical improvement in this challenge.

Methods
Human subjects and blood samples. For the present study blood samples were
collected from children or adults who are first degree relatives of patients with T1D.
Written consent was obtained for the Munich Bioresource project (approval number
#5049/11, approval committee: Technische Universität München, Munich,
Germany). All subjects have been already enrolled into longitudinal studies with
prospective follow-up from birth62–64 with the documented age of islet
autoantibody seroconversion (initiation of islet autoimmunity). Venous blood was
collected using sodium heparin tubes and blood volumes collected were based on
EU guidelines with a maximal blood volume of 2.4 ml kg� 1 of body weight.
Subjects have been stratified based on the presence or absence of multiple islet
autoantibodies (¼with or without pre-T1D) and based on the duration of islet
autoantibody positivity: no autoimmunity: first degree relatives of patients with
T1D who are islet autoantibody negative (n¼ 11; median age¼ 8 years,
interquartile range (IQR)¼ 6–12 years, six males, five females); recent onset of islet
autoimmunity: subjects with multiple islet autoantibodies for less than 5 years
(n¼ 7, median age¼ 5 years, IQR¼ 4–14 years, five males, two females); persistent
autoimmunity: subjects with multiple islet autoantibodies for more than 5 but less
than 10 years (n¼ 9, median age¼ 14 years, IQR¼ 10–17.5 years, 7 males, two
females); longterm autoimmunity: subjects with multiple islet autoantibodies for
more than a decade who did not yet develop T1D (n¼ 7, median age¼ 15 years,
IQR¼ 14–25 years, three males, four females). In addition five children with newly
diagnosed T1D and very early disease manifestation (disease onseto5 years) were
studied (n¼ 5, median age¼ 4 years, IQR¼ 2–8 years, two males, three females)
and six children with longterm T1D for 45 years have been included (n¼ 6,
median age¼ 14, IQR¼ 11.5–16.5 years, five males, one female). Umbilical cord
blood from healthy full-term newborns, acquired immediately after delivery from
the clamped umbilical cord was collected in citrate phosphate dextrose, including
one from a child of a mother with T1D. Samples (n¼ 6) were provided through the
DKMS Cord Blood Bank of the University Hospital Dresden (Germany) or from
the Institute of Diabetes Research, Klinikum rechts der Isar, Technische Universität
München with informed consent and local ethics committee approval (approval
number: #5293/12, Technische Universität München, Munich, Germany).

Mice. NOD.129X1(Cg)-Foxp3tm2Tch/DvsJ mice, referred to as NOD Foxp3 GFP
reporter mice, were obtained from The Jackson Laboratory. Antigen-specific
in vivo Treg cell conversion protocols were executed based on established
protocols17: Four weeks-old female NOD Foxp3 GFP reporter mice were implanted
subcutaneously with osmotic mini-pumps (Alzet) releasing 5 mg day� 1 of insulin
mimetopes or the natural insulin-B-chain epitope for 14 days. Mice were
randomized to test groups for antigen-specific Treg conversion. No animals were
excluded due to illness or outlier results; therefore, no exclusion determination was
required. For ex vivo analyses of induced insulin-specific Foxp3 GFPþ Tregs, the
entire group of mice for treatment with either the natural insulin-epitope or the
strong-agonistic mimetope was analysed. 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 developed by
Leonard Shultz at the Jackson Laboratory. To develop this stock, B10M-HLA-DQ8
mice were kindly provided by Dr. Chella David65. 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) (ref. 66). The HLA-DQ8 mice were
bred and maintained group-housed on a 12-h/12-h light dark cycle at 25 �C with
free access to food and water under defined flora at the animal facility of Helmholtz
Zentrum München, Munich, Germany and at The Jackson Laboratory according to
guidelines established by the Institutional Animal Committees at each institution.
These mice were used as hosts for human HSC obtained from human HLA-DQ8

cord blood samples. The sex of the recipient mice was matched for the HSC donor
sex. Ethical approval for all mouse experimentations has been received by the
District Government of Upper Bavaria, Munich, Germany (approval numbers:
#55.2-1-54-2532-81-12 and 55.2-1-54-2532-84-12). The investigators were not
blinded to group allocation during the in vivo experiments or to the assessment of
experimental end points.

Isolation of infiltrating T cells from murine pancreata. Pancreata were digested
with collagenase V (1 mg ml� 1) in PBS with 0.1 mM HEPES and 0.1% BSA for
4–7 min at 37 �C. The cell suspension was passed through a 100mm cell strainer
and stained for flow-cytometric analysis.

Human cell isolation. Peripheral blood mononuclear cells (PBMC) were isolated
by density centrifugation over Ficoll-Paque PLUS (GE Healthcare). HSCs were
purified from PBMCs from fresh umbilical cord blood using the CD34þ isolation
kit (Diamond CD34 Isolation kit human, Miltenyi Biotec) according to the
manufacturer’s protocols. Human Dendritic cells (DCs) were purified from
autologous PBMC samples using the Blood DC Isolation Kit (Blood DC Isolation
kit II human, Miltenyi Biotec) according to the manufacturer’s instructions.
Specifically CD14þ and CD19þ cells were labelled with magnetic beads and
depleted from the PBMC sample by separation on a MACS column. Subsequently
the remaining cells were labelled with CD304, CD1c and CD414 magnetic beads
and positive selection over a MACS column of CD304þ plasmacytoid and CD1cþ

and CD141þ myeloid DCs was performed. Human CD4þT cells were isolated
from fresh PBMCs via negative magnetic bead enrichment (EasySep Human CD4
T Cell enrichment kit, Stem Cell) following the manufacturer’s protocol.

Cell staining for flow cytometry and cell sorting. The following monoclonal
antibodies were used for murine fluorescence-activated cell sorting (FACS)
staining: From Biolegend (San Diego, CA): anti-CD8a Pacific Blue (53–6.7, 1:300);
anti-CD11b Pacific Blue (M1/70; 1:300), anti-CD11c Brilliant Violett 421 (N418,
1:300); anti-B220 Pacific Blue (RA3-6B2, 1:300), anti-F4/80 Pacific Blue (BM8,
1:300), anti-CD25 PerCP-Cy5.5 (PC61, 1:200), anti-CD44 PE (IM7, 1:800),
anti-CD45 PE-Cy7 (30-F11, 1:200) and Ki67 APC (16A8, 1:200); and from
eBioscience (San Diego, CA): anti-CD4 Alexa Fluor 700 (RM4-5; 1:200),
anti-CD62L APC (MEL-14, 1:400) and Foxp3 FITC (FJK-16 s, 1:200). Enumeration
of cells and acquisition were performed by using FACSAria and FACSDiva
software (BD). Single-cell data analyses are done by the use of the FlowJo software
(Tree Star Inc.).

The following monoclonal antibodies were used for human FACS staining:
from BD Biosciences (San Jose, CA): anti-CD25 APC (2A3, 1:20), anti-CD45RO
APC-H7 (UCHL1, 1:20), anti-CD4 V500 (RPA-T4, 1:20) and anti-HLA-DR
PerCP-Cy5.5 (L243, 1:20); from Biolegend (San Diego, CA): anti-CD45RA FITC
(HI100, 1:20), anti-CD3 PerCP-Cy5.5 (HIT3a, 1:20), anti-CD127 PE-Cy7
(A019D5, 1:20), anti-CD8a Pacific Blue (RPA-T8, 1:50), anti-CD11b Pacific Blue
(ICRF44, 1:50), anti-CD14 Pacific Blue (HCD14, 1:50), anti-CD19 Pacific Blue or
Alexa Fluor 700 (HIB19, 1:50), anti-CD3 Alexa Fluor 700 (HIT3a, 1:20), anti-CD45
Alexa Fluor 700 (HI30, 1:20), anti-CD34 Brilliant Violet 421 or APC (561, 1:20),
anti-CD38 PE (HIT2, 1:20), anti-C-kit PE-Cy7 (104D2, 1:20), anti-lineage cocktail
(CD3, CD14, CD16, CD19, CD20, CD56) APC or FITC (UCHT1, HCD14, 3G8,
HIB19, 2H7, HCD56, 1:5) anti-CD14 (HCD14), anti-CD33 V500 (WM53, 1:20),
anti-Ki67 APC (16A8, 1:200) or anti-Ki67 Brilliant Violet 605 (16A8, 1:400); from
eBioscience (San Diego, CA): anti-Foxp3 Alexa Fluor 700 (PCH101, 1:100),
anti-Foxp3 PE (236A/E7, 1:100); and from Miltenyi Biotech: anti-CD20 PE
(2H7, 1:5).

To detect intracellular protein expression of Foxp3, after surface staining, cells
were fixed and permeabilized using the Foxp3 Staining Buffer Set (eBioscience).
Cells were acquired on a Becton Dickinson LSR-II or on the BD FACSAria III cell
sorting system flow cytometer using FACSDiva software with optimal
compensation and gain settings determined for each experiment based on
unstained and single-colour stained samples. Doublets were excluded based on
SSC-A versus SSC-W plots. Live cell populations were gated on the basis of cell side
and forward scatter and the exclusion of cells positive for 7-AAD (BD Biosciences)
for murine stainings and Sytox Blue (Life Technologies) or Fixable Viability Dye
eFluor450 (eBioscience) for human stainings. Samples were analysed using FlowJo
software version 7.6.1 (TreeStar Inc., OR).

Peptides. Peptides at 495% purity were synthesized and purified at New England
Peptide (Boston, USA) or at JPT Peptides (Berlin, Germany). Peptide sequences.
HA307-319 epitope: H2N-PKYVKQNTLKLAT-OH, natural insulin B:9-23 epitope:
H2N-SHLVEALVLVCGERG-OH, four insulin-B-chain-10-23-mimetopes
(Supplementary Fig. 1) were employed in studies using human CD4þT cells.
Peptides were chosen first based on the finding that insulin-B:10-23 peptide
variants with a mutation of arginine (R) to glutamic acid (E) at position 22
and/or including a change to glycine (G) at position 21 (ins.mim.2¼ 21G-22E;
ins.mim.3¼ 21E-22E) were indicated to be more potent in stimulating murine
insulin-specific CD4þT cells7,17,28 and also suited to stimulate human
insulin-specific CD4þT cells30,31.
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Second, two novel human insulin mimetopes with mutations at position 22 to
glutamic acid (E) together with position 21 being E or G as well as an
additional mutation of position 14 from alanine (A) to glutamic acid (E)
(ins.mim.1¼ 14E-21G-22E; ins.mim.4¼ 14E-21E-22E) were set up. The mutation
at position 14 was included since structural analyses of a human insulin-
peptide-HLA-DQ8 complex had suggested that glutamic acid (¼E) is preferred
over alanine at the first MHC-anchor29.

Insulin-specific IAg7-restricted tetramer staining. Tetramer stainings have
been performed using established insulin mimetope-specific 22E- and 21G-22E-
tetramers28. In brief, untouched CD4þT cells were incubated with tetramer
reagents for 1 hour at 37 �C in humidified 5% CO2 with gentle agitation
every 30 min followed by direct staining with antibodies for additional surface
markers and exclusion of dead cells for 20 min at 4 �C. A set of exclusion markers
(CD8, CD11b, CD11c, B220, F4/80 and a dead cell exclusion marker (Sytox Blue))
was used to increase specificity of the staining. As a negative control, we used a
tetramer of IAg7 with the well-characterized peptide from hen egg lysozyme
labelled with PE.

Insulin-specific HLA-DQ8-restricted tetramer staining. Fluorescent HLA-
DQ8-tetramers based on insulin-B-chain-10-23-mimetopes were developed in
collaboration with the NIH tetramer facility. Specifically, two of the insulin-
HLA-DQ8-PE-labelled tetramers were combined in stainings: a 14E-21E-22E and a
14E-21G-22E-tetramer were used to identify human insulin-specific CD4þT cells.
For the HLA-DQ8-restricted insulin-specific tetramer stainings PBMCs were used
and CD4þT cells were purified by negative MACS selection as described above.
To this end, untouched CD4þT cells were incubated with insulin-specific
HLA-DQ8-tetramers for 1 hour at 37 �C in humidified 5% CO2 with gentle
agitation every 20 min followed by direct staining with antibodies for additional
surface markers and exclusion of dead cells (Sytox Blue) for 20 min at 4 �C. A set of
exclusion markers (CD8, CD11b, CD19, CD14 and a dead cell exclusion marker
(Sytox Blue)) was used to increase specificity of the staining. As negative controls,
we used a combination of two HLA-DQ8-tetramers fused to irrelevant peptides
(PVSKMRMATPLLMQA and QDLELSWNLNGLQADL) and labelled with PE.
Virtually no tetramerþCD4þT cells were detected with the control tetramers.
Upon exclusion of unspecific binding, viable CD3þCD4þ tetramerþT cells
were single-cell sorted for T-cell cloning experiments, expansion, testing of
antigen-specificity or used in further downstream assays.

HLA-DQ8-binding assay. Competitive binding assays were carried out according
to previously established procedures30,67,68: HLA-DQ8 monomers were kindly
provided by R.A.W. from the NIH Tetramer Core Facility (Atlanta, USA). The
CLIP peptide of HLA-DQ8 molecules was cleaved off by incubation with thrombin
(Novagen) for 2 h (ref. 69).

Specifically, a FITC-labelled GAD65 253-265R255F peptide (IAFFKMFPEVKEK)
was used as an indicator peptide (10mM) for the binding reaction together with
thrombin-cleaved HLA-DQ8 monomers (0.4mM) and increasing concentrations of
competitor peptides (natural insulin B:9-23, ins.mim.1,2,3,4, MP185-204). The
MP185-204 peptide (TAKAMEQMAGSSEQAAEAME) was used as a positive
DQ8-binding control. The indicator peptide incubated with DQ8 monomers in the
absence of competitor peptide was used as positive control. For background analysis
the binding reaction was performed without HLA-DQ8 monomers. The binding
reaction was incubated for 48 h at 37 �C. Assays were then captured using anti-DQ
antibody-coated plates (SPV-L3, Abcam, 15mg ml� 1). Detection was performed
using anti-FITC HRP (Abcam, 1:1,000) antibodies in combination with TMB
substrate (BD Biosciences) and subsequent analysis with the Epoch plate reader
(Biotech) at 450 and 405 nm.

Binding curves were fitted by nonlinear regression using log transformed x
values (x¼ test peptide concentration) with the one-site competitive binding model
to extract IC50 values (Prism software, v.6.04, GraphPad Software).

Generation of artificial antigen-presenting cells. Earlier studies had shown
that an indirect coating of fluorescently unlabelled HLA-peptide tetramers on
beads via an anti-MHCII antibody provides specific and efficient stimulation of
antigen-specific CD4þ T cells34. Therefore, we first coated anti-HLA-DQ
antibodies (SPV-L3, Abcam) to antibody-coupling beads (Dynabeads Antibody
Coupling Kit, Life Technologies) at 20 mg mg� 1 beads followed by coupling with
unlabelled HLA-DQ8-tetramers (3mg per 10� 106 beads) to the DQ-antibodies.
Artificial APCs (aAPCs) using the above described control tetramers were
generated accordingly. For stimulation aAPCs were used at a concentration of
230mg ml� 1 corresponding to a tetramer concentration of 5 mg ml� 1.

CFSE-T-cell proliferation assays. CD4þCD25-T cells were labelled with CFSE
and incubated with propagated APCs loaded with medium alone, various doses of
insulin B:9-23 peptide, or with a titration of various strong-agonistic insulin
mimetopes (as described above) for 5 days. In all assays, each condition was per-
formed in triplicate wells. Cells were cultured in X-Vivo15 Medium supplemented
with 2 mM glutamine, penicillin (50 U ml� 1), streptomycin (50mg ml� 1) and 5%

heat-inactivated human AB serum (Invitrogen) in round bottom 96-well plates.
After 5 days, the cell cultures were stained for CD4, CD3, CD25 and CD45RO and
processed for FACS analyses. Responsiveness was measured by the presence and
quantity of CD4þCD25þCFSEdimT cells identified by FACS.

Generation of insulin-specific T-cell clones. To perform further phenotyping of
insulin-specific CD4þT cells and to generate specific T-cell clones 500.000
CFSE-labelled CD4þT cells were cultured in the presence of insulin-specific
aAPCs or control aAPCs generated as described above for 7 days. At day 7 the cells
were analysed and a single viable CFSEdimCD4þT cell was sorted into each well of
a 96-well plate in the presence of 200 ml of X-Vivo15 medium and 1� 104 PBMCs
of a HLA-DQ8� donor, 1� 104 PBMCs of a HLA-DQ8þ donor as well as 1� 104

HLA-DQ8þ EBV-transformed B cells (Riken Cell Bank, Japan). Feeder cells were
irradiated with 40 Gy (PBMCs) or 50 Gy (B cells) before addition to the cultures.
Cells were stimulated with 30 ng ml� 1 anti-CD3 (OKT3, BioLegend) in the
presence of IL-2 (Peprotech, 20 U ml� 1) and IL-4 (Peprotech, 10 ng ml� 1).
Expansion of specific clones was performed by addition of IL-15 (Peprotech,
10 ng ml� 1) and IL-21 (Peprotech, 10 ng ml� 1) as well as low-dose IL-7
(Peprotech, 0.1 ng ml� 1). For expansion of growing clones cells were splitted into
48-well plates after 2 weeks. Clones were re-tested for antigen-specificity and
DQ-restriction by stimulation with natural insulin-peptides or -mimetopes
(0.1–10 mg ml� 1) in the presence or absence of HLA-DQ blocking antibodies
(SPV-L3, Abcam, 10mg ml� 1) and analysis of total CD25 upregulation and
CD25þ þ þ levels after 48 h of stimulation was assessed by FACS analyses.

Analysis of stimulatory potential of insulin mimetopes. Proliferative responses
of HLA-DQ8-restricted insulin-specific CFSE-labelled CD4þT-cell clones were
defined using a titration of individual insulin mimetopes and the natural insulin
epitope B:9-23 presented by irradiated T cell depleted PBMCs. Subsequent FACS
analyses of CFSEdimCD25þCD4þT cells were performed as described above. The
stimulatory capacity of the insulin mimetopes was assessed as fold of stimulatory
capacity of the natural insulin B:9-23 epitope.

Human Treg induction using limited TCR-stimulation in vitro. For polyclonal
Treg induction, human naive CD4þT cells were defined as CD3þ , CD4þ ,
CD45RAþ , CD45RO� , CD127þ , CD25� , HLA-DR� and sorted with the BD
FACSAria III for purity (see Supplementary Fig. 6). CD4þT cells were cultured for
12 h in a 96-well plate pre-coated with 5 mg ml� 1 anti-CD3 (UCHT1, BioLegend)
and 5 mg ml� 1 anti-CD28 (CD28.2, BioLegend) and 100 U ml� 1 IL-2 (Peprotech).
Limited TCR stimulation was achieved by pipetting the cells into new, uncoated
wells, after 12 h, where they were cultured for additional 36 h without further TCR
stimulation. To assess Treg induction using continuous TCR stimulation naive
CD4þT cells were stimulated in pre-coated wells as described above for a time
period of 54 h and analysed accordingly. For antigen-specific Treg induction,
human naive CD4þT cells were defined as CD3þ , CD4þ , CD45RAþ ,
CD45RO� , CD127þ , CD25-, HLA-DR� and sorted with the BD FACSAria III
for purity. Naive CD4þT cells were co-cultured with autologous CFSE-labelled
DCs isolated as described above in the presence of insulin mimetopes, natural
insulin B:9-23 epitope (0.001 and 0.01 ng ml� 1). After 12 h APCs were removed by
sorting CD4þT cells as CFSE� followed by a culture for additional 36 h in new
wells without further peptide stimulation.

Restimulation cultures. Upon Treg induction using limited or continuous
TCR-stimulation in vitro sort-purification of CD127lowCD25highCD4þ Tregs was
performed. The Tregs were then stimulated for 36 h in the presence 5 mg ml� 1

anti-CD3 (UCHT1, BioLegend) and 5 mg ml� 1 anti-CD28 (CD28.2, BioLegend)
antibodies without addition of TGFb followed by the analysis of CD25, CD127 and
Foxp3 by intracellular staining and FACS as described above.

Treg suppression assay in vitro. Tregs were sort-purified as CD4þCD3þ

CD127lowCD25highT cells. In control experiments Treg identity of CD4þCD3þ

CD127lowCD25high T cells was confirmed by intracellular staining for Foxp3.
Conventional T cells were sorted as CD4þCD3þCD127þCD25� . Tregs were
purified from spleens and lymph nodes of humanized mice and first expanded for
six days by polyclonal stimulation with anti-CD3 (UCHT1, BioLegend) and
anti-CD28 (CD28.2, BioLegend ) at 1 mg ml� 1 each in the presence of IL-2
(Peprotech, 500 U ml� 1) and 20� 104 irradiated CD4� feeder cells (CD4-
depleted PBMCs and EBV-transformed B cells). On day six Tregs and conventional
T cells were sort-purified to remove the remaining feeder cells and conventional
T cells (responder cells) were labelled with CFSE (0.25 mM). Conventional T cells
were expanded accordingly at 50 U ml� 1 Il-2. Treg cells and conventional T cells
were rested for 16 h in the absence of IL-2 to force them into synchronous resting
states44. Labelled responder T cells were cultured with or without Tregs (responder:
Tregs 1:2; 1:4 and 1:8) for 3 days in the presence of stimulation with anti-CD3
(UCHT1, BioLegend) and anti-CD28 (CD28.2, BioLegend) (1 mg ml� 1 each).
Analyses were performed on day three on a FACSAria III and suppression of
responder cell proliferation was assessed by determining the dilution of their CFSE
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label. Suppression of responder cell proliferation is shown in % suppression of the
proliferation of the responder cells alone44.

For insulin-specific suppression assays, induced Tregs from humanized mice
were sort-purified as indicated above. Cells of insulin-specific T-cell clones were
used as effector cells labelled with CFSE as described above and co-cultured with
induced human Tregs. The cells were stimulated either with insulin mimetopes
(100 ng ml� 1) or the natural insulin B:9-23 epitope (10 mg ml� 1).

Additional experiments were performed using effector T cells from T1D
individuals and polyclonal stimulation as outlined above.

Engraftment of NSG mice with human haematopoietic stem cells. Two-week-
old NSG-HLA-DQ8 mice were reconstituted with at least 5� 104 CD34þHSCs
from an HLA-DQ8þ donor per mouse by intravenous injection 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 cord blood donor.

Assessment of reconstitution efficacy in NSG-HLA-DQ8 mice. NSG-DQ8 mice
were bled 5 and 8 weeks post engraftment and peripheral blood was analysed
by FACS to characterize the engraftment of the human immune system using
fluorescently labelled-specific human versus murine CD45 antibodies.

Analyses of reconstituted humanized NSG-HLA-DQ8 mice. At various time
points after reconstitution humanized NSG-HLA-DQ8 mice were euthanized and
whole blood, peripheral lymph nodes, spleen and WAT were analysed for the
presence of CD4þT cells. CD4þT cells were extracted from WAT by collagenase
II (Sigma Aldrich, 4 mg ml� 1) digestion and peripheral lymph nodes were
homogenized by gentle grinding through a cell strainer followed by cellular FACS
stainings and analyses as described above.

Human in vivo Treg induction in humanized mice. Humanized NSG-HLA-DQ8
mice at 20 weeks post reconstitution were then subjected to in vivo Treg induction
assays using insulin mimetope peptide infusion by subcutaneous implantation of
osmotic mini-pumps, which permit the continuous delivery of minute amounts of
peptide for 14 days 15,17. Mice were infused with a combination of ins.mim.1¼ 14E-
21G-22E and ins.mim.4¼ 14E-21E-22E at 5mg day� 1. Control animals were infused
with PBS. Successfully reconstituted animals were randomized to test groups for
antigen-specific Treg induction. No animals were excluded due to illness or outlier
results; therefore, no exclusion determination was required. For ex vivo T cell
analyses, the entire group of mice treated with PBS or the insulin mimetopes was
analysed. After 3 weeks, Foxp3þTreg induction was assessed upon insulin-specific
tetramer stainings as described above and Tregs were identified based on
CD4þCD3þCD127lowCD25þ . Treg identity was verified by intracellular staining
for Foxp3 and by analyses of Foxp3 mRNA abundance.

Analysis of Treg signature genes. T cells were sort-purified; cDNA synthesis and
subsequent amplification were performed using the SMARTer ultra-low input RNA
Kit for sequencing—v3 (Takara Clontech) according to the manufactureŕs instruc-
tions. cDNA was purified using Agencourt AMPure XP Beads (Beckman Coulter).
qPCR was performed on a CFX96 real time system (BioRad) using QuantiTect
Primer assays (Qiagen) for Foxp3, CTLA4, Il2-Ra, TIGIT, RTKN2, IKZF2, ENTPD1
and FCRL3 and SsoFast Evagreen Supermix (BioRad). Levels of Histone 3 and 18s
were used to normalize target gene expression levels (Histone: H3F3A BT020962,
primers: fwd: 50-ACTGGCTACAAAAGCCGCTC-30 ; rev: 50-ACTTGCCTCCTGC
AAAGCAC-30; 18 s: QuantiTect Primer assay, Qiagen).

Analysis of T-cell effector genes. T cell effector genes were analysed on the same
cDNA samples used for Treg signature gene analysis described above. qPCR was
performed on a CFX96 real time system (BioRad) using QuantiTect Primer assays
(Qiagen) for IL17-Ra, NFATc2, IL-21, RORgt, T-bet and IFNg and SsoFast
Evagreen Supermix (BioRad). Levels of Histone 3 and 18s were used to normalize
target gene expression abundance (Histone: H3F3A BT020962, primers: fwd:
50-ACTGGCTACAAAAGCCGCTC-30 , rev: 50-ACTTGCCTCCTGCAAAGC
AC-30 ; 18 s: QuantiTect Primer assay, Qiagen).

HLA fast genotyping. HLA-genotyping of the children was available. Fast geno-
typing was used for cord blood experiments and a protocol was developed on the
basis of Nguyen et al.70. In brief, DNA was extracted from whole blood using the
Quick-gDNA MiniPrep Kit (Zymo Research) according to the manufacturer’s
protocol. For qPCR analyses SsoAdvance Universal Probes Supermix (BioRad) was
used with 15 ng of gDNA, 250 nM forward and reverse primer and 500 nM of
Probes FAM and HEX. Standards were added for subsequent analysis with Bio-Rad
CFX Manager 3.1. Primers: rs3104413 fwd 50-CAGCTGAGCACTGAGTAG-30 ,
rs3104413 rev 50-GCAGTTGAGAAGTGAGAG-30 , rs2854275 fwd 50-CCAGAA
CCAAGCCTTAAC-30 , rs2854275 rev 50-GCATCATCCTAGTGTCTAAC-30 ,
rs9273363 fwd 50-GAGGGAGAAGGAAGATG-30 , rs9273363 rev 50-GAAGCTGG
TCTACATCTC-30 . Probes: FAM-Probe rs3104413 LPC [6FAM]CAGCCT[þG]

CT[þC]TC[þC]TA[þT]TGG[BHQ1], HEX-Probe rs3104413 LPG [HEX]
CAGCCT[þG]CT[þG]TC[þC]TA[þT]TGG[BHQ1], FAM-Probe rs2854275
G [6FAM]TCCACA[þT]TT[þC]AC[þA]AG[þA]AGA[BHQ1], HEX-Probe
rs2854275 T [HEX]TCCACA[þT]TT[þA]AC[þA]AG[þA]AGA[BHQ1],
FAM-Probe rs9273363 LPA [6FAM]CATGGC[þC]TT[þA]CA[þT]AA[þC]
CTC[BHQ1], HEX-Probe rs9273363 LPC [HEX]CATGGC[þC]TT[þC]CA
[þT]AA[þC]CTC[BHQ1].

DNA bisulfite conversion and methylation analysis. Because of the reduced
nature of available sample material, FACS-sorted CD4þT cells (50–2,000 cells)
were subjected to a combined sample lysis and bisulfite conversion using the
EpiTect Plus LyseAll Bisulfite Kit (Qiagen, Hilden, Germany) or 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 as described
earlier42,43. Utilizing the PyroMark Assay Design Software 2.0 (Qiagen), PCR
primers (human forward: 50-AAGTTGAATGGGGGATGTTTTTGGGATA
TAGATTATG-30; human reverse: 50-CTACCACATCCACCAACACCCATA
TCACC-30 ; annealing-temperature: 62 �C; murine forward: 50-TTGGGTTTTGTT
GTTATAATTTGAATTTGG-30 ; murine reverse: 50-ACCTACCTAATACTCACC
AAACATC-30 ; annealing-temperature: 60 �C) and the according sequencing
primer (human: 50-TAGTTTTAGATTTGTTTAGATTTT-30 ; murine: 50-AATTT
GAATTTGGTTAGATTTTT-30) were designed to cover the area of differential
methylation in the first Foxp3 intron initially reported by Baron et al.42

(Supplementary Fig. 14). Pyrosequencing data are presented as means of all
CpG-sites analysed due to high homology between methylation levels of the
individual sites (Supplementary Fig. 14).

Statistics. Results are presented as mean and 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. The non-parametric Wilcoxon signed-ranks test was
applied when data did not show Gaussian distribution. Group size estimations were
based upon a power calculation to minimally yield an 80% chance to detect a
significant difference in the respective parameter of Po0.05 between the relevant
groups. For all tests, a two-tailed P value of o0.05 was considered to be significant.
Statistical significance is shown as *¼ Po0.05; **¼ Po0.01; ***¼ Po0.001, or
not significant (ns) P4 0.05. Analyses were performed using the programs
GraphPad Prism 6 (La Jolla, CA) and the Statistical Package for the Social Sciences
(SPSS 19.0; SPSS Inc., Chicago, IL).
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Supplementary Figures 

 

Supplementary Figure 1. Shown are peptide sequences of insulin B chain 10-23 mimetopes 

using one letter amino acid codes. 
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Supplementary Figure 2. Proliferation of human CD4+T cells from children without 

ongoing islet autoimmunity upon stimulation with insulin mimetopes. Percentages of 

divided human CFSEdimCD4+CD45RO+T cells upon stimulation with a combination of 

ins.mim.2= 21G-22E and ins.mim.3=21E-22E or a combination of ins.mim.1= 14E-21G-22E 

and ins.mim.4=14E-21E-22E. Bars represent the means ± s.e.m. (n=5) from duplicate wells of 

five children and four independent experiments. ** P < 0.01 (Student´s t-test). 
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Supplementary Figure 3. Representative FACS plots of HLA-DQ8-restricted insulin 

mimetope-specific CD4+T cells in a child with recent onset of Type 1 diabetes (a) or 

longterm Type 1 diabetes (b) using tetramer and respective control stainings. (c) 

Frequencies of HLA-DQ8-restricted insulin mimetope-specific CD4+T cells from children 

with recent onset vs. longstanding Type 1 diabetes. FACS analyses were performed using 

samples from five children with recent onset of Type 1 diabetes and six children with 

longterm diabetes in five independent experiments (mean±s.e.m). 
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Supplementary Figure 4. Proliferative responses of CD4+T cells from children without 

ongoing islet autoimmunity to HLA-DQ8-restricted insulin mimetope-specific artificial 

antigen-presenting cells. Representative FACS plots for CFSE dilution profiles of human 

CD4+T cells from children without autoimmunity (islet autoantibody negative) stimulated 

with HLA-DQ8 control (left) or HLA-DQ8 insulin mimetope-specific (right) artificial 

antigen-presenting cells. Responsive CD4+T cells were defined as proliferating 

CFSEdimCD4+CD25+CD45RO+T cells.  
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Supplementary Figure 5. Agonistic activity of insulin mimetopes in human insulin-

specific CD4+T cell clones compared to insulin B:9-23. a) CD25+++ levels of insulin-

specific CD4+T cell clones either left unstimulated (control, left plot) or upon stimulation with 

insulin mimetopes (ins.mim.1, 2, 3,4 at final 100 ng per ml, middle plot) or with insulin B:9-

23 (1000 ng per ml, right plot). Insulin-specific CD4+T cell clones from children without 

ongoing autoimmunity, with recent activation or with longterm autoimmunity. b) Summary 

graph for CD25+++ levels (mean±s.e.m). Triplicate wells have been analyzed per condition. 

Four clones from two children without ongoing autoimmunity, four clones from two children 

with recent activation and four clones from four children with longterm autoimmunity. Four 

independent experiments have been performed. 
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Supplementary Figure 6. Gating strategy for the sort purification of human naïve 

CD4+T cells used in in vitro Treg induction assays. Human naïve CD4+T cells were sorted 

to 99.9% purity as CD4+CD3+CD45RA+CD45RO−CD127+CD25−HLA-DR− T cells using a 

BD FACSARIA III cell sorting system. 
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Supplementary Figure 7. Characterization of HLA-DQ8-restricted insulin mimetope-

specific CD4+T cell responses in NSG-HLA-DQ8 mice. Human immune subsets purified 

from peripheral blood (a+b) of humanized NSG-HLA-DQ8 mice, 20 weeks post 

reconstitution, are first identified based on murine vs. human CD45 expression. Human 

CD4+CD3+T cells were characterized upon exclusion of dead cells and additional markers 

(CD8, CD11b, CD14, CD19). (a) Representative set of FACS plots for the identification of 

HLA-DQ8-restricted insulin-specific CD4+T cells. (b) Representative set of FACS plots for 

the phenotypic characterization of blood-derived HLA-DQ8-restricted insulin-specific CD4+T 

cells based on gating against CD3 and CD45RA vs. CD45RO expression (memory-status, 

insulin-specific vs. polyclonal). 
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Supplementary Figure 8. Identification of immune subsets in reconstituted NSG-HLA-

DQ8 mice. Human immune subsets purified from peripheral blood of NSG-HLA-DQ8 mice, 

20 weeks post reconstitution, are first identified based on murine vs. human CD45 expression. 

Representative set of FACS plots for the identification of human CD8+T cells and CD20+B 

cells are shown. 
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Supplementary Figure 9. Characterization of HLA-DQ8-restricted insulin mimetope-

specific CD4+T cell responses in NSG-HLA-DQ8 mice. Human immune subsets purified 

from visceral white fat tissues (a+b). (a) Representative set of FACS plots for the 

identification of HLA-DQ8-restricted insulin mimetope-specific CD4+T cells purified from 

visceral white fat tissues. (b) Characterization of memory status (CD45RA vs. CD45RO 

expression (in polyclonal fat-derived CD4+T cells). 
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Supplementary Figure 10. Characterization of HLA-DQ8-restricted insulin mimetope-

specific CD4+T cell responses in NSG-HLA-DQ8 mice upon application of insulin 

mimetopes to humanized NSG-HLA-DQ8 mice for Treg induction in vivo. Treg induction 

in humanized mice was performed at 20 weeks post reconstitution. Three weeks after Treg 

induction using insulin mimetopes infusion by osmotic mini-pumps (ins.mim.1= 14E-21G-

22E and ins.mim.4=14E-21E-22E) human immune subsets were purified from pancreatic and 

mesenteric lymph nodes of respective NSG mice. Human CD4+CD3+T cells were 

characterized upon exclusion of dead cells and additional markers (CD8, CD11b, CD14, 

CD19). Representative set of FACS plots for the identification of control- (left plot) and 

HLA-DQ8-restricted insulin mimetope-specific CD4+CD127lowCD25highTregs are shown 

(total insulin mimetope-specific CD4+T cells shown in middle plot, frequencies of 

CD127lowCD25highTregs in right plot). 

 

 



12 

 

 

Supplementary Figure 11. Identification of human CD4+T cells in pancreatic islets of 

humanized NSG-HLA-DQ8 mice. Human CD4+T cells isolated from pancreatic islets of 

humanized NSG-HLA-DQ8 mice, 23 weeks post reconstitution were first identified flow 

cytometrically based on human CD45 expression. Human CD4+CD3+T cells were 

characterized upon exclusion of dead cells and additional markers (CD8, CD11b, CD14, 

CD19). (a) Representative set of FACS plots for the identification of pancreatic islet-

infiltrating CD4+CD3+CD127lowCD25+Tregs isolated from humanized NSG-HLA-DQ8 mice 

upon subimmunogenic Treg induction in vivo using insulin mimetopes infusion by osmotic 

mini-pumps (ins.mim1= 14E-21G-22E and ins.mim4=14E-21E-22E) or control (phosphate 

buffered saline). (b) Summary graph for the frequencies of infiltrating 

CD4+CD3+CD127lowCD25+Tregs upon Treg induction using insulin mimetopes or control 

(phosphate buffered saline), mean±s.e.m.. n= 5 mice per group from two independent 

experiments; *** P<0.001 (Student´s t-test). 
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Supplementary Figure 12. Analysis of Ki67 expression levels in human 

CD127lowCD25high Tregs. Treg induction in humanized mice was performed at 20 weeks post 

reconstitution. Three weeks after Treg induction using insulin mimetopes infusion by osmotic 

mini-pumps (ins.mim.1= 14E-21G-22E and ins.mim.4=14E-21E-22E) human immune 

subsets were purified from peripheral blood, pancreatic and mesenteric lymph nodes or from 

pancreatic islets of respective NSG mice. Human CD4+CD3+T cells were first characterized 

upon exclusion of dead cells and additional markers (CD8, CD11b, CD14, CD19). Summary 

graphs are shown for the analysis of the proliferative capacity of CD127lowCD25highTreg cells 

by intracellular staining for Ki67 (mean±s.e.m.). n= 8 mice, from two independent 

experiments. 

 

 

 

 



14 

 

 

Supplementary Figure 13. Analysis of human T cell effector genes upon 

subimmunogenic vaccination with human insulin mimetopes in NSG-HLA-DQ8 

transgenic mice. Quantitative RT-PCR analyses of IL-17Rα, IL-21, RORγt, T-bet, IFN-γ and 

NFATc2 abundance in human CD4+T cells purified from pooled spleens and lymph nodes of 

humanized mice after three weeks of in vivo Treg induction using subcutaneous insulin 

mimetopes infusion by osmotic mini-pumps (ins.mim.1= 14E-21G-22E and ins.mim.4=14E-

21E-22E)  in humanized NSG-HLA-DQ8 transgenic mice (n=4). Bars represent the means ± 

s.e.m. (n=4 mice per group and experiment, n=2 independent experiments). * P<0.05 

(Student´s t-test). 
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Supplementary Figure 14. DNA-methylation analysis of the human Foxp3 Treg-specific 

demethylated region (TSDR). (a) High resolution melting (HRM)-PCR primers were 

designed to cover the same area in the Foxp3 locus (displayed transcript variant: 

ENST00000376207) as originally described by Baron et al. (2007). (b) Primers were 

validated on a standard-series of unmethylated and methylated DNA for unbiased PCR 

amplification according to their products’ uniform high-resolution melting behavior. (c) The 

obtained amplicons enabled high-quality readouts of eight successive CpG-sites in subsequent 

pyrosequencing reactions (exemplary file shown). (d) High correlation between methylation 

levels of input standards and pyrosequencing-readout of PCR products additionally verified 

the designed assay for even amplification.  
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Supplementary Figure 15. DNA-methylation analysis of the human Foxp3 Treg-specific 

demethylated region (TSDR) in human CD4+T cell subsets. Pyrosequencing analyses of 

eight successive CpG-sites in the human Foxp3 TSDR region as methylation in %. Shown are 

means ± s.e.m. from female (a) or male (b) donors (n=4 each from two independent 

experiments). Except for the completely methylated cells the methylation levels of the female 

donor were higher than the levels of the male donor, which is due to the fact, that the Foxp3 

gene is X-linked. (c) Human Foxp3 TSDR methylation status in naïve CD4+T cells or 

CD4+CD127lowCD25highTregs purified from pooled lymph nodes and spleens of humanized 

NSG-HLA-DQ8 transgenic mice (human female donors for reconstitution have been used) 

upon insulin mimetope-specific Treg induction (ins.mim.1= 14E-21G-22E and 

ins.mim.4=14E-21E-22E). Bars represent the means ± s.e.m from six mice and two 

independent experiments. 
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Supplementary Figure 16. Analysis of human Treg signature and T cell effector genes 

six months after subimmunogenic Treg induction with human insulin mimetopes in 

NSG-HLA-DQ8 transgenic mice. (a) Quantitative RT-PCR analyses of Foxp3, CTLA4, IL-

2Rα, TIGIT and RTKN2 mRNA abundance in human CD4+T cells purified from pooled 

spleens and lymph nodes of humanized mice six months after in vivo Treg induction using 

subcutaneous insulin mimetopes infusion by osmotic mini-pumps (ins.mim.1= 14E-21G-22E 

and ins.mim.4=14E-21E-22E) .Bars represent the means ± s.e.m. (n=5 mice per group). (b) 

Quantitative RT-PCR analyses of IL-17Rα, IL-21, RORγt, T-bet, IFN-γ and NFATc2 

abundance in human CD4+T cells purified from pooled spleens and lymph nodes of 

humanized mice six months after in vivo Treg induction using subcutaneous insulin 

mimetopes infusion by osmotic mini-pumps (ins.mim1= 14E-21G-22E and ins.mim4=14E-

21E-22E)  in humanized NSG-HLA-DQ8 transgenic mice (n=5). Bars represent the means ± 

s.e.m. (n=5 mice per group). * P < 0.05; ** P < 0.01 (Student´s t-test).  
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Supplementary Figure 17. Maintenance of insulin-specific Foxp3+Tregs induced by 

subimmunogenic TCR stimulation and protection from type 1 diabetes development in 

Non-obese-diabetic (NOD) mice. Identification of I-Ag7-restricted insulin-specific CD4+T 

cells by tetramer staining and flow cytometry, first gating on live, B220-, F4/80-, CD8-, 

CD11b- and CD4, and then examining the tetramer binding (left panels). Control tetramer 

staining to assess specificity (second left panel). (a) Insulin-specific CD4+T cells expressing 

Foxp3 GFP in pancreatic lymph nodes from 40-wk-old NOD-Foxp3 GFP reporter mice that 

had received the natural insulin B:9-23 epitope (upper panel) or the strong-agonistic insulin 

mimetope for Treg induction at 4-6 weeks of age (lower panel). (b) Percentages of 

Foxp3GFP+Tregs in insulin-specific CD4+T cells purified from pancreatic lymph nodes of 40-

weeks-old NOD-Foxp3 GFP reporter mice. Data represent the means ± s.e.m., n=5 mice per 

group. ** P < 0.01 (Student´s t-test).  



19 

 

 

Supplementary Figure 18. Analyses of islet-residing CD4+T cells purified from Non-

obese-diabetic (NOD) mice upon insulin mimetope-specific Treg induction using 

subimmunogenic TCR stimulation. (a) Percentages of Foxp3+CD4+CD25+Tregs in islet-

infiltrating CD4+T cells purified from NOD mice 4 weeks after Treg induction in vivo, n=6 

mice per group. Data represent the means ± s.e.m., ** P< 0.01 (Student´s t-test). (b) 

Pyrosequencing analyses of eight successive CpG-sites in the murine Foxp3 TSDR region 

shown as methylation in %. Shown are means ± s.e.m. of islet-infiltrating naïve or 

Foxp3+CD4+CD5+Tregs (n=6). 
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Aberrant immune activation mediated by T effector cell populations
is pivotal in the onset of autoimmunity in type 1 diabetes (T1D). T
follicular helper (TFH) cells are essential in the induction of high-
affinity antibodies, and their precursor memory compartment circu-
lates in the blood. The role of TFH precursors in the onset of islet
autoimmunity and signaling pathways regulating their differentia-
tion is incompletely understood. Here, we provide direct evidence
that during onset of islet autoimmunity, the insulin-specific target
T-cell population is enriched with a C-X-C chemokine receptor type
5 (CXCR5)+CD4+ TFH precursor phenotype. During onset of islet au-
toimmunity, the frequency of TFH precursors was controlled by
high expression of microRNA92a (miRNA92a). miRNA92a-mediated
TFH precursor induction was regulated by phosphatase and tension
homolog (PTEN) - phosphoinositol-3-kinase (PI3K) signaling involving
PTEN and forkhead box protein O1 (Foxo1), supporting autoantibody
generation and triggering the onset of islet autoimmunity. Moreover,
we identify Krueppel-like factor 2 (KLF2) as a target of miRNA92a in
regulating human TFH precursor induction. Importantly, a miRNA92a
antagomir completely blocked induction of human TFH precursors in
vitro. More importantly, in vivo application of a miRNA92a antagomir
to nonobese diabetic (NOD) mice with ongoing islet autoimmunity
resulted in a significant reduction of TFH precursors in peripheral
blood and pancreatic lymph nodes. Moreover, miRNA92a antagomir
application reduced immune infiltration and activation in pancreata
of NOD mice as well as humanized NOD Scid IL2 receptor gamma
chain knockout (NSG) human leucocyte antigen (HLA)-DQ8 transgenic
animals. We therefore propose that miRNA92a and the PTEN-
PI3K-KLF2 signaling network could function as targets for inno-
vative precision medicines to reduce T1D islet autoimmunity.

miRNA92a | KLF2 | PTEN-PI3K signaling | T follicular helper cells |
type 1 diabetes

Autoimmune type 1 diabetes (T1D) is presumed to result from
T-cell–mediated destruction of the pancreatic insulin-secreting

islet β cells (1). In children, the development of multiple autoan-
tibodies reacting with the well-established autoantigens (insulin,
glutamic decarboxylase, insulinoma antigen, and islet zinc trans-
porter) indicates the onset of islet autoimmunity (pre-T1D) (2, 3).
Autoantibodies against insulin are often the first to appear, in-
dicating an essential impact of insulin in the onset of islet auto-
immunity (2, 4). In young children, clinically overt T1D can occur
within months of the appearance of autoantibodies, but may take
more than a decade to occur in some children (5), referring to the

so-called slowly progressing phenotype. Moreover, children with
slowly progressing phenotypes can lose some of their earliest islet
autoantibodies, especially insulin autoantibodies. Despite these
insights, the cellular and molecular mechanisms involved in trig-
gering the onset, as well as the progression, of human islet auto-
immunity remain incompletely understood.
T follicular helper (TFH) cells support antibody responses by

the induction of B-cell activation. Murine data suggested that islet
autoantibodies can enhance the survival of proliferating autoreactive
CD4+ T cells, whereas blocking Fcγ receptor delayed and re-
duced the incidence of autoimmune diabetes (6). TFH cells are
characterized by a memory phenotype, and thereby retain their
capacity to recall their TFH-specific effector functions upon
reactivation to provide help for B-cell responses (7). After inter-
actions with dendritic cells in the T-cell zones of secondary lymphoid
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organs, a fraction of activated CD4+ T cells migrate toward
B-cell follicles by up-regulating C-X-C chemokine receptor type
5 (CXCR5) (8–10). The transcription factor B-cell lymphoma
6 (Bcl6) plays an essential role in initiating TFH-cell differentiation
(11). Inducible T-cell costimulator (ICOS) signaling transiently in-
activates forkhead box protein O1 (Foxo1), which, in turn, relieves
Foxo1-dependent inhibition of Bcl6 expression and promotes
TFH differentiation (12). Reduced Foxo1 abundance, either
resulting from increased expression of ICOS induced by loss of
Foxp1 or due to degradation by the E3 ubiquitin ligase ITCH,
may enhance TFH-cell differentiation (13, 14). Moreover, in-
duced deficiency of the zinc finger transcription factor Krueppel-
like factor 2 (KLF2) in activated CD4+ T cells leads to increased
TFH-cell generation and B-cell priming, whereas KLF2 over-
expression prevented TFH-cell production (15).
Recent studies in man have provided new insights into the on-

togeny of circulating CXCR5+CD4+ T cells (16–20). In particular,
the frequency of circulating TFH precursor C-C chemokine
receptor type 7 (CCR7)low programmed cell death protein
1 (PD1)highCXCR5+CD4+ T cells is associated with active
TFH-cell differentiation in secondary lymphoid organs (21).
However, involved signaling pathways that regulate the differ-

entiation of human TFH precursors, as well as their contribution
in the initiation and progression of human islet autoimmunity, are
incompletely understood (22).
MicroRNAs (miRNAs) function as critical regulators in the

mammalian immune system (23–26), and thereby affect complex
cellular states, including immune activation and regulation (27, 28).
The miRNA17∼92 transcript, which is encoded by mouse chro-
mosome 14 and human chromosome 13, is the precursor for six
mature miRNAs (miRNA17, miRNA18a, miRNA19a, miRNA20a,
miRNA19b, and miRNA92a). Transgenic (Tg) mice overexpressing
miRNA17∼92 in lymphocytes developed lymphoproliferative dis-
orders and autoimmunity (29), and miRNA92a promoted the
generation of TFH cells (30).
In man, the impact of the miRNA17∼92 family and its critical

targets to the posttranscriptional regulation of human TFH pre-
cursor cell induction in the development of human islet autoim-
munity are currently unclear. We therefore studied insulin-specific
TFH precursors and their signaling pathways during the onset of
human islet autoimmunity. We provide direct evidence that during
the onset of human islet autoimmunity, the insulin-specific target
T-cell population is enriched with a CXCR5+CD4+ TFH precursor
phenotype. The frequency of CCR7lowPD1highCXCR5+ TFH pre-
cursor cells was controlled by high abundance of miRNA92a.
miRNA92a-mediated TFH-cell induction was regulated by phos-
phatase and tension homolog (PTEN) - phosphoinositol-3-kinase
(PI3K) signaling involving down-regulation of PTEN, PH domain
and leucine-rich repeat protein phosphatase 2 (PHLPP2), and
Foxo1. Moreover, we identify KLF2 as a target of miRNA92a and
show that upon blockade of KLF2 signaling, miRNA92a-mediated
induction of human TFH precursors was severely abolished. Im-
portantly, a miRNA92a antagomir completely blocked human
TFH precursor induction in vitro. Of note, in vivo application of a
miRNA92a antagomir to nonobese diabetic (NOD) mice signifi-
cantly lowered TFH precursors. More importantly, application of a
miRNA92a antagomir critically reduced pancreatic immune acti-
vation. miRNA92a and the PTEN-PI3K-KLF2 signaling network
might therefore function as targets for innovative precision in-
tervention that can limit the activation of T1D islet autoimmunity.

Results
Enhancement of Insulin-Specific CXCR5+ TFH Precursors During the
Onset of Human Islet Autoimmunity. Given the critical role of the
autoantigen insulin in initiating islet autoimmunity, we studied
the TFH precursor characteristics of the insulin-specific target T-cell
population. We used CD4+ T cells from nondiabetic children
without autoimmunity (islet autoantibody-negative children), with
recent onset of autoimmunity (recent activation, multiple autoan-
tibodies for <5 y), persistent autoimmunity (multiple autoantibodies
for>5 to<10 y), and long-term autoimmunity (multiple autoantibodies

for >10 y without overt T1D). We applied recently developed
fluorescent insulin-specific HLA-DQ8 tetramers (14E-22E and
14E-21G 22E tetramers) based on a set of two insulin B-chain 10–
23 mimetopes to identify human HLA-DQ8–restricted insulin-
specific CD4+ T cells ex vivo directly (31). We detected no
tet+CD4+ T cells using the control tetramers, whereas a population
of insulin-specific CD4+ T cells was readily identified ex vivo with
the insulin-specific tetramers (Fig. 1 A and B). Frequencies of
tet+CD4+ T cells were correlated with CD3 expression. Importantly,
we provide direct evidence that during onset of islet autoimmunity and
in the absence of clinically overt T1D, the insulin-specific target
T-cell population is enriched with a CXCR5+CD4+ TFH precursor
phenotype (no autoimmunity vs. recent onset of autoimmunity:
14.4 ± 2.9% vs. 42.5 ± 9.2% of tet+CD4+ T cells; P < 0.05; Fig. 1C).
Of note, the frequency of these insulin-specific TFH precursors

in nondiabetic children with long-term autoimmunity was 14.3 ±
3.0% of tet+CD4+ T cells, which was significantly lower than in
children with recent onset of islet autoimmunity (P < 0.05; Fig.
1C). These findings are in accordance with the fact that non-
diabetic children with latency in progression to clinically overt
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Fig. 1. Ex vivo identification of HLA-DQ8–restricted insulin-specific CXCR5+

TFH precursor cells from children with or without ongoing islet autoimmunity.
(A, Upper Left) Human CD4+ T cells were analyzed by flow cytometry, first
gating on live, CD19−, CD14−, CD8a−, CD11b−, CD4+, and CD3+ cells and then
examining the tetramer binding. (A, Upper Right) Representative set of FACS
plots for the identification of HLA-DQ8–restricted insulin-specific CD4+ T cells.
mim, mimic. (A, Upper Center) Control staining was used to assess the quality
and specificity of the tetramer staining using a combination of two control
tetramers fused to irrelevant peptides. (A, Lower) Insulin-specific CD4+ mem-
ory TFH precursor cells were then identified by gating on CD45RA− and
CXCR5+. (B) FACS plots for insulin-specific memory CXCR5+ TFH precursor cells
purified from children without autoimmunity (islet autoantibody-negative),
with recent onset of autoimmunity (recent activation = multiple autoanti-
bodies for ≤5 y), with persistent autoimmunity (multiple autoantibodies for >5
to ≤10 y), and with long-term autoimmunity (multiple autoantibodies for
>10 y without T1D). (C) Summary of identified HLA-DQ8–restricted insulin-
specific tet+CD4+CXCR5+ TFH precursor cells purified from children without
autoimmunity (no autoimmunity, n = 8), with recent onset of autoimmunity
(recent activation, n = 8), with persistent autoimmunity (n = 7), and with long-
term autoimmunity (n = 7). Data represent the mean ± SEM. *P < 0.05.
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disease can lose some of their earliest islet autoantibodies, espe-
cially insulin autoantibodies.

Increase of Circulating CCR7lowPD1highCXCR5+ TFH Precursor Cells
During the Onset of Human Islet Autoimmunity. During islet auto-
immunity onset, we also identified up-regulated PD1 and ICOS
expression levels within circulating CXCR5+ T cells, together with
increased frequencies of TFH precursors at the polyclonal level (Fig.
2). Specifically, the frequency of CCR7lowPD1highCXCR5+CD4+

T cells (gating example in Fig. 2A, Upper) was significantly greater in
children with onset of islet autoimmunity than in children without
islet autoimmunity (no autoimmunity vs. recent onset of autoim-
munity: 16.8 ± 1.6% vs. 25.8 ± 2.8% of CD4+CD45RA− T cells;
P < 0.01; Fig. 2B), and was significantly reduced in nondia-
betic children with long-term autoimmunity (9.0 ± 2.3% of
CD4+CD45RA− T cells; P < 0.01; Fig. 2B) compared with the other
two groups of children. The frequency of CXCR5+CD4+ T cells
harboring the highest level of PD1 expression (PD1+++; gating ex-
ample in Fig. 2A, Lower) was significantly greater in children with
recent onset of islet autoimmunity than in children without autoim-
munity (no autoimmunity vs. recent onset of autoimmunity: 0.14 ±
0.03% vs. 0.53 ± 0.11% of CD4+ T cells; P < 0.01; Fig. 2 C and D).
The abundance of CXCR5+PD1+++CD4+ T cells in nondiabetic
children with long-term autoimmunity was 0.16 ± 0.06% of CD4+ T
cells, which was significantly lower than in children with recent onset
of autoimmunity (P < 0.05) and similar to the abundance in children
without autoimmunity (P > 0.05; Fig. 2 C and D). CXCR5+PD1+++
CD4+ T cells also harbored the highest ICOS expression level
(ICOS mean fluorescence intensity (MFI) within PD1+++ subset =
12,600 ± 1,457 vs. ICOS MFI within PD1+ subset = 3,919 ± 666;
P < 0.01; Fig. 2D, Lower Right). These findings therefore support the
hypothesis that during the onset of autoimmunity, these circulating
CXCR5+PD1+++CD4+ T cells with the highest ICOS expression level
can boost immune activation and trigger autoantibody production.
To investigate the frequencies of CCR7lowPD1high and

CXCR5+PD1+++CD4+ T cells in children or adolescents near to
the diagnosis of clinically overt T1D (newly manifest T1D), we studied
T cells from the German new onset diabetes in the young incident
cohort study (32, 33). We found the abundance of CCR7lowPD1high

and CXCR5+PD1+++CD4+ T cells in young individuals with newly
manifest T1D to be unaltered compared with nondiabetic children
with long-term autoimmunity (Fig. 2 B and C). Next, we analyzed T
helper (Th)-like subtypes within the CXCR5+CD4+ T-cell pop-
ulation based on the coexpression of CXCR3 and CCR6 (gating
example in Fig. 3A). CXCR3+CCR6− cells mainly secrete IFN-γ
(Th1-like profile) but not Th2 or Th17 cytokines; CXCR3−CCR6−

cells exclusively secrete Th2 cytokines [interleukin (IL)-4, IL-5, and
IL-13]; and CXCR3−CCR6+ cells secrete Th17 cytokines (IL-17A
and IL-22) (17). CXCR5+ Th2 cells and CXCR5+ Th17 cells were
found to induce naive B cells to secrete immunoglobulins via IL-21
but to modulate isotype switching differentially, whereas human
CXCR5+ Th1 cells were unable to provide B-cell help (17). We found
no differences in the frequencies of Th1 cells and Th17 cells within
the CXCR5+CD4+ T-cell compartment between disease groups, in-
cluding young individuals with new onset T1D (Fig. 3B). However, we
observed a significant increase in the TFH-Th2 subset in children with
recent onset of islet autoimmunity compared with T cells from chil-
dren without ongoing autoimmunity or with long-term autoimmunity
(no autoimmunity vs. recent onset of autoimmunity vs. long-term
autoimmunity: 24.6 ± 2.5% vs. 35.4 ± 3.8%; P < 0.05 vs. 23.9 ± 1.4%
of CD4+CD45RA− T cells; P < 0.05; Fig. 3B). In parallel to the in-
crease in the TFH-Th2 subset during onset of islet autoimmunity, we
found a significant enhancement in this subset of TFH cells in young
individuals with new onset T1D. This increase in TFH-Th2 cells was
significant compared with T cells from nondiabetic children with
long-term autoimmunity (long-term autoimmunity: 23.9 ± 1.4% vs.
with new onset T1D: 50.9 ± 4.4; P < 0.05; Fig. 3B).
When we analyzed individual longitudinal samples from non-

diabetic children with ongoing islet autoimmunity, we again observed
the highest frequencies of Th2-like TFH cells within recent activation
of islet autoimmunity (<5 y of islet autoimmunity), whereas frequencies

were lower during persistent islet autoimmunity (>5 to < 10 y of islet
autoimmunity) and further decreased in children with long-term au-
toimmunity (>10 y of islet autoimmunity; Fig. 3C).
In accordance, the respective T-cell subset presented with an

increased abundance of Th2 cytokines, such as IL-4 and IL-13,
with no change in IL-10 (Fig. 3D).

Increase of miRNA17∼92 Family Abundance in CD4+ T Cells from Children
with Recent Onset of Islet Autoimmunity. To define involved signaling
pathways, we next examined miRNA92a abundance of CD4+ T
cells from children with or without islet autoimmunity. Importantly,
miRNA92a expression levels were significantly increased in CD4+ T
cells from children with recent onset of islet autoimmunity (no
autoimmunity vs. recent onset of autoimmunity: 7.1 ± 0.6 vs. 11.3 ±
0.7; P < 0.05; Fig. 4A). However, its expression was down-regulated
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Fig. 2. Identification and characterization of blood-residing CXCR5+CCR7lowPD1high

and CXCR5+PD1+++ cells in CD4+ T cells from children with or without
ongoing islet autoimmunity or with new onset T1D. (A) Identification of
CD4+CD45RA−CXR5+CCR7lowPD1high T cells (Upper) and CXCR5+PD1−,
CXCR5+PD1+, and CXCR5+PD1+++ T cells (Lower). (Lower Right) Histogram indi-
cates ICOS expression levels in the PD1− subset (light gray line, plot filled), PD1+

subset 1 (gray line, plot unfilled), and PD1+++ subset 2 (black line). (B) Summary
graphs for the frequencies of circulating CD4+CD45RA−CXR5+CCR7lowPD1high

T cells (no autoimmunity, n = 9; recent onset of autoimmunity, n = 5; persistent
autoimmunity, n = 4; long-term autoimmunity, n = 5; new onset T1D, n = 5). Data
represent the mean ± SEM. **P < 0.01. (C) Summary graphs for the frequencies of
circulating CD4+CD45RA−CXR5+PD1+++ T cells (no autoimmunity, n = 8; recent
onset of autoimmunity, n = 5; persistent autoimmunity, n = 4; long-term auto-
immunity, n = 5; new onset T1D, n = 5). Data represent the mean ± SEM. *P <
0.05; **P < 0.01. (D, Upper) Identification of CD4+CD45RA−CXCR5+PD1+++ T cells
from children with or without pre-T1D (no autoimmunity, recent activation of
autoimmunity, and long-term autoimmunity). (D, Lower) Histograms indicate ICOS
expression levels in CXCR5+PD1−, CXCR5+PD1+, and CXCR5+PD1+++ subsets.
(D, Lower Right) Summary graph shows ICOS MFIs, dependent on the PD1
expression levels. Data represent the mean ± SEM. **P < 0.01.
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in nondiabetic children with long-term autoimmunity (6.7 ± 0.7),
in accordance with reduced TFH precursor frequencies. These
changes in miRNA92a expression levels in relation to duration of
islet autoimmunity were not observed within the CD127lowCD25high

regulatory T (Treg)-cell population (Fig. S1A).
The expression profiles of two other members of the

miRNA17∼92 cluster, miRNA-18a and miRNA-19a, were altered
in a similar fashion to the abundance of miRNA92a (Fig. S1 B and
C). Of note, we identified a strong correlation between the abun-
dance of miRNA92a and the frequency of CXCR5+ TFH pre-
cursors. CD4+ T cells from children without islet autoimmunity
and from nondiabetic children with a slow-progressor phenotype
presented with the lowest frequencies of CXCR5+ TFH precursors
and the lowest abundance of miRNA92a. In contrast, during onset
of islet autoimmunity, in states of strong immune activation, more
CD4+ T cells harbored a CXCR5+ TFH precursor phenotype ac-
companied with increased abundance of miRNA92a (r2 = 0.72;
Fig. 4B). In contrast, no correlation was observed between the
duration of islet autoimmunity (months of multiple autoantibodies)
and the frequencies of CCR7lowPD1highCD4+ T cells, supporting
concepts that point to a relapsing/remitting autoimmunity pheno-
type (Fig. S2A). However, we did find a correlation between
miRNA92a abundance in CD4+ T cells and levels of insulin au-
toantibodies (IAA) within disease groups (Fig. S2B).

Reduced Abundance of Predicted Signaling Pathways Regulated by
miRNA92a in Human Islet Autoimmunity: PTEN, PHLPP2, and Cytotoxic
T-Lymphocyte–Associated Protein 4. We next determined mRNA
abundances of predicted signaling pathways regulated by miRNA92a.

As bioinformatics tools, we used miRDB [MirTarget (34)]. Ad-
ditionally, TargetScan (Human 6.2) was used to predict biological
targets for miRNA92a (35). In accordance with the observed
enhanced abundance of miRNA92a in CD4+ T cells from islet
autoantibody-positive children, we found repression of predicted
target genes of miRNA92a (Fig. 4C). Specifically, in CD4+ T cells
from children with ongoing autoimmunity, we observed repression
of the phosphatase PTEN, which was outlined as a direct target of
the miRNA92a family in mice (29). In our human T-cell setting, we
likewise saw reduced abundance of the miRNA92 target PHLPP2
(36), which encodes an Akt phosphatase (37) and functions as a
critical negative regulator of the PI3K-Akt signaling pathway as
identified in murine studies (Fig. 4C). We also observed reduced
mRNA abundance of predicted targets of miRNA92a that nega-
tively regulate T-cell activation, such as cytotoxic T-lymphocyte–
associated protein 4 (CTLA4) (Fig. 4C).

miRNA92a Targets the Zinc-Finger Transcription Factor KLF2 During
Human Islet Autoimmunity. Next, using TargetScan analyses (35, 38),
we identified an evolutionarily conserved binding site for human
miRNA92a in the 3′UTR of KLF2. Importantly, abundance of KLF2
was found to be critically repressed in CD4+ T cells from children with
ongoing islet autoimmunity (Fig. 4C). These findings support a po-
tential role of KLF2 as a target of miRNA92a in human CD4+T cells.

Down-Regulation of PTEN-Foxo1-KLF2 Signaling Network to Promote
Human TFH Precursor Cells and Onset of Islet Autoimmunity. To
dissect involved signaling pathways relevant for TFH differentiation
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Fig. 3. Identification of circulating CXCR5+CD4+ T cells and Th1, Th2, or
Th17 cytokine expression profiles in CD4+ T cells from children with or
without ongoing islet autoimmunity or with new onset T1D. (A) Identifica-
tion of CD4+CD45RA−CXCR5+ T cells and respective CXCR3+CCR6− (Th1),
CXCR3−CCR6− (Th2), or CXCR3−CCR6+ (Th17) subsets. (B) Summary graphs for
the frequencies of circulating CXCR5+CD4+ T cells with Th1, Th2, or Th17
characteristics (no autoimmunity, n = 8; recent onset of autoimmunity, n = 8;
long-term autoimmunity, n = 6; new onset T1D, n = 5). Data represent the
mean ± SEM. *P < 0.05. (C) Frequencies of the TFH-Th2 subset in longitudinal
samples from children with recent activation, persistent islet autoimmunity,
or long-term islet autoimmunity. (D) Summary graphs for the mRNA abun-
dance of cytokine expression levels (IFN-γ = Th1; IL-17a = Th17, IL-4, IL-13;
and IL-10 = Th2) within respective CD4+ T-cell subsets by RT-qPCR from
children with islet autoimmunity (pre-T1D). Results are shown in abundance
as the fold of T cells from children without ongoing islet autoimmunity (no
pre-T1D), with no autoimmunity (n = 6), or with ongoing islet autoimmunity
(n = 7). Data represent the mean ± SEM. *P < 0.05; **P < 0.01.

Fig. 4. Enhanced abundance of miRNA92a promotes increased frequencies of
circulating CXCR5+CD4+ T cells during onset of human islet autoimmunity.
(A) miRNA92a abundance in human CD4+ T cells purified from children with or
without pre-T1D (no autoimmunity, n = 10; recent onset of autoimmunity, n =
6; long-term autoimmunity, n = 6) by RT-qPCR analyses. Data represent the
mean ± SEM. *P < 0.05. (B) Correlation of CXCR5+CCR7lowPD1highCD4+ T cells
with miRNA92a abundance. (C) Abundance of predicted signaling pathways
regulated by miRNA92a in human islet autoimmunity. Down-regulation of the
PTEN-Foxo1-KLF2 signaling network to promote human TFH precursor cells
and onset of islet autoimmunity is shown. mRNA abundance of Ascl2, CXCR5,
ICOS, ITCH, Bcl6, KLF2, PTEN, Foxo1, PHLPP2, CTLA4, and S1P1R from CD4+ T
cells of individual children with islet autoimmunity (pre-T1D) is shown. Results
are shown in abundance as the fold of T cells from children without ongoing
islet autoimmunity (no pre-T1D), with no autoimmunity (n = 6), and with
ongoing islet autoimmunity, n = 7). *P < 0.05; **P < 0.01. (D) mRNA abun-
dance from a selection of genes predictively targeted by miRNA92a in
CD4+CD45RO+ T cells from individual children with or without ongoing
pre-T1D as assessed by RT-qPCR analyses (no autoimmunity, n = 7; recent onset
of autoimmunity, n = 6; long-term autoimmunity, n = 5). Data represent the
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (E) mRNA abundance of
Foxo1, Ascl2, and IL-21 in CCR7lowPD1highCD4+ TFH precursor cells in accor-
dance with the duration of islet autoimmunity (no autoimmunity, n = 7;
recent onset of autoimmunity, n = 6; long-term autoimmunity, n = 5). Data
represent the mean ± SEM. *P < 0.05; **P < 0.01.
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further, we next identified a significantly increased abundance of
ICOS in such CD4+ T cells from children with ongoing autoim-
munity (pre-T1D), whereas expression levels of Foxo1, which
represses Bcl6 transcription, as well as PTEN and KLF2, were
significantly down-regulated. In accordance with a low abundance
of KLF2, we found a high abundance of CXCR5 and low ex-
pression of S1PR1 (Fig. 4C) in such CD4+ T cells from children
with islet autoimmunity compared with children without ongoing
islet autoimmunity (no pre-T1D).
When we determined the mRNA abundance of genes involved

in T-cell activation and TFH-cell differentiation and function
according to the duration of islet autoimmunity, we confirmed that
KLF2 abundance was significantly down-regulated, particularly
during the onset of islet autoimmunity (P < 0.001; Fig. 4D).
Moreover, during onset of islet autoimmunity, we likewise observed
negative regulators of T-cell activation (e.g., CTLA4, PTEN) to be
repressed (Fig. 4D).
Foxo1 expression was significantly reduced in CCR7lowPD1high

TFH precursors from children with recent onset of islet autoim-
munity (Fig. 4E). Additionally, we observed increased levels of
Ascl2 and IL-21 in CCR7lowPD1high TFH precursors from chil-
dren with recent onset of islet autoimmunity in contrast to cells
from nondiabetic children with long-term autoimmunity (Fig. 4E).

Induction of Human TFH Precursor Cells by miRNA92a in Vitro. We
next investigated whether activation of the miRNA92a pathway
can induce human TFH precursor cells in vitro. Chitosan-coated
poly(D,L-lactide-coglycolide) (PLGA) nanoparticles (39) were used
to deliver mature miRNA92a mimics with a triple-RNA strand
design (40). The uptake, intracellular localization of labeled nano-
particles, and delivery of fluorescently labeled control miRNAs were
verified by confocal microscopy (Fig. S3). Next, we performed in
vitro TFH precursor induction experiments (16, 21) with human
naive CD4+ T cells and autologous memory B cells, sorted as
CD20+CD27+, in the presence or absence of a miRNA92a
mimic (Fig. S4A). Importantly, the miRNA92a mimic signifi-
cantly increased the frequencies of CXCR5+CD4+ TFH precur-
sors in vitro (vehicle + negative control mimic vs. vehicle +
miRNA92a mimic: 37.6 ± 1.8 vs. 54.2 ± 3.1 CD45RA−CXCR5+

CD4+ T cells; P < 0.05; Fig. S4 B and C).
The miRNA92a mimic also significantly enhanced the frequency

of CCR7lowPD1highCD4+ TFH precursor cells using T cells from
healthy individuals (vehicle + negative control mimic vs. vehicle +
miRNA92a mimic: 1.8 ± 0.2 vs. 4.6 ± 0.8 CCR7lowPD1highCD4+ T
cells; P < 0.05; Fig. 5A) and from T1D patients (Fig. 5B). An in-
duction of CCR7lowPD1highCD4+ TFH precursor cells by miRNA92a
mimic was observed already after 3 d of incubation (Fig. S5).

mRNA Abundance of Predicted Signaling Pathways Controlled by
miRNA92a During miRNA92a-Mediated TFH Precursor Induction in Vitro.
We next studied whether activation of the miRNA92a pathway in
vitro can modulate mRNA abundance of signaling pathways pre-
dictively targeted by miRNA92a. Upon miRNA92a mimic appli-
cation, we observed significantly enhanced abundance of ITCH
(miRNA92-mimic: ITCH: 2.6 ± 0.3, fold of T cells treated with
control mimic; P < 0.05; Fig. 5C). Bcl6 expression was moderately
but significantly up-regulated in line with findings indicating that
upon in vitro differentiation, such TFH precursors present with
intermediate levels of Bcl6 (41), in contrast to bona fide germinal
center TFH cells that harbor high Bcl6 abundance (41). Moreover,
expression levels of Foxo1 (miRNA92a mimic: Foxo1: 0.18 ± 0.04,
fold of T cells treated with control mimic; P < 0.01) as well as PTEN
(miRNA92a mimic: PTEN: 0.27 ± 0.01, fold of T cells treated with
control mimic; P < 0.05) were significantly reduced compared with
T cells that had been incubated with control mimics (Fig. 5C). In
addition, KLF2 mRNA abundance of CD4+ T cells frommiRNA92a-
mediated TFH induction assays was significantly down-regulated
compared with T cells treated with control mimics (miRNA92a
mimic: KLF2: 0.07 ± 0.02, fold of T cells treated with control
mimic; P < 0.05; Fig. 5C). These data further support the concept
that KLF2 functions as a target of miRNA92a.

miRNA92a-Mediated Human in Vitro TFH Precursor Induction Is
Regulated by PTEN-PI3K Signaling. TFH precursor induction
by miRNA92a was further enhanced upon stimulation with
phorbol 12-myristate 13-acetate (PMA)/ionomycin in terms
of CCR7lowPD1highCD4+ T cells (Fig. 5D). To analyze the
involvement of the PTEN-PI3K signaling network in the regula-
tion of TFH precursor induction, we performed such assays with a
miRNA92a mimic in the presence or absence of a PI3K or PTEN
inhibitor, respectively. Coapplication of a PI3K inhibitor to
the miRNA92a mimic completely abolished TFH precursor
induction (CCR7lowPD1high T cells: miRNA92a mimic: 13.3 ±
0.3 vs. miRNA92a mimic + PI3K inhibitor: 1.2 ± 0.6; P < 0.01). In
accordance, miRNA92a mimic treatment in the presence of a
PTEN inhibitor resulted in a significant boost of TFH precursor cell
induction (CCR7lowPD1high T cells: miRNA92a mimic: 12.6 ± 0.7 v.
miRNA92a mimic + PTEN-inhibitor: 20.6 ± 0.6; P < 0.01; Fig. 5D).

miRNA92a Targets KLF2 to Promote Human TFH Precursor Induction in
Vitro. To underline KLF2 as a target of miRNA92a, we used a
specific miRNA92a KFL2 target site blocker (TSB). miRNA TSBs
are antisense oligonucleotides that bind to the miRNA target site of
an mRNA, thereby preventing miRNAs from gaining access to that
site. Application of a miRNA92a mimic in the presence of a control
TSB resulted in a significant increase of CCR7lowPD1highCD4+

TFH precursor cells (vehicle + control TSB: 0.4 ± 0.07 vs. vehicle +

Fig. 5. miRNA92a regulates human TFH precursor induction in vitro. (A) TFH
precursor induction using human naive CD4+ T cells from healthy individuals
in the presence of memory B cells with or without a miRNA92a mimic, a
miRNA92a antagomir, or respective negative control mimics or antagomirs.
Summary graphs are shown for frequencies of CCR7lowPD1high cells pre-
sented as percentages of CXCR5+CD45RA−CD4+ T cells. Data represent the
mean ± SEM. *P < 0.05. (B) TFH precursor induction as outlined in A using
human naive CD4+ T cells from T1D individuals. Summary graphs are
shown for frequencies of CCR7lowPD1high cells presented as percentages of
CXCR5+CD45RA−CD4+ T cells. Data represent the mean ± SEM. *P < 0.05.
(C) mRNA abundance of predicted signaling pathways controlled by miR-
NA92a from CD4+ T cells of TFH precursor induction assays in the presence
of miRNA92a mimic quantified by RT-qPCR analyses. Results are shown in
abundance as the fold of T cells treated with negative miRNA mimic controls.
Data represent the mean ± SEM from duplicate wells of four independent
experiments. *P < 0.05; **P < 0.01. (D) TFH induction using human naive CD4+

T cells in the presence of memory B cells with or without a miRNA92a mimic or
negative miRNA mimic controls. In such assays, PMA (50 ng/mL) and ionomycin
(1 μg/mL) were added for the last 12 h of the experiments, and frequencies of
CCR7lowPD1highCD4+ T cells were analyzed. Experiments were performed in
the presence or absence of a PTEN or PI3K inhibitor, respectively. Summary
graphs for frequencies of CCR7lowPD1high TFH precursor cells (percentage of
CD45RA−CXCR5+CD4+ T cells) (n = 4). Data represent the mean ± SEM from
duplicate wells of four independent experiments. *P < 0.05; **P < 0.01. (E) TFH
precursor induction using human naive CD4+ T cells in the presence of memory
B cells with or without a miRNA92a mimic, a control TSB, a miRNA92a KLF2
TSB, or a combination. Summary graphs are shown for frequencies of
CCR7lowPD1high cells presented as percentages of CXCR5+CD45RA−CD4+ T
cells (n = 4). Data represent the mean ± SEM from duplicate wells of four
independent experiments. *P < 0.05.
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miRNA92a mimic + control TSB: 2.5 ± 0.2; P < 0.05; Fig. 5E) in
vitro. In contrast, coapplication of a specific KLF2 TSB significantly
reduced the miRNA92a-mediated induction of TFH precursors
(vehicle + miRNA92a mimic + control TSB: 2.5 ± 0.2 vs. vehicle +
miRNA92a mimic + KLF2 TSB: 0.9 ± 0.2; P < 0.05; Fig. 5E),
further indicating that KLF2 is a target of miRNA92a.

Blockade of Human TFH Precursor Cell Induction by a miRNA92a
Antagomir in Vitro. To assess a potential relevance of blocking
miRNA92a activity to limit islet autoimmunity, we first performed
in vitro TFH induction assays in the presence of a miRNA92a
antagomir. Importantly, application of a miRNA92a antagomir
completely blocked the induction of human CCR7lowPD1highCD4+
TFH precursor cells (vehicle + negative control antagomir: 2.1 ±
0.4 vs. vehicle + miRNA92a antagomir: 1.6 ± 0.05; Fig. 5 A and B)
in vitro. The inhibition of human TFH differentiation was seen
with CD4+ T cells from healthy donors (Fig. 5A), as well as
from individuals with T1D (Fig. 5B). Accordingly, in human
Treg-cell induction assays using established protocols with naive
CD4+ T cells and limited T-cell receptor stimulation (31), a
miRNA92a antagomir resulted in an increase in induced
human CD127lowCD25highFoxp3high Treg cells (+ control antagomir:
35.4 ± 0.8 vs. +miRNA92a antagomir: 41.8 ± 0.5; P < 0.01; Fig. S6).

Inhibition of Murine TFH Precursors by a miRNA92a Antagomir in NOD
Mice in Vivo.As a critical model of human autoimmune T1D, NOD
mice share many similarities with human T1D, including the pres-
ence of specific autoantibodies and autoreactive T cells. In addition,
in humans and mice, the T-cell response to insulin is dominated by
a major histocompatibility complex II (MHCII) (IAg7)-restricted
segment of the insulin B chain comprising residues 9–23. In contrast
to CD4+ T cells from nonautoimmune-prone BALB/c and NOD
mice without insulin-specific autoantibodies, CD4+ T cells from
NOD mice with IAA+ autoimmunity presented with significantly
increased expression levels of miRNA92a, especially in pancreatic
lymph nodes (Fig. 6 A and B). Next, to test a possible therapeutic
value of blocking miRNA92a activity in halting immune activa-
tion in vivo, we used NOD mice with IAA+ autoimmunity and a
custom-designed locked nucleic acid (LNA) miRNA92a antagomir
(Exiqon). Of note, short-term in vivo application of a miRNA92a
antagomir (10 mg/kg i.p. on day 0, day 2, and day 6) to NOD mice
significantly lowered TFH precursors in peripheral blood compared
both with baseline levels assessed before beginning of the treatment
and with mice treated with control antagomirs [baseline before
miRNA92a antagomir application: CCR7lowPD1highCD4+ T cells
(percentage of CXCR5+CD4+ T cells): 20.9± 1.9 vs. after miRNA92a
antagomir application: 10.6 ± 1.0; P < 0.05; Fig. 6C]. Application
of miRNA92a antagomir also resulted in significantly reduced
frequencies of CCR7lowPD1high TFH precursors in pancreatic
lymph nodes [CCR7lowPD1highCD4+ T cells (percentage of CXCR5+
CD4+ T cells): control antagomir: 48.4 ± 5.9 vs. miRNA92a anto-
gomir: 30.4 ± 3.6; P < 0.05; Fig. 6 D and E]. More importantly, the
miRNA92a antagomir application reduced immune activation di-
rectly in the pancreas, because frequencies of CD4+CD44high T cells
were significantly lowered in such treated mice compared with con-
trol animals [CD4+CD44high T cells (MFI) control antagomir:
2,877 ± 316 vs. miRNA92a antagomir: 1,976 ± 224; P < 0.05; Fig.
6 F and G]. Additionally, upon treatment with a miRNA92a
antagomir, frequencies of CD4+CD25+Foxp3+ Treg cells were
increased in lymph nodes (Fig. 6 H and I).
Furthermore, when we treated NOD mice for a longer period

of 14 d (with injections four times per week at 5 mg/kg), the
miRNA92a antagomir significantly reduced the frequencies of in-
sulin-specific CD4+CXCR5+ TFH cells in pancreatic lymph nodes
(Fig. 6 J and K). Additionally, the longer treatment period resulted
in a more pronounced reduction of CD4+CD44high T cells (Fig. 6L).
In contrast, the CD44high T cells within the CD4+CD25highFoxp3+

Treg-cell population was affected to a lesser extent (Fig. S7).
Consistent with a reduced autoimmune activation upon miRNA92a
antagomir application, we observed lower levels of prolifer-
ating Ki67highCD4+ T cells in these NOD mice (Fig. 6M).

Although IAA levels had increased from baseline in control ani-
mals, IAA levels were found to be decreased in mice that were
given the miRNA92a antagomir (Fig. S8). Accordingly, histo-
pathological evaluation of pancreata from these NOD mice
revealed that miRNA92a antagomir application had reduced
pancreatic infiltration, resulting in more morphologically intact β
cells (Fig. S9 A and B). These results were confirmed using
analyses by immunofluorescence in pancreatic cryosections of
such NOD mice (Fig. S10 A–C). NOD pancreata of mice that had
received a miRNA92a antagomir showed distinctly reduced CD4+

T-cell infiltration accompanied by an enhanced abundance of lo-
cal CD4+Foxp3+ Treg cells (Fig. S10 A–C).
Next, to assess a potential human in vivo relevance of miRNA92a

antagomir application, we investigated human HLA-DQ8–restricted
insulin-specific TFH cells in humanized NOD Scid IL2 receptor
gamma chain knockout (NSG) human leucocyte antigen (HLA)-
DQ8 Tg mice in accordance with previously established procedures
(31). Specifically, we focused on human pancreas-infiltrating CD4+
T cells upon treatment with a miRNA92a antagomir (1 wk of
treatment, with injections three times per week at 10 mg/kg) or a
control antagomir. In contrast to humanized mice that were given
the control antagomir, mice that received the miRNA92a antagomir
showed distinctly reduced frequencies of HLA-DQ8–restricted
insulin-specific CD4+ T cells in pancreata of humanized NSG
HLA-DQ8 mice (Fig. 6 N and O). More importantly, miRNA92a
antagomir application significantly lowered the frequencies of insulin-
specific CD4+CXCR5+PD1+ TFH cells in pancreata of humanized
mice (Fig. 6 N and P). Overall, these findings further support a role
of blocking miRNA92a activity in limiting autoimmune activation.

Discussion
Aberrant immune activation mediated by effector T-cell pop-
ulations is pivotal in promoting the onset of autoimmunity, as in
autoimmune T1D (2, 42). In children with ongoing islet autoim-
munity, the time to progression to clinically overt T1D is highly
plastic, ranging from a few months to more than two decades (2, 5),
which highlights the critical contribution of differences in immune
activation and pathways of regulation in disease progression.
Therefore, studies of T cells from nondiabetic children according to
the duration of islet autoimmunity can provide important insights
into the regulation of aberrant immune activation, as well as into the
mechanisms involved in triggering the onset of islet autoimmunity.
Currently, the role of TFH cells in promoting the onset of human

islet autoimmunity remains unclear, especially concerning their
potential function in accelerating progression to clinically overt
T1D. Furthermore, our understanding of relevant signaling path-
ways regulating human TFH induction is limited. This knowledge
gap resulted from the fact that previous studies had focused on
analyses of TFH-cell characteristics in patients with clinically overt
T1D (43, 44), a situation where the main target of the autoimmune
attack, the insulin-producing β cells, have been destroyed already.
Until now, the role of human TFH precursors during the onset of
autoimmunity before clinically manifest T1D and relevant signaling
pathways involved in their induction has remained elusive.
To tame aberrant TFH-cell responses specifically (45), the dis-

section of molecular mechanisms that regulate TFH differentiation
and function during the onset of autoimmunity is required. Here, we
provide direct evidence that during the onset of human islet auto-
immunity, the insulin-specific target T-cell population is enriched
with a CXCR5+CD4+ TFH precursor phenotype.
Mechanistically, we show that miRNA92a is critically involved in

the induction of human TFH precursors and links the frequency of
CXCR5+CD4+ T cells and the abundance of miRNA92a with the
level of autoimmune activation. Specifically, our findings in CD4+
T cells from nondiabetic children with persistent and long-term
autoimmunity demonstrate that a reduced frequency of peripheral
CXCR5+ TFH precursors can be indicative of reduced immune
activation in accordance with a slow progression to clinically overt
T1D. In line with these results in human CD4+ T cells from
nondiabetic children with ongoing islet autoimmunity, we iden-
tify miRNA92a to be significantly up-regulated in CD4+ T cells
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Fig. 6. In vivo miRNA92a antagomir application reduces immune activation in NOD and humanized mice. The miRNA92a abundance in murine CD4+ T cells
from BALB/c mice and NOD mice with or without ongoing islet autoimmunity, as well as with T1D in peripheral blood (A) or in pancreatic lymph nodes (B), as
assessed by RT-qPCR analyses, is shown. Data represent the mean ± SEM. *P < 0.05; ***P < 0.001. (C) Summary graphs for CCR7lowPD1high T cells in peripheral
blood of NOD mice before and after treatment with either control antagomirs or a specific miRNA92a antagomir. Data represent the mean ± SEM from two
independent experiments (n = 4). *P < 0.05. (D) FACS plots for the identification of CCR7lowPD1high TFH precursors in pancreatic lymph nodes of NOD mice
after treatment with control antagomir or miRNA92a antagomir. (E) Summary graphs for CCR7lowPD1high T cells in pancreatic lymph nodes of NOD mice given
a control antagomir or a specific miRNA92a antagomir. Data represent the mean ± SEM from two independent experiments (n = 4). *P < 0.05. (F) FACS
histograms for the identification of CD4+CD44high T cells of pancreas-infiltrating T cells of NOD mice treated with either control antagomirs or a miRNA92a
antagomir. (G) Summary graphs for CD4+CD44high T cells of pancreas-infiltrating T cells of NOD mice as indicated in F. Data represent the mean ± SEM from
two independent experiments (n = 4). *P < 0.05. (H) Identification of CD4+CD25+Foxp3+ T cells of NOD mice given a control antagomir or a miRNA92a
antagomir. (I) Summary graphs for CD4+CD25highFoxp3high T cells of NOD mice as indicated in H. Data represent the mean ± SEM from two independent
experiments (n = 4). *P < 0.05. (J) Identification of IAg7-restricted, insulin-specific CD4+ T cells and CXCR5+ TFH cells in pancreatic lymph nodes of NOD mice
given a control antagomir or miRNA92a antagomir. (K) Frequencies of insulin-specific TFH cells as in J (mean ± SEM from two independent experiments; n =
4). *P < 0.05. (L) Frequencies of activated CD44high T cells upon treatment with a control or a miRNA92a antagomir. Data represent the mean ± SEM from two
independent experiments (n = 4). ***P < 0.01. (M) Proliferating CD4+Ki67high T cells upon treatment with a control or a miRNA92a antagomir. Data represent
the mean ± SEM from two independent experiments (n = 4). *P < 0.05. (N) Frequencies of human insulin-specific CD4+ T cells in pancreata of humanized mice
as in P (mean ± SEM; n = 5). **P < 0.01. (O) Frequencies of human insulin-specific CXCR5+PD1+CD4+ T cells in pancreata of humanized mice as in P (mean ±
SEM; n = 5). *P < 0.05. (P) Identification of human HLA-DQ8–restricted, insulin-specific CD4+ T cells and CXCR5+PD1+ TFH cells in pancreata of humanized NSG
HLA-DQ8 Tg mice given a control antagomir or a miRNA92a antagomir. APC, allophycocyanin; PerCP, peridinin chlorophyll protein; spec., specific.
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purified from pancreatic lymph nodes of NOD mice upon initia-
tion of islet autoimmunity.
These findings highlight the importance to study miRNAs in the

context of human autoimmunity, particularly in disease-relevant
lymphocyte populations, to advance our understanding of gene
regulation in autoimmunity, as well as for the identification of
novel biomarkers indicative of pathogenic processes (46). More-
over, such miRNAs could function as future drug targets, because
sequence-specific miRNA inhibitors were proven to work in pa-
tients (47). The delivery of such molecules to immune cells has
been challenging; however, there are encouraging results for local
or systemic application of miRNA inhibitors in autoimmunity
and allergy (48, 49). Of note, in vivo application of a miRNA92a
antagomir to NOD mice with ongoing islet autoimmunity reduced
TFH precursors in peripheral blood and pancreatic lymph nodes.
More importantly, application of a miRNA92a antagomir signifi-
cantly lowered immune activation directly in the pancreas.
The identification of specific miRNA targets and defining their

functional relevance remain challenging, because a single miRNA
can directly regulate hundreds of genes and the amplitude of con-
trol is generally rather modest (50). Here, we provide evidence for
repression of PTEN and PHLPP2, thereby permitting a boost of
PI3K-Akt kinase signaling to trigger immune activation and TFH
differentiation (36). This finding is consistent with an important
role of PI3K in the germinal center response (51, 52). Down-
regulation of PHLPP2 was shown to be critical for signaling via
ICOS-PI3K, which drives the migration of T cells into B-cell follicles
(53), a critical part of the TFH differentiation program (51).
We likewise found CTLA4 abundance to be significantly down-

regulated during the onset of islet autoimmunity. Accordingly, T cells
in CTLA4-deficient mice differentiate spontaneously into TFH cells
in vivo, supporting a model in which CTLA4 mediates regulation of
TFH-cell differentiation by graded control of CD28 engagement (54).
Moreover, during the onset of islet autoimmunity, Foxo1

abundance was significantly reduced. In accordance, murine data
showed that Foxo1 negatively regulates Bcl6 and that its enforced
nuclear localization prevents TFH-cell differentiation (12). In line
with the fact that ICOS coreceptor signaling inactivates Foxo1 (12),
we saw here significantly enhanced abundance of ICOS in CD4+ T
cells from children with recent onset of islet autoimmunity.
In mice, KLF2 functions as a key modulator of homing recep-

tors involved in lymphocyte migration (55, 56). KLF2 serves to
restrain murine TFH-cell generation (15), and induced KLF2
deficiency in activated CD4+ T cells promotes TFH-cell genera-
tion and B-cell priming. Additionally, KLF2 promotes expression
of the trafficking receptor S1PR1, and S1PR1 down-regulation
was essential for efficient TFH-cell production (15).
Importantly, based on the observed significant down-regulation

of KLF2 in CD4+ T cells from children with ongoing islet auto-
immunity, we demonstrate that reduced KLF2 abundance can
promote human TFH precursor induction during the onset of islet
autoimmunity. In accordance with a low abundance of KLF2, we
found a high abundance of CXCR5 and low expression of S1PR1
in T cells from children with ongoing islet autoimmunity. In ad-
dition, ICOS was highlighted to maintain the TFH phenotype by
repressing KLF2 (57).
Of note, we highlight KLF2 as a potential target of miRNA92a

in the regulation of islet autoimmunity. In accordance, during
TFH induction assays, a miRNA92a mimic promoted a signifi-
cant down-regulation of KLF2 mRNA abundance in CD4+ T
cells. Moreover, miRNA92a-mediated induction of TFH pre-
cursor cells was significantly blunted in the presence of a specific
miRNA92a-KLF2 TSB.
In addition, in T cells from such miRNA92a-mediated TFH

precursor induction assays, we observed an enhanced abundance
of the E3 ubiquitin ligase ITCH, which was found to be essential
for the differentiation of TFH cells (13), and a reduced expression
of Foxo1. Importantly, KLF2 functions as a direct downstream
transcriptional target of Foxo1 (58, 59). Therefore, the reduced
abundance of KLF2 could be aligned with the fact that during
onset of islet autoimmunity, we observed Foxo1 abundance to be

significantly down-regulated, whereas ICOS and miRNA92a
abundance was found to be up-regulated.
With respect to a potential future targeting of TFH cells within

the autoimmune disease process, we found CXCR5+CD4+ TFH
cells at higher frequencies in at-risk children with islet autoantibody
conversions within the past 5 y (recent onset of islet autoimmunity).
Those children with multiple autoantibodies defined as having
persistent (5–10 y) and long-term (>10 y) autoimmunity usually
harbored frequencies similar to autoantibody-negative children.
These observations are in line with concepts that children with a
slow-progressor phenotype might have regulated the disease process
or might at least be in a transient state of immune regulation.
Furthermore, these findings also support the hypothesis that auto-
immune T1D might have a relapsing/remitting disease phenotype.
The fact that we observed frequencies of TFH cells to be particularly
increased in early stages of the disease process is in accordance with
a critical role of TFH cells in promoting B-cell activation and au-
toantibody production, and would therefore suggest that targeting of
this population may be important during the very early disease
stages. Consistent with this concept, in a limited set of longitudinal
samples of children with various durations of islet autoimmunity, we
again found the highest frequencies of TFH cells, and particularly
Th2-like TFH cells, in early stages of islet autoimmunity. In the
future, a more detailed analysis of longitudinal samples from islet
autoantibody-positive children will help to clarify further the role of
TFH cells in promoting progression to clinical disease.
In conclusion, the findings of this work provide evidence that

during the onset of human islet autoimmunity, the insulin-specific
target T-cell population is enriched in CXCR5+ TFH precursor cells.
Moreover, we present a model in which, during the onset of human
islet autoimmunity, miRNA92a-mediated TFH precursor cell in-
duction is regulated by PTEN-PI3K signaling involving up-regulation
of ICOS and down-regulation of PTEN, PHLPP2, and Foxo1. In
addition, we show that KLF2 can function as a target of miRNA92a
in promoting induction of TFH precursors. Importantly, miRNA92a
antagomir application blocks TFH induction in vitro and significantly
reduces islet autoimmunity in NOD mice with ongoing islet autoim-
munity in vivo. Of note, in humanized NSG HLA-DQ8 Tg mice,
administration of a miRNA92a antagomir significantly lowered fre-
quencies of pancreas-residing, insulin-specific TFH cells. We there-
fore propose that manipulating miRNA92a or the PTEN-PI3K-KLF2
signaling network may facilitate the development of innovative regi-
mens for the blockade of human T1D islet autoimmunity.

Materials and Methods
Human Subjects and Blood Samples. Blood samples were collected from first-
degree relatives of patients with T1D (children or adults). All subjects have
alreadybeen enrolled into longitudinal studieswithprospective follow-up from
birth (60–62). Written informed consent was received from participants before
inclusion in the Munich Bioresource Project (approval no. 5049/11; Technische
Universität München). The age of islet autoantibody seroconversion (onset of
islet autoimmunity) was documented. Blood samples from children with newly
manifest T1D were collected from the German new onset diabetes in the young
incident cohort study (approval no. 08043; Ethikkommission der Bayerischen
Landesärztekammer) (32, 33). Blood samples consisted of venous blood col-
lected in sodium heparin tubes, and blood volumes collected were based on
European Union guidelines, with a maximal blood volume of 2.4 mL/kg body
weight. Subjects have been stratified based on the presence or absence of
multiple islet autoantibodies (with or without pre-T1D) and based on the du-
ration of islet autoantibody positivity as follows: no autoimmunity: first-degree
relatives of patients with T1D who are islet autoantibody-negative [n = 11,
median age = 8 y, interquartile range (IQR) = 6–15 y, six males and five fe-
males]; recent onset of islet autoimmunity: subjects with multiple islet auto-
antibodies for less than 5 y (n = 8, median age = 7 y, IQR = 4–14 y, six males and
two females); persistent autoimmunity: subjects with multiple islet autoanti-
bodies for more than 5 but less than 10 y (n = 9, median age = 12 y, IQR = 9.25–
17.5 y, seven males and two females); and long-term autoimmunity: subjects
with multiple islet autoantibodies for more than a decade who had not yet
developed T1D (n = 7, median age = 15 y, IQR = 14–25 y, three males and four
females). For the blood samples, the investigators were not blinded to the
presence and duration of assessed islet autoimmunity of children as described
above during analyses of ex vivo T-cell phenotypes.
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Human Cell Isolation. Peripheral bloodmononuclear cells (PBMCs)were isolated
by density centrifugation over Ficoll–Paque PLUS (GE Healthcare). For TFH-cell
induction assays, human CD4+ T cells were isolated from fresh PBMCs via
positive magnetic bead enrichment (CD4 microbeads; Miltenyi Biotec) and
B cells were isolated from the flow-through using CD19 microbeads (Miltenyi
Biotec) following the manufacturer’s protocol. For tetramer stainings, human
CD4+ T cells were isolated by negative enrichment from fresh PBMCs (EasySep
Human CD4+ T-Cell Isolation Kit; Stemcell).

Cell Staining, Flow Cytometry, and Cell Sorting. A description of monoclonal
antibodies used for FACS stainings can be found in SI Materials and Methods.

Cells were acquired on a BD FACS Aria III cell sorting system flow cytometer
using FACS Diva software (both from BD Biosciences) with optimal compensation
andgain settings determined for each experiment based onunstained and single-
color–stained samples. Doublets were excluded based on side scatter area (SSC-A)
vs. side scatter width (SSC-W) plots. Live-cell populations were gated on the basis
of cell side and forward scatter, as well as the exclusion of cells positive for Sytox
Blue (Life Technologies). At least 50,000 gated events were acquired for each
sample and analyzed using FlowJo Software Version 7.6.1 (TreeStar, Inc.).

Insulin-Specific HLA-DQ8–Restricted Tetramer Stainings. Fluorescent HLA-DQ8
tetramers based on insulin B-chain 10–23 mimetopes were developed in collab-
oration with the NIH tetramer facility. Specifically, a 14E-22E tetramer and a 14E-
21G-22E-HLA-DQ8-phycoerythrin (PE)–labeled tetramer were combined in
stainings. Untouched CD4+ T cells (as described above) were incubated with tet-
ramers for 1 h at 37 °C in humidified 10% (vol/vol) CO2, with gentle agitation
every 20 min. Surface marker staining was performed directly afterward for
20 min at 4 °C. A set of exclusion markers [CD8, CD11b, CD19, CD14, and a dead
cell exclusion marker (Sytox)] was used to increase specificity of the staining. As
negative controls, we used a combination of two HLA-DQ8 tetramers fused to
irrelevant peptides (PVSKMRMATPLLMQA and QDLELSWNLNGLQADL) and la-
beled with PE. Virtually no CD4+ T cells were detected with the control tetramers.

Insulin-Specific IAg7-Restricted Tetramer Stainings. Fluorescent IAg7-tetramers
based on insulin B-chain 10–23 mimetopes were received from the NIH tetramer
core facility. Specifically a 22E tetramer and a 21G-22E-IAg7-PE–labeled tetramer
were combined in stainings. A set of exclusion markers [CD8a, CD11b, CD11c,
CD14, B220, F4/80, and a dead cell exclusion marker (Sytox)] was used to increase
specificity of the staining. As negative controls, we used one IAg7 tetramer fused
to an irrelevant peptide (AMKRHGLDNYRGYSL) and labeled with PE (31).

Isolation and Processing of Small RNAs/miRNAs. Small RNAs/miRNAs were
isolated using the miRNeasy Micro Kit (Qiagen). RNA concentration and purity
were determined using a NanoDrop (Epoch; Biotech) and/or RNA Nano Chip
and Agilent 2100 Bioanalyzer (Agilent Technologies). For cDNA synthesis, the
Universal cDNA Synthesis Kit II (Exiqon) was used according to the instructions.
Quantitative PCR (qPCR) was performed using ExiLENT SYBR Green PCRMaster
Mix (Exiqon) in combination with miRCURY LNA primers for miRNA92a-3p,
miRNA19a-3p, and miRNA18a-5p. For normalization, miRCURY LNA primers
for the housekeeper 5s rRNA were used (Exiqon). The reaction was run on a
CFX96 real-time system (BioRad).

Isolation and Processing of mRNAs. mRNAs were isolated using the miRNeasy
Micro Kit (Qiagen). cDNA synthesis was performed with either the SMARTer
Ultra Low Input RNA Kit for Sequencing Version 3 (Takara Clontech) when cell
material was limited or the iScript cDNA Synthesis Kit (BioRad) when cell ma-
terial was not limited. For the SMARTer kit, cycle numbers for amplification
were adjusted for the lower RNA content of T cells. For qPCR, SsoFast Evagreen
Supermix (BioRad) was used (primer information can be found in SI Materials
and Methods). For normalization, the primers for the housekeeping genes 18s
(Quantitect Primer Assay; Qiagen) and Histone (forward: ACT GGC TAC AAA
AGC CGC TC, reverse: ACT TGC CTC CTG CAA AGC AC) were used. The reactions
were run on a CFX96 Real-Time System.

In Vitro TFH Precursor Cell Induction Assay.NaiveT cellswere sort-purifiedasCD4+,
CD3+, CD45RA+, CD45RO−, and CXCR5−, and memory B cells were sorted as CD20+

and CD27+. Both cell types were cocultured at a ratio of 1:1. The cells were stim-
ulated with 5 μg/mL anti-CD3 (Okt3) and anti-CD28 (CD28.2), both from Biolegend;
in some experiments, IL-6 and IL-21, both at 50 ng/mL (Peprotech), were added in
accordance with previously established procedures (16, 21). On day 5, CD4+ T cells
were analyzed by flow cytometry on a BD FACS Aria III for expression of CXCR5,
PSGL1, PD-1, and CCR7. In some experiments, PMA/ionomycin stimulation (PMA at
50 ng/mL and ionomycin at 1 μg/mL) was added to the assay 12 h before analysis.
TFH induction assays have likewise been performed in presence of a PI3K inhibitor
(LY294002 at 10 μM) or a PTEN inhibitor (SF1670 at 325 nM), respectively.

Application of miRNA92a Mimic, Antagomir, and KLF2 TSB to Human CD4+ T
Cells. PLGA-coated nanoparticles, loadedwithmiRNA92amimic (miRCURY LNA
microRNA Mimic; Exiqon) were added to the wells of the TFH differentiation
assay at a ratio of 1:50 mimic/nanoparticles. The final concentration of mimic
was 0.75 ng/μL per 100,000 cells (referred to as “high”). Titration was per-
formed, with “medium” referring to 0.375 ng/μL per 100,000 cells and “low”

referring to 0.1875 ng/μL per 100,000 cells. For the miRNA92a antagomir, the
final concentration was 2 ng/μL per 100,000 cells. Control experiments were
performed with nanoparticles and negative miRCURY LNA microRNA Mimic
controls. The guide strands were found to have no homology to any known
miRNA or mRNA sequences in mouse, rat, or human (63). For investigation of
KLF2 as a possible target of miRNA92a, a KLF2 TSB or control TSB (custom-
designed by Exiqon) was added to the assay at 2 ng/μL per 100,000 cells.

Mice. For ex vivo analysis of miRNA92a abundance in CD4+ T cells, pancreatic
lymph nodes from NOD/ShiLtJ mice (The Jackson Laboratory) (according to their
insulin autoantibody status; the insulin autoantibody assay protocol is described
in SI Materials and Methods) or age-matched BALB/c controls were ground
through 70-μm cell strainers, stained with antibodies (Materials and Methods,
Cell Staining, Flow Cytometry, and Cell Sorting), and magnetic activated cell
sorting (MACS)-purified using CD4-Biotin and Streptavidin Microbeads (Miltenyi
Biotec). Total CD4+ T cells were sort-purified, and miRNA abundance was de-
termined as described above.

For the in vivo inhibition of miRNA92a, age-matched, insulin autoantibody-
positive female NOD/ShiLtJ mice (The Jackson Laboratory) were randomized
into two groups. For short-term treatment, the mice were injected i.p. with
10 mg/kg custom-designed in vivo LNA miRNA92a antagomir (Exiqon) or
control antagomir on day 0, day 2, and day 6. Analysis of insulin-specific or
polyclonal TFH frequencies was performed from peripheral blood, pancreatic
lymph nodes, and all remaining lymph nodes onday 7. In addition, pancreata of
the treated mice and control mice were analyzed for the activation status of
infiltrating T cells on day 7. Therefore, pancreata were digested in 1 mg/mL
Collagenase V for 5 min at 37 °C and passed through a 100 μM cell strainer.
For long-term treatment, the mice were injected i.p. with 5 mg/kg in vivo
miRNA92a antagomir or control antagomir every second day for 14 d. Insulin-
specific or polyclonal TFH frequencies were analyzed in peripheral blood and
pancreatic lymph nodes on day 14. To analyze pancreas pathology, pancreata
were embedded in Cryomold and frozen on dry ice for cryosections. For analysis
of the in vivo effect of miRNA92a on the human immune cells, NOD.Cg-
Prkdcscid H2-Ab1tm1Gru Il2rgtm1Wjl Tg (HLA-DQA1, HLA-DQB1)1Dv//Sz (NSG
HLA-DQ8 Tg) mice, developed by Leonard Shultz, The Jackson Laboratory, Bar
Harbor, ME, were used. These mice lack mouse MHC class II, although they
express the human HLA-DQ8 transgenically. NSG HLA-DQ8 mice are immuno-
deficient and develop a human immune system after reconstitution with human
hematopoietic cells. Donors for reconstitution were sex-matched. The treatment
of humanized mice with the in vivo miRNA92a antagomir was performed with
three i.p. injections of 10 mg/kg over 7 d. No animals were excluded due to
illness or outlier results; therefore, no exclusion determination was required.

Ethical approval for all mouse experimentation has been received by the
District Government of Upper Bavaria, Munich, Germany (approval nos. 5.2-
1-54-2532-81-12 and 55.2-1-54-2532-84-12). The investigators were not blinded
to group allocation during the in vivo experiments or to the assessment of
experimental end points.

Histopathology of NOD Pancreata. Pancreata were embedded with TissueTek
O.C.T. Compound and frozen on dry ice, and serial sections were stained with
hematoxylin and eosin. Insulitis scoring was performed as previously described
(64, 65). The following scores were assigned: 0, intact islets/no lesions; 1, per-
iislet infiltrates; 2, <25% islet destruction; 3, >25% islet destruction; and 4,
complete islet destruction.

Immunofluorescence. Immunofluorescence staining was done using rabbit–
anti-mouse insulin antibodies (Cell Signaling) and donkey–anti-rabbit Alexa647

antibodies (Dianova). For CD4 staining, rat–anti-mouse (Becton, Dickinson and
Company) antibodies were used, followed by goat–anti-rat AlexaFluor488

(Dianova). For FOXP3 staining, cells were incubated with rat–anti-mouse anti-
bodies (eBioscience) and goat–anti-ratbio (Becton, Dickinson and Company) com-
bined with TSA Cyanine3 amplification (PerkinElmer). Nuclei were counterstained
with HOECHST 33342 dye (Invitrogen). Negative control slides were incubated
with secondary antibodies. Cells were analyzed by confocal microscopy (Olympus).

Statistics. Results are presented as themean and SEM or as percentages, where
appropriate. For normally distributed data, the 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
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sample or subject tested under different conditions. The nonparametric Wilcoxon
signed-ranks test was applied when data did not show a Gaussian distribution.
Group size estimations were based upon a power calculation to yield minimally
an 80% chance to detect a significant difference in the respective parameter of
P < 0.05 between the relevant groups. 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 (P > 0.05). Analyses were per-
formed using the programs GraphPad Prism 6 and the Statistical Package for
the Social Sciences (SPSS 19.0; SPSS, Inc.).
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Antibodies for Flow Cytometry. The following monoclonal anti-
bodies were used for human FACS staining: anti-CD45RO allo-
phycocyanin (APC)-H7 (UCHL1), anti-CD4 V500 (RPA-T4),
anti-PD1 peridinin chlorophyll protein (PerCP)-Cy5.5
(EH12.1), and anti-CD45 APC-H7 (2D1) (all from BD Biosci-
ences) and anti-CD45RA FITC (HI100), anti-CD8a Pacific Blue
(RPA-T8), anti-CD11b Pacific Blue (ICRF44), anti-CD14 Pacific
Blue (HCD14), anti-CD19 Pacific Blue (HIB19), anti-CCR7 PE-
Cy7 (G043H7), anti-CXCR5 APC (J252D4), anti-CD3 Alexa Fluor
700 (HIT3a), anti-CXCR3 APC-Cy7 (G025H7), anti-CXCR3
PerCP-Cy5.5 (G025H7), anti-CCR6 PE-Cy7 (G034E3), anti-ICOS
PE (C398.4A), anti-PSGL1 PE (KPL-1), anti-CD20 FITC (2H7),
and anti-CD27 APC (M-T271) (all from Biolegend). For murine
FACS staining, the following monoclonal antibodies were used:
anti-CD4 Biotin (GK1.5), anti-CD14 BD Horizon 450 (rmC5-3),
and anti-Bcl6 Alexa Fluor 647 (K112-91) (all from BD Biosci-
ences); anti-CD44 PE (IM7), anti-CD25 PerCP-Cy5.5 (PC61), anti-
ICOS FITC (C398.4A), anti-CXCR5 PerCP-Cy5.5 (L138D1), anti–
PD-1 Alexa Fluor 780 (J43), anti-CD4 Alexa Fluor 700 (RM4-5),
anti-CD8a Pacific Blue (53-6.7), anti-CD11b Pacific Blue (M1/70),
anti-B220 Pacific Blue (RA3-6B2), anti-F4/80 Pacific Blue (BM8),
and anti-CD11c Brilliant Violet 421 (N418) (all from Biolegend);
and anti-CCR7 PE (4B12) and anti-Foxp3 FITC (FJK-16s) (both
from eBiosciences).

Primers. For RT-qPCR analysis of gene expression, the following
primers were used: QuantiTect Primer Assays (Qiagen) for IFN-γ,
IL-13, IL-10, CXCR5, ICOS, ITCH, Bcl6, KLF2, PTEN, Foxo1,
S1P1R, PHLPP2, and CTLA4 and PrimePCR PreAmp for SYBR
Green Assay (BioRad) for Ascl2, IL-17a, and IL-4. The sequence
for the primers for ICOS is as follows: forward (Fwd): GCA CGA
CCC TAA CGG TGA AT and reverse (Rev): GAA AAC TGG
CCAACG TGC TT, and the sequence for the primers for IL-21 is
as follows: Fwd: CTC CCA AGG TCA AGA TCG CC and Rev:
TGG CAG AAA TTC AGG GAC CA.

Chitosan-Coated PLGA Nanoparticle Preparation and Characterization.
The nanoparticles were produced following the method described
by Ravi Kumar et al. (39) using PLGA Resomer RG 752H
(Evonik) and Protasan UP CL 113 Chitosan (NovaMatrix). For
confocal imaging, the nanoparticles were produced with a 5-fluo-
rescineamine (FA)-PLGA conjugate. The measured hydrodynamic
diameter was 146.7 ± 0.8 nm (152.8 ± 1.2 nm), the polydispersity
index was 0.068 ± 0.009 (0.056 ± 0.007), and the zeta potential was

+29.6 ± 0.3 mV (+29.6 ± 0.7 mV) for the chitosan-coated PLGA
nanoparticles and FA-labeled nanoparticles.

Analysis of miRNA/Nanoparticles Uptake by Confocal Imaging of CD4+

T-Cell Cytospins.Chitosan-coated PLGA nanoparticles (∼130 nm in
size) with or without fluorescent label (FA) were obtained from
Claus-Michael Lehr at the Department of Drug Delivery, Helm-
holtz Institute for Pharmaceutical Research Saarland, Saarland
University, Germany. Successful uptake and delivery of miRNA to
human and murine CD4+ T cells was determined: Respective
naive CD4+ T cells were stimulated with anti-CD3/anti-CD28 for
18 h in the presence of FA-labeled nanoparticles complexed with
miRIDIANmiRNA transfection control (Dy547). The uptake was
initially confirmed by identification of a clearly distinguishable
FA+ population using FACS analysis. Additionally the uptake was
confirmed by confocal imaging: Human naive CD4+ T cells were
stimulated as described above for 18 h in the presence or absence
of nanoparticles and labeled miRIDIAN miRNA mimic trans-
fection control (Dy547). After the stimulation, CD4+ T cells were
washed and fixed. Upon generation of cytospins, intracellular lo-
calization of nanoparticles and delivered miRNA were assessed by
confocal microscopy.

Insulin Autoantibody Assay. Insulin autoantibodies were determined
using an ELISA system as described previously. In brief, high-
binding, 96-well plates (Costar) were coated with human re-
combinant insulin (10 μg/mL; Sigma–Aldrich) overnight at 4 °C.
Unspecific blocking was done using PBS containing 2% BSA for
2 h at room temperature. Preincubated serum (diluted 1:10) with
or without insulin competition was added and incubated for 2 h at
room temperature. After four wash steps, biotinylated anti-mouse
IgG1 (Abcam) diluted 1:10,000 in PBS/BSA was added for 30 min
at room temperature. After washing the plate, horseradish per-
oxidase-labeled streptavidin was added for 15 min. The plate was
washed five times, and tetramethylbenzidine (TMB) substrate
solution was added (OptEIA reagent set; Becton, Dickinson
and Company). The reaction was stopped using sulfuric acid, and
fluorescent intensity was determined in the Epoch plate reader
(Biotech). Each sample was run in duplicate with and without
competition using human insulin. For each sample, an index was
calculated based on the mean of the results.
To determine levels of IAA in NOD mice, a Protein A/G

radiobinding assay based on 125I-labeled recombinant human in-
sulin was applied as previously described (62). Serum from non-
autoimmune prone BALB/c mice was used as negative control.

Serr et al. www.pnas.org/cgi/content/short/1606646113 1 of 8

www.pnas.org/cgi/content/short/1606646113


Fig. S1. (A) miRNA92a abundance in CD4+CD3+CD127lowCD25high Treg cells. miRNA18a (B) and miRNA19a (C) abundance in human CD4+ T cells purified from
children with or without pre-T1D (no autoimmunity, n = 10; recent onset of autoimmunity, n = 6; long-term autoimmunity, n = 6) as assessed by qRT-PCR
analyses. Data represent the mean ± SEM. *P < 0.05; **P < 0.01.
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Fig. S2. (A) Correlation of duration of islet autoimmunity (months of multiple islet autoantibody positivity) with CXCR5+CCR7lowPD1highCD4+ T cells.
(B) Correlation of miRNA92a abundance in CD4+ T cells with IAA levels in serum.

Fig. S3. Assessment of uptake, intracellular colocalization of FA-labeled nanoparticles, and Dy457-labeled transfection control miRNA mimic in CD4+ T cells
upon stimulation with anti-CD3/anti-CD28 by confocal microscopy.
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Fig. S4. (A) TFH precursor induction using human naive CD4+ T cells in the presence of memory B cells and IL-6, IL-21, and a titration of a miRNA92a mimic (low =
0.0375 μg in 200 μL per 100,000 cells, medium = 0.075 μg in 200 μL per 100,000 cells, and high = 0.15 μg in 200 μL per 100,000 cells) or a negative miRNA mimic
control. Summary graph for frequencies of PSGL1−CD4+ T cells is shown as percentages of CD4+CD45RA− T cells (n = 4). Data represent the mean ± SEM from
duplicate wells per individual. *P < 0.05. (B) TFH precursor induction using human naive CD4+ T cells in the presence of memory B cells and a miRNA92a mimic or a
negative miRNA mimic control. Summary graph for frequencies of CXCR5+CD4+ T cells is shown as percentages of CD4+CD45RA− T cells (n = 4). Data represent the
mean ± SEM from duplicate wells per individual. *P < 0.05. (C) TFH precursor induction using human naive CD4+ T cells in the presence of memory B cells and a
miRNA92a mimic or a negative miRNAmimic control. In such assays, PMA (50 ng/mL) and ionomycin (1 μg/mL) were added for the last 12 h of the experiments, and
frequencies of CXCR5+CD4+ T cells shown as percentages of CD4+CD45RA− T cells were analyzed (n = 4). Data represent the mean ± SEM from duplicate wells per
individual. **P < 0.01.
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Fig. S5. TFH precursor induction using human naive CD4+ T cells in the presence of memory B cells with or without a miRNA92a mimic or respective negative
control mimics. Summary graphs are shown for frequencies of CCR7lowPD1high cells presented as percentages of CXCR5+CD45RA−CD4+ T cells after a 3-d cul-
ture. Data represent the mean ± SEM. *P < 0.05.

Fig. S6. (A) Human Treg-cell induction using human naive CD4+ T cells in the presence of a miRNA92a antagomir (0.075 μg in 200 μL per 100,000 cells) or
respective negative control antagomir and limited T-cell receptor stimulation. (B) Summary graph for frequencies of induced human CD127lowCD25high

Foxp3high Treg cells (n = 4). Data represent the mean ± SEM from triplicate wells. **P < 0.01.
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Fig. S7. Summary graph for CD44high expression in CD4+CD25+Foxp3+ Treg cells purified from lymph nodes of NOD mice given a control antagomir or a
miRNA92a antagomir (14 d of treatment, with injections four times per week at 5 mg/kg) (n = 5 per group). Data represent the mean ± SEM. *P < 0.05.

Fig. S8. Summary graphs for IAA levels from NOD mice before and after treatment with either control antagomirs or a specific miRNA92a antagomir (14 d of
treatment, with injections four times per week at 5 mg/kg) (n = 5 per group). Data represent the mean ± SEM. *P < 0.05.
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Fig. S9. (A) Histopathological evaluation of pancreas sections from NOD mice with IAA+ autoimmunity that were given a control antagomir or a miRNA92a
antagomir (14 d of treatment, with injections four times per week at 5 mg/kg). Representative hematoxylin and eosin-stained pancreas cryosections are shown.
(B) Grading of insulitis from NOD mice as in A (n = 5 per group).
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Fig. S10. (A) Immunofluorescence for insulin (white), CD4 (green), and Foxp3 (red) in pancreatic cryosections of NOD mice given a control inhibitor or a
miRNA92a inhibitor (14 d of treatment, with injections four times per week at 5 mg/kg). (B) CD4+ T cells infiltrating the pancreas as in A. Shown are box and
whiskers plots of CD4+ T cells per high-power field. (C) CD4+Foxp3+ T cells in the percentage of infiltrating CD4+T cells per high-power field of mice as in A (n =
5 per group).
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4. Discussion 
Defects in immune tolerance are critical triggers of autoimmune T1D. A better understanding 
of their molecular basis is therefore pivotal for the development of novel therapeutic 
strategies aimed at limiting autoimmune activation and progression. The highly variable 
progression to symptomatic T1D which ranges from a few months to more than two decades 
in children underscores the plasticity in mechanisms regulating immune activation versus 
immune tolerance. T cells from children at a pre-symptomatic stage of the disease, who are 
autoantibody positive but have not yet progressed to symptomatic T1D, offer therefore a 
valuable resource for studying signaling pathways involved in aberrant immune activation 
versus immune tolerance.  

The launch of prospective follow-up cohort studies in the end of the 1980s and beginning of 
the 1990s has led to significant improvements in the risk assessment in children genetically at 
risk for T1D (Achenbach et al., 2009; Näntö-Salonen et al., 2008; Rewers et al., 1996; Thumer 
et al., 2010; Warncke et al., 2013; Ziegler and Bonifacio, 2012; Ziegler et al., 1999). In 
combination with advances in the detection and quantification of islet autoantibody titers it 
has become possible to define the pre-symptomatic stage of T1D more precisely. In this 
regard it is now clear, that children with two or more islet autoantibodies will develop T1D, 
however the time of progression is highly variable (Ziegler et al., 2013). Therefore, a stage of 
the disease without clinical symptoms but with the presence of multiple islet autoantibodies 
is proposed to be included in the diagnosis of T1D in a new staging strategy (Insel et al., 
2015). The heterogeneity in the progression time from seroconversion to symptomatic T1D 
led to the stratification of children into fast versus slow progressors (Achenbach et al., 2013). 
Data from cohort studies has revealed that fast and slow progressors differ in many aspects 
of the disease. For example, slow progressors harbor an accumulation of protective 
genotypes, whereas fast progressors show increased levels of autoantibodies and a different 
autoantibody composition at seroconversion (Achenbach et al., 2013; Pöllänen et al., 2017). 
However, the prediction of progression time from seroconversion to symptomatic T1D 
remains challenging.  

Because of these strong differences in islet autoimmunity development before the onset of 
the symptomatic disease, the aim of this thesis was to contribute to the dissection of 
mechanisms of immune activation versus immune tolerance in islet autoimmunity. The focus 
was set on T cell responses and more specifically on Tregs, because of their pivotal role in 
regulating immunological tolerance. Insulin epitopes have been demonstrated to be critical 
targets of the autoimmune attack with insulin autoantibodies being usually the first to appear 
in humans (Hummel et al., 2004) and the specificity of more than 90% of islet infiltrating T cell 
clones in NOD mice to the insulin B:9-23 epitope (Alleva et al., 2001; Daniel et al., 1995a). 
Therefore, the primary aim of this thesis was to investigate insulin-specific CD4+T cell 
responses during islet autoimmunity.  
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The strong association of many autoimmune diseases with certain HLA haplotypes suggests 
that peptide presentation is a crucial component of aberrant autoimmune activation and 
disease development. Weak interactions of important autoantigens with the high-risk HLA 
molecules have been reported for different autoimmune diseases, including T1D and Multiple 
Sclerosis (Fairchild et al., 1993; He et al., 2002; Lee et al., 1998; Mason et al., 1995). The weak 
interaction of MHCII-peptide complexes with the TCR, due to inefficient antigen presentation, 
can lead to the escape of autoreactive T cells from negative selection in the thymus 
(Wucherpfennig and Sethi, 2011) and can additionally hinder Treg induction in the periphery. 
We devised novel strong-agonistic insulin B:9-23 mimetopes, based on work from John 
Kappler’s group (Stadinski et al., 2010b) (Crawford et al., 2011) and the crystal structure (Lee 
et al., 2001a) of the HLA-DQ8 B:9-23 complex  (ins.mim.1 = 14E-21G-22E and ins.mim.4 = 
14E-21E-22E) and compared them to the previously established mimetopes used in the NOD 
mouse model (ins.mim.2 = 21G-22E and ins.mim.3 = 21E-22E) or the natural insulin B:9-23 
epitope. The alteration at position 14 led to a significantly improved stimulatory capacity of 
these novel mimetopes, compared to the ins.mim.2 and ins.mim.3, as highlighted by the 
increased proliferative response of insulin-specific CD4+T cell clones (Serr et al., 2016a). Our 
findings are in line with the analysis of the crystal structure of the HLA-DQ8 B:9-23 complex: 
the P1 position of the HLA-DQ8 binding pocket is lined by two positively charged amino 
acids (arginine and histidine) and a negatively charged glutamic acid at position 14  (14E) of 
the peptide can form a hydrogen bond network with the P1 pocket (Lee et al., 2001a). 
Accordingly, we also observed an increased binding affinity of ins.mim.1 and ins.mim.4 to the 
HLA-DQ8 (Serr et al., 2016a) 

Importantly, we likewise aimed to establish novel tools that will permit the direct ex vivo 
analysis of the relevant human insulin-specific Foxp3+Treg population – a critical step 
currently missing in symptomatic T1D prevention efforts. We therefore used these two novel 
insulin variants for the design of human HLA-DQ8-restricted insulin-specific tetramer 
reagents. Using these tetramer reagents, we show a decrease in insulin-specific Treg 
frequencies in children with recent activation of islet autoimmunity (development of 
autoantibodies within the last 5 years, without progression to symptomatic T1D). In contrast, 
we observed significantly increased frequencies of insulin-specific Tregs in children which are 
autoantibody positive for more than 10 years, but have not yet progressed to symptomatic 
T1D, which indicates that these children are in a transient state of immune tolerance and 
supports the hypothesis of inducing these cells to prevent or delay the progression form islet 
autoimmunity to symptomatic T1D (Serr et al., 2016a).  

In line with the differences in immune tolerance in these pre-symptomatic children, we also 
find immune activation to be differently regulated in this early phase of the disease. We 
focused on immune cells that can promote the development of islet autoantibodies, 
specifically TFH cells and their precursor population in the blood. In accordance with the 
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decreased frequencies of insulin-specific Tregs, we also find insulin-specific TFH cells to be 
increased during recent activation of islet autoimmunity. Intriguingly, this increase in TFH 
cells is not limited to the insulin-specific target T cell population, but was also observed on a 
polyclonal level. TFH cells have been studied before in the context of T1D, however their role 
in accelerating the disease progression is unknown, because up till now, TFH cells have only 
been studied in patients with symptomatic T1D (Serr et al., 2016b). The increase of TFH 
precursor frequencies during early phases of the pre-symptomatic disease is in accordance 
with the involvement of TFH cells in providing B cell help for autoantibody production and 
highlights, that these cells might be especially important during the early phase of the pre-
symptomatic disease. In line with this hypothesis, we find cells of the Th2-like TFH subset to 
be predominantly increased during recent activation of islet autoimmunity, whereas Th1-like 
and Th17-like TFH cells are unaltered in their frequencies compared to healthy control 
children (Serr et al., 2016b). Th2-like TFH cells and TH17-like TFH cells are able to provide 
help to B cells, whereas Th1-like TFH cells are unable to do so. Th2- and Th17-like TFH cells 
also impact differentially on the class switching of the B cells, with Th2-like TFH cells 
promoting more IgG and IgE responses and Th17-like TFH cells promoting IgG and IgA 
responses (Morita et al., 2011). Recently, in a study of prostate cancer, it was demonstrated 
that there are also differences between Th2- and Th17-like TFH cells in their ability to induce 
different subtypes of IgG antibodies (Tan et al., 2015). Regarding T1D various studies suggest 
that the Ig isotype of the islet autoantibodies and even the IgG subtypes induced in the pre-
symptomatic phase of the disease might influence the progression to symptomatic T1D 
(Hoppu et al., 2006; Hoppu et al., 2004; Petersen et al., 1999). 

In accordance with the plasticity in regulation of immune activation versus tolerance in 
children at different stages of islet autoimmunity, we were interested to understand whether 
the impairments in immune tolerance in children with recent activation of islet autoimmunity 
refer also to a defect in Treg induction from naïve CD4+T cells.  

Therefore, we first went one step back and analyzed mechanisms and requirements of human 
Treg induction in the steady state. Here we made use of lessons learnt from the murine 
setting. Specifically, several studies have highlighted that T cell tolerance induction in the 
peripheral immune system can be achieved or improved by agents or conditions that limit 
strong TCR signals. These conditions contain, but are not limited to targeting of the 
immunological synapse by monoclonal antibodies against costimulatory or other molecules 
like CD28 (Haspot et al., 2005; Laskowski et al., 2002), immature subsets of DCs (Fu et al., 
1996; Lutz et al., 2000), or subimmunogenic doses of peptide stimulation (Kretschmer et al., 
2005). Stephan Sauer and colleagues have demonstrated that reducing the TCR stimulus by 
withdrawal after short-term stimulation leads to limited activation of the PI3K/Akt/mTOR 
pathway and increased Foxp3 induction (Sauer et al., 2008). In accordance with these 
findings, we demonstrate here, that in vitro Treg induction in the absence of TGFβ, when the 
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TCR stimulation is limited is also possible with human naïve T cells (Serr et al., 2016a). 
Furthermore, the Foxp3 expression in the human Tregs induced with limited TCR stimulation 
was more stable than that in Tregs induced with continuous TCR stimulation, which more 
rapidly lost their Foxp3 expression in restimulation experiments (Serr et al., 2016a).  

This observation is in line with findings from several research groups, indicating that for 
stable Foxp3 expression and maintenance of the Treg phenotype, a complete demethylation 
of the TSDR of the Foxp3 locus is indispensable (Baron et al., 2007; Floess et al., 2007; 
Polansky et al., 2008). Jochen Huehn’s group demonstrated moreover, that Tregs induced 
with TGFβ have a methylated TSDR and are unstable. Additionally, inhibition of the DNA 
methyltransferase, the enzyme responsible for methylation of 5’-C-phosphate-G-3’ (CpG) 
sites, by azacitidine enabled stable Foxp3 expression in TGFβ induced cells. The in vivo 
induction of Tregs by minute amounts of peptide fused to a DEC-205 antibody, lead to 
efficient demethylation of the TSDR and stable Foxp3 expression (Polansky et al., 2008). DEC-
205 is a receptor on dendritic cells (DCs) that is involved in antigen uptake and presentation 
on MHC class I and II molecules. Therefore, targeting peptides to DCs by fusing them to DEC-
205 antibodies leads to their presentation on MHC molecules on the DC surface. It has been 
demonstrated previously, that the application of minute amounts of the DEC-205-peptide 
fusion complexes, to avoid DC maturation, leads to efficient de novo Treg induction in vivo 
(Kretschmer et al., 2005). The findings, that demethylation of the TSDR in induced Tregs is 
observed after Treg induction with minute amounts of DEC-205-peptide complexes and not 
after Treg induction with TGFβ highlights that TGFβ might use alternative pathways for 
upregulation of Foxp3 and that subimmunogenic antigen stimulation is suitable to mimic in 
vivo Treg induction (Polansky et al., 2008). 

The findings from the murine system that Treg induction is most effective when strong 
agonistic TCR ligands are supplied under subimmunogenic conditions, prompted us to test 
the novel insulin mimetopes in an in vivo setting in the human immune system. Building up 
on the findings obtained from human insulin-specific Treg induction in vitro, in an in vivo 
setting of humanized mice, we were able to demonstrate the presence of insulin-specific 
CD4+T cells in the periphery, highlighting that these cells were positively selected on HLA-
DQ8 molecules in the thymus of these mice (Serr et al., 2016a) and that these mice are a 
suitable model to study insulin-specific Treg induction in vivo in a human immune system. 
This is in line with previous findings in other, non-NSG, HLA-transgenic mouse models, which 
were demonstrated to display a TCR repertoire that was selected for in the thymus on human 
HLA molecules (Chen et al., 2003; Chen et al., 2006). However, the positive selection of 
autoreactive T cells in the thymus of humanized mice has not been demonstrated before. 
Importantly for our attempt to induce Tregs, the insulin-specific CD4+T cells that we 
identified in the humanized mice were mostly in a naïve state (Serr et al., 2016a).  
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In accordance with the improved binding of ins.mim.1 and ins.mim.4 to the HLA-DQ8, we 
were able to show in antigen-specific Treg induction assays in vivo in humanized HLA-DQ8 
transgenic NSG mice that these novel mimetopes are capable to induce significantly higher 
frequencies of Tregs form naïve T cells, compared to the natural insulin B:9-23 epitope, 
thereby highlighting that efficient human Treg induction, similar to the murine setting, also 
requires strong-agonistic TCR ligands provided under subimmunogenic conditions (Serr et 
al., 2016a).  

We demonstrated furthermore, that the induced Tregs were suppressive in vitro and stable, 
as indicated by a high degree of demethylation in the TSDR and a long persistence for six 
months after their induction (Serr et al., 2016a). Importantly, no evidence of effector T cell 
activation due to the peptide infusion was observed, supporting that the doses used are 
subimmunogenic and that these doses are safe in regard of inducing unwanted pro-
inflammatory responses (Serr et al., 2016a). The optimal subimmunogenic dose for Treg 
induction in this humanized mouse model needs, however, more detailed investigation. The 
setup of these investigations was a proof of principle, that the Treg induction strategies from 
the murine system can also be used in a human setting in vivo. However, humanized NSG 
mice do not develop T1D or islet autoimmunity. Whether the induction of Tregs in this model 
will be able to halt or reverse islet autoimmunity or symptomatic T1D will need to be 
investigated in future studies. Additionally, it will be important to define requirements for 
efficient Treg induction also in settings of ongoing islet autoimmunity.  

To answer the question, whether Treg induction is affected during islet autoimmunity given 
the reduced insulin-specific Treg frequencies we analyzed naive T cells from children or NOD 
mice at different stages of islet autoimmunity for the ability to induce Tregs in in vitro assays. 
Indeed, in a manuscript that is currently under revision, we show that the potential to induce 
Tregs from naïve T cells of children with recent activation of islet autoimmunity is significantly 
decreased (Serr et al., 2017). We furthermore demonstrate that this is not only true for the 
insulin-specific generation of Tregs, but also for Treg induction using the non-self antigen 
hemagglutinin or polyclonal stimulation with anti-CD3, anti-CD28 antibodies (Serr et al., 
2017). Similarly Treg induction is impaired in NOD mice with ongoing islet autoimmunity 
(Serr et al., 2017). In contrast, we observed an at least partial restoration of this Treg 
induction defect in children with longterm autoimmunity, which highlights that children with 
a slow progressor phenotype may have regulated the autoimmune response or are in a 
transient state of tolerance. This is in accordance with studies that identified an accumulation 
of protective genotypes in T1D susceptibility genes like IL2, IL2Ra, INS VNTR and IL10 in these 
slow progressors (Achenbach et al., 2013).  

For a mechanistic dissection of reasons for this T cell tolerance induction defect we focused 
on miRNAs, since they are known to regulate cellular states, like for example T cell activation, 
rather than single targets. Interestingly, the observed Treg induction defect during recent 
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activation of islet autoimmunity was accompanied by increased proliferative responses and 
increased frequencies of activated Foxp3intermediateCD4+T cells, indicating differences in the 
activation threshold of the T cells in these children (Serr et al., 2017). 

In line with its implication in the regulation of signal strength of the TCR stimulus in 
developing lymphocytes, we observed miRNA181a to be upregulated in peripheral CD4+T 
cells in children with recent activation of islet autoimmunity. Our observation, that addition of 
a miRNA181a mimic to Treg induction assays leads to increased proliferative responses 
accompanied by impaired Treg induction indicates, that miRNA181a might also be involved 
in the regulation of differences in activation thresholds in CD4+T cells from children at 
different stages of islet autoimmunity and thereby promote the differences in Treg induction 
potential (Serr et al., 2017).  

Intriguingly, when we inhibited miRNA181a in NOD mice with insulin autoantibody (IAA)+ 
islet autoimmunity, we observed a reduction in islet infiltration (Serr et al., 2017). This is in 
line with findings that miRNA181a knockout mice develop experimental autoimmune 
encephalomyelitis (EAE) later and with a lower clinical score than wildtype mice (Schaffert et 
al., 2015). Whereas Schaffert and colleagues argue, that this effect in miRNA181a KO animals 
is due to a diminished capacity of autoreactive T cells to enter the central nervous system, 
our data provide an additional means of explanation. MiRNA181a is known to target negative 
regulators of T cell activation, such as PTEN and CTLA4 (Li et al., 2007). Accordingly, we 
observed decreased expression levels of PTEN and CTLA4 in cells treated with a miRNA181a 
mimic (Serr et al., 2017). This was accompanied by increased expression of CD28 and 
increased PI3K signaling, highlighting that, in addition to tuning TCR recognition thresholds, 
miRNA181a also impacts costimulatory signals (Serr et al., 2017).  

Interestingly, we observed, that miRNA181a negatively regulates T cell tolerance induction by 
upregulating nuclear factor of activated T cells 5 (NFAT5) (Serr et al., 2017), a transcription 
factor originally known for its function in conditions of osmotic stress (Miyakawa et al., 1999). 
NFAT5 has however been reported to be induced upon TCR stimulation in a calcineurin-
dependent manner, independent of osmotic stimuli and to regulate T cell proliferation 
(Halterman et al., 2012; Trama et al., 2002). Accordingly, we found a predicted binding site for 
miRNA181a in the 3’UTR of the Nfat5 gene. Indeed, we were able to demonstrate in 
luciferase assays that miRNA181a can directly downregulate Nfat5 expression via binding to 
its 3’UTR. The upregulation of NFAT5 by miRNA181a is in contrast to the canonical function 
of miRNAs, which is the translational silencing or degradation of their target mRNAs (Bagga 
et al., 2005; Lim et al., 2005; Olsen and Ambros, 1999). There are several possible explanations 
for this upregulation: the observed induction could result from relief of miRNA181a-mediated 
repression of NFAT5, or be the consequence of the indirect regulation of a repression 
pathway. In accordance with this hypothesis, NFAT5 has been demonstrated before to be 
activated by PI3K signaling (Irarrazabal et al., 2006). Since miRNA181a targets PTEN (Li et al., 
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2007), a negative regulator of PI3K signaling, the activation of NFAT5 could be indirectly 
mediated via the inhibition of negative regulators of the PI3K signaling pathway. This is also 
in line, with the increased CD28 expression in cells treated with a miRNA181a mimic, since 
costimulatory signals through CD28 increase PI3K signaling.  

Alternatively, recent studies have highlighted that in dependence of the cellular state and 
function, miRNAs can likewise upregulate the translation of their target mRNAs (Bukhari et 
al., 2016; Truesdell et al., 2012; Vasudevan, 2012; Vasudevan and Steitz, 2007; Vasudevan et 
al., 2007). Therefore, it is possible that miRNA181a could also directly upregulate NFAT5 
translation. Translational upregulation of targets by miRNAs has however only been 
demonstrated in highly specialized cell types like oocytes (Truesdell et al., 2012) and under 
certain cellular conditions, especially in quiescent cells or under cell cycle arrest upon serum 
starvation (Bukhari et al., 2016; Truesdell et al., 2012; Vasudevan, 2012; Vasudevan and Steitz, 
2007; Vasudevan et al., 2007). Hence, an indirect upregulation of NFAT5 by miRNA181a 
through the regulation of repressive pathways is more likely.  

In line with our findings of increased NFAT5 levels in children with recent activation of islet 
autoimmunity (Serr et al., 2017), NFAT5 expression was linked previously to the development 
of rheumatoid arthritis and its inhibition was demonstrated to ameliorate arthritis in mouse 
models (Kim et al., 2014; Yoon et al., 2011). Similarly, we demonstrate that NFAT5 inhibition in 
IAA+ NOD mice significantly improves insulitis scores, immune infiltration in the pancreas and 
autoantibody levels (Serr et al., 2017). Additionally, NFAT5 inhibition was accompanied by an 
increased frequency of Tregs in the pancreatic lymph nodes as well as directly in the pancreas 
of treated mice (Serr et al., 2017). In rheumatoid arthritis, the effect of NFAT5 on disease 
pathogenesis was demonstrated to be on macrophages (Kim et al., 2014), whereas our data 
indicate that the miRNA181a – NFAT5 signaling axis inhibits Treg induction in the peripheral 
immune system, by increasing the sensitivity to the TCR stimulus and might thereby regulate 
aberrant immune activation and defective T cell tolerance in islet autoimmunity (Serr et al., 
2017). The possibility of NFAT5 inhibitors to potentially act beneficially both on innate and 
adaptive immune cells indicates a more holistic effect for the treatment of autoimmune 
diseases.  

Apart from miRNA181a many other miRNAs target negative regulators of T cell activation 
and might therefore have a beneficial effect on Treg induction. Because of the important role 
of the miRNA17~92 cluster in TFH differentiation (Baumjohann et al., 2013a; Kang et al., 
2013) and because miRNA92a is known to target PTEN and PHLPP2 signaling, we analyzed 
the effect of miRNA92a on Treg induction. When we added a miRNA92a antagomir to Treg 
induction assays in vitro, we observed significantly increased frequencies of induced Tregs 
(Serr et al., 2016b).  
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In accordance with the apparent opposing signaling requirements for Tregs and TFH cells 
and the increase in TFH precursor cell frequencies in children with recent activation of islet 
autoimmunity, we observed significantly enhanced expression of miRNA92a in these children. 
In contrast, in children with longterm islet autoimmunity, which had not yet progressed to 
symptomatic T1D, miRNA92a levels were comparable to those in children without 
autoantibodies. In line with the important role of TFH cells in antibody production, we 
noticed that miRNA92a expression levels correlated with the insulin autoantibody levels of 
the children (Serr et al., 2016b).  

We verified the role of the miRNA17~92 cluster of miRNAs in TFH differentiation 
(Baumjohann et al., 2013a; Kang et al., 2013), in in vitro TFH induction assays: we observed a 
significant increase in the frequency of TFH precursors in these assays after addition of the 
miRNA92a mimic (Serr et al., 2016b). A miRNA92a antagomir on the other hand completely 
abolished TFH induction (Serr et al., 2016b).  

Concerning the mechanism of action of miRNA92a in TFH differentiation, we identified a 
decreased expression of negative regulators of T cell activation such as PTEN, PHLPP2, Foxo1 
and CTLA4 (Serr et al., 2016b), that are confirmed targets of miRNA92a (Jiang et al., 2010; 
Xiao et al., 2008) in samples from TFH induction assays with miRNA92a mimic. This is in line 
with findings, that TFH differentiation requires low levels of Foxo1, since Foxo1 represses Bcl6 
expression (Stone et al., 2015; Xiao et al., 2014). PTEN and PHLPP2 are repressors of PI3K/Akt 
signaling and ICOS/PI3K signaling is a crucial component of the TFH differentiation program, 
and the germinal center reaction (Gigoux et al., 2009; Kang et al., 2013; Rolf et al., 2010). In 
line with these observations, we found miRNA92a-mediated TFH induction to be significantly 
impaired when a PI3K inhibitor was added to the culture (Serr et al., 2016b). In contrast, the 
addition of a PTEN inhibitor increased TFH differentiation, thereby highlighting, that 
miRNA92a-mediated TFH differentiation is dependent on PI3K signaling (Serr et al., 2016b).  

ICOS signaling was also shown to downregulate krueppel-like factor 2 (KLF2), which has been 
demonstrated to be a key regulator of lymphocyte migration and homing (Carlson et al., 
2006; Sebzda et al., 2008). KLF2 deficiency was shown to lead to excessive TFH differentiation, 
supposedly through regulation of the expression of the trafficking receptor sphingosin 1 
phosphate receptor 1 (S1PR1), which inhibits TFH generation (Lee et al., 2015). We were able 
to link KLF2 to miRNA92a-mediated TFH induction, since a target site blocker that prohibits 
the binding of miRNA92a specifically to KLF2 abolishes TFH differentiation (Serr et al., 2016b).  

Most importantly, we show a beneficial effect of a miRNA92a antagomir in vivo in NOD mice: 
we observed reduced TFH frequencies in the peripheral blood and pancreatic lymph nodes. 
Additionally, we found reduced numbers of activated T cells directly in the pancreas, 
accompanied by a decrease in immune infiltration, an improvement in insulitis score and 
reduction of insulin autoantibody levels. In accordance with our in vitro findings, we also 
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observed a significant increase in Treg frequencies in lymph nodes and spleen of mice 
treated with the miRNA92a antagomir (Serr et al., 2016b).  

Concerning the clinical application miRNAs are promising new drug targets, because they can 
be targeted by small, highly specific oligonucleotides. MiRNA inhibitors (also called 
antagomirs) have already been tested successfully in the clinic for the treatment of hepatitis C 
virus infections (Janssen  et al., 2013). The specific delivery of miRNA inhibitors in vivo to 
target cells, especially immune cells, is however challenging, since miRNAs are negatively 
charged and thereby do not penetrate the cell membrane (summarized in (Li and Rana, 
2014)). Advances have been made concerning the targeted delivery of miRNA inhibitors, 
especially by encapsulation techniques (summarized in (Li and Rana, 2014)). Nanoparticles for 
encapsulation have been studied in particular and various nanoparticles have been shown to 
mediate efficient uptake of small RNAs by lymphocyte populations (Peer et al., 2008). A more 
specific targeting of T cells was achieved by the use of a single chain CD7 antibody (scFvCD7) 
fused to a oligonucleotide-nona-arginine peptide (Kumar et al., 2008).  

Apart from their potential use as drug targets the stable and easy detection of miRNAs in the 
serum and also in lymphocyte populations makes them valuable biomarker candidates. The 
heterogeneity in the progression from islet autoimmunity to symptomatic T1D necessitates 
the discovery of biomarkers that will enable a better prediction for the time of progression 
from seroconversion to symptomatic disease. In this regard, TFH cell subset frequencies and 
miRNA92a levels might function as possible tools to identify children with different 
progression rates to symptomatic disease or might be useful to predict autoantibody 
development; however, to obtain conclusive evidence for this, longitudinal samples would 
need to be analyzed.  

In accordance with our findings, miRNA92a was identified to be differentially expressed in the 
serum of children with and without autoantibodies in a recent study by Alberto Pugliese’s 
group (Snowhite et al., 2017). That this differential expression was only borderline significant 
and not significant after further data processing, might be due to the heterogeneous group 
of autoantibody positive children in the study: these children were not stratified based on the 
duration of autoantibody positivity (Snowhite et al., 2017).  

Furthermore, according to our data, miRNA181a might be a possible marker to identify 
children that could benefit from T cell tolerance induction strategies, however we have only 
analyzed expression levels in lymphocytes and differences in expression in the serum have 
not been investigated (Serr et al., 2017). The fine tuning of TCR signal strength by 
miRNA181a also highlights that the definition of subimmunogenic conditions might be 
different between patients and needs to be determined in a personalized way. 

Peptide vaccination for the restoration of tolerance in T1D has been used before in clinical 
trials and is a long envisioned goal of researches, because it is considered as safe compared 
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to alternative immunosuppressive therapies. Accordingly, a primary prevention trial for oral 
insulin treatment in children genetically at risk for T1D (pre-POINT trial) was recently finished 
and showed no adverse events (Bonifacio et al., 2015).   

Since Treg induction is limited in previously activated T cells, translating Treg induction 
strategies into the clinic would limit these efforts to primary prevention, meaning the 
prevention of the development of islet autoantibodies in children genetically at risk for 
developing T1D. In this regard, the pre-POINT study identified an increase in immune cells 
with a regulatory phenotype after treatment with oral insulin (Bonifacio et al., 2015). However, 
primary prevention efforts are challenging in the context of T1D, since the peak incidence of 
seroconversion is very early in life, between 9 months and 2 years of age (Giannopoulou et 
al., 2015; Ziegler and Bonifacio, 2012). Therefore, many clinical studies have focused on 
secondary prevention, meaning the prevention of the progression from seroconversion to the 
symptomatic disease.  

However, the broad Treg induction impairment seen in T cells from children with recent 
activation of islet autoimmunity (Serr et al., 2017) indicates that antigen-specific tolerization 
strategies might be challenging in this subset of children, which highlights the need of 
developing combinatorial approaches to interfere with ongoing immune activation while 
maintaining antigen specificity. Our data indicate additionally, that the effectiveness of 
antigen-specific tolerance induction strategies in secondary prevention efforts may be 
beneficial in children with longterm islet autoimmunity, who have passed the critical period 
after islet autoimmunity onset without progressing to symptomatic T1D. Limiting the immune 
activation in combination with Treg induction strategies might make the strategy more 
robust for a broader cohort of children. Our data on the regulation of aberrant immune 
activation and T cell tolerance defects mediated by miRNA181a and miRNA92a indicate that 
these might be potential new drug targets suitable for combination therapies.  

To optimize Treg induction strategies to interfere with autoimmunity, the subimmunogenic 
delivery of autoantigenic peptides needs to be optimized and therefore alternative routes of 
application should also be taken into consideration. Hereof, progress has been made in the 
use of dissolving microneedle patches. This particular mode of administration might mimic 
best the subcutaneous implantation of osmotic minipumps from the murine model in a less 
invasive way and promises success due to the high availability of antigen-presenting cells in 
the skin. Accordingly, Sean Sullivan and colleagues have used microneedle patches for the 
administration of influenza vaccines and demonstrated that they are superior in the 
vaccination efficacy compared to traditional intra muscular injection (Sullivan et al., 2010).  

In the regard of clinical studies, the novel insulin-specific tetramer reagents developed in the 
context of this thesis, offer a helpful tool to better assess the immunological success of Treg 
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induction strategies and will therefore be useful to optimize Treg induction strategies in the 
clinic. This is an important step that is currently missing in clinical trials. 

In order to develop effective personalized medicines for the treatment or reduction of islet 
autoimmunity, it is additionally important to overcome the problem of limited translatability 
from the NOD mouse to the human disease. The use of humanized mouse models offers a 
useful intermediate and might help to better assess the value of new immune modulatory 
therapies, before the challenging and elaborate introduction into the clinic. To understand, 
whether Treg induction defects are also present in pre-symptomatic T1D in the human 
immune system in vivo, mimicking the different stages of islet autoimmunity and also disease 
progression in humanized mice will be an important step. Therefore, humanized mice can be 
reconstituted with hematopoietic cells from children at different stages of islet autoimmunity. 
However, the reconstitution of humanized mice with HSCs from peripheral blood faces 
important challenges. The reconstitution of humanized mice is most efficient when human 
hematopoietic stem cells are used, but there is limited availability of these cells in the 
peripheral blood. PBMCs can be used for reconstitution, however humanized mice 
reconstituted with PBMCs develop graft versus host disease after a very short time and are 
not suitable for longterm studies (King et al., 2008). There have however been advances in 
stem cell research that might enable the reconstitution with HSCs even from adult donors. In 
this regard two research groups have recently developed protocols for the reprogramming of 
adult mouse endothelial cells into HSCs (Lis et al., 2017) and the induction of the HSC 
program in human pluripotent stem cells, respectively (Sugimura et al., 2017). These advances 
may enable the reconstitution of humanized mice with HSCs even from non-neonate donors 
and help to establish preclinical models that mimic islet autoimmunity.  

In sum, the data presented in this thesis contribute to the understanding of requirements for 
efficient Treg induction as well as to the mechanistic basis of aberrant immune activation and 
defective tolerance in islet autoimmunity. Additionally, the introduced novel tetramer 
reagents and humanized mice are new tools that will help to improve clinical trial readout, as 
well as the evaluation of translatability of new reagents to the human disease. 
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