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 I 

Abstract 
 
Autoimmune disorders like type 1 diabetes (T1D) result from the failure of 

immune tolerance mechanisms. Antigen-specific therapy constitutes an attractive 

approach to re-establish a tolerant state but has so far not been successful in 

clinical settings. Importantly, treatment after the onset of autoimmunity is likely to 

be less effective due to established autoimmune responses and active 

inflammation in the islets. Moreover, a major hurdle might be the persistence of 

antigen-experienced islet-reactive T cells and the induction of tolerance in these 

memory cells is challenging. Hence, therapies intended to induce antigen-

specific tolerance may need additional immunomodulatory treatments to be 

effective in individuals with established autoimmunity. Here, we aimed to identify 

a combination of interventions that induces tolerance in antigen-specific memory 

T cells.  

For this study, we generated non-obese diabetic (NOD) mice with tetracycline-

regulated expression of islet-specific glucose-6-phosphatase catalytic subunit-

related protein (IGRP) in antigen presenting cells (TII mice) and tracked IGRP-

specific CD8+ T cells using tetramer enrichment. Notably, while naïve IGRP-

specific T cells are eliminated upon antigen expression, memory T cells are 

refractory to cell depletion. Interestingly, these memory T cells up-regulated 

several exhaustion markers in response to antigen exposure but showed no 

functional impairment. We hypothesized that combining short-term treatment with 

non-Fc-binding anti-CD3 F(ab’)2 and the co-stimulation blocker abatacept 

together with antigen expression might induce effective tolerance in TII mice. 

However, after initial depletion of antigen-experienced IGRP-specific cells by 

anti-CD3 F(ab’)2, these cells re-expanded and were still functional. Thus, our 

combination approach has only limited efficacy in established autoimmunity. 

Combination therapies of antigen-specific therapies with agents that support the 

induction of complete T cell exhaustion might be more successful and should be 

tested in future studies.  
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1 CHAPTER 1: Literature review 
 

 

1.1 Type 1 diabetes 
 

Type 1 diabetes (T1D) is a chronic autoimmune disease where insulin-producing 

beta cells in the pancreas are destroyed by autoreactive T cells. This process 

leads to a lack of insulin secretion in response to food intake and hence, severe 

hyperglycemia in the blood. The disease, also termed juvenile diabetes, 

commonly occurs during childhood with about 79,000 children worldwide being 

diagnosed every year [1]. In Australia alone, more than 120,000 people are 

suffering from the disease costing the Australian health system about $600 

million per year (Australian Institute of Health and Welfare 2016).  

Currently, the only accessible therapy for T1D is the lifelong and multiple daily 

administration of exogenous insulin to maintain glucose homeostasis. Never-

theless, since this treatment does not regulate blood glucose levels in a 

physiological way it fails to prevent a wide range of long-term complications, such 

as cardiovascular disease, nephropathy or retinopathy [2], and bears the risk of 

acute life-threatening hypoglycemia. In addition, insulin treatment does not 

address the underlying pathogenesis of the disease. 

In the past decades, our understanding about the autoimmune process and 

development of T1D has been immensely improved. However, this knowledge is 

still incomplete. Therefore, further investigations of the immune mechanisms 

causing the disease as well as new strategies for the treatment and/or prevention 

of T1D are needed.  
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1.1.1 Genetic and environmental factors of T1D development 
 

The etiology of T1D is very complex. However, major advances have been made 

identifying both genetic as well as environmental factors that contribute to the 

immune-mediated destruction of beta cells in the pancreas.  

Based on several family studies, it has been recognized that first-degree relatives 

of T1D patients have a higher susceptibility risk compared to the general 

population (1.3 - 9% compared to 0.4% risk, respectively), indicating a strong 

genetic influence [3, 4]. Genome-wide association studies (GWAS) identified 

more than 50 genetic loci that are associated with the development of T1D [5-7]. 

Among these loci, the major histocompatibility complex (MHC) region, in humans 

also known as human leukocyte antigen (HLA), located on chromosome 6 is the 

major genetic determinant of the disease [8, 9]. This contribution is mainly due to 

polymorphisms of the HLA class II genes (DQ, DR and to a lesser extent DP) 

that are involved in antigen presentation to CD4+ T cells. Interestingly, it has 

been demonstrated that some HLA alleles confer increased risk, whereas other 

haplotypes can reduce the predisposition of T1D [10-13]. Allelic variations in non-

HLA genetic regions have also been linked to disease development, including 

insulin (the second major susceptibility locus), protein tyrosine phosphatase non-

receptor 22 (PTPN22), interleukin-2 receptor (IL-2R), cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4), IL-10 or IL-7R [14-22].  

However, despite this strong genetic component environmental determinants 

also influence the development of islet autoimmunity. In fact, 90% of T1D 

patients have no first-degree relatives with the disease [23]. Moreover, the 

concordance of T1D in monozygotic twins is less than 100%, indicating a critical 

role for non-genetic factors in the autoimmune process [24-27]. These influences 

might also explain why the incidence of the disease has increased continuously 

over the past 30 years and is expected to rise even further in the future [28, 29]. 

Potential environmental triggers of T1D include viral infections, dietary factors 

and toxins that could affect children during pregnancy or early childhood [30]. In 

particular, enteroviruses like the rotavirus [31], coxsackievirus B [32-34], rubella 
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virus [35, 36] or cytomegalovirus [37, 38] have been suggested to cause 

misguided immune responses towards pancreatic beta cells. Although not 

completely understood, molecular mimicry as well as bystander mechanisms 

have been proposed to be involved in virus-induced T1D development. While it 

has been suggested that molecular mimicry can enhance (but not initiate) islet 

autoimmunity, several studies have shown that inflammatory mediators secreted 

upon viral infection might play the more critical role of disease initiation by 

causing bystander tissue damage and activation of autoreactive T cells [39].  

Components in the diet such as short duration of breastfeeding, early exposure 

to cow’s milk, late introduction of gluten or lack of vitamin D have also been 

implicated to contribute to the pathogenesis of disease [40-47]. Large-scale 

longitudinal trials are still ongoing to investigate potential environmental factors 

that may cause islet autoimmunity in high-risk subjects, e.g. the TEDDY (The 

Environmental Determinants of Diabetes in the Young) or ENDIA (Environmental 

determinants of islet autoimmunity) study [48, 49]. 

However, since the identification of T1D-promoting genetic and environmental 

factors does not elude to mechanistic understanding, preclinical models are 

crucial to further our knowledge about the underlying disease processes. 

 
 
 

1.1.2 The stages of T1D progression 
 

Over 30 years ago, George Eisenbarth proposed a model of the natural history of 

T1D suggesting that the disease progresses sequentially through distinct stages 

of genetic predisposition and islet autoimmunity, prior to the onset of clinical 

symptoms [50]. Since then, several longitudinal prospective studies have been 

conducted from birth in order to increase our knowledge about the pathogenesis 

of the disease [51-54]. Findings about the characteristics of islet autoantibodies 

and genetic components that influence their development have led to the 

generation of a more current staging classification system (Fig.1-1) where the 
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disease progresses from an asymptomatic phase to the onset of symptomatic 

T1D [55]. 

Stage 1 is defined as pre-symptomatic diabetes and involves the appearance of 

antibodies against islet antigens that are associated with the disease (insulin, 

glutamic acid decarboxylase 65 (GAD65), islet cell antigen 512 (IA-2) and/or zinc 

transporter 8 (ZnT8)) in genetically susceptible, however still normoglycemic 

individuals. These autoantibodies can be detected in the circulation and 

represent a reliable indicator for the onset of symptomatic T1D. Children with two 

or more islet antibodies have a risk of about 44% and 70% to show clinical 

symptoms within 5 and 10 years, respectively [56]. However, the time between 

the appearance of autoantibodies and hyperglycemia varies from months to 

years and not everyone with islet antibodies develops diabetes. Ongoing studies 

are still trying to develop validated human T cell assays to provide useful 

biomarkers of precise disease progression and to investigate the role of T cell-

mediated beta cell autoimmunity. 
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Figure 1-1: Progression and staging of type 1 diabetes. 

 
 

 

At stage 2, islet autoimmunity progresses and leads to dysglycemia (impaired 

glucose tolerance) as well as increasing haemoglobin A1c (HbA1c) levels due to 

the loss of beta cell mass and function [57, 58]. The 5-year risk of progressing 

from this glucose intolerant phase to symptomatic disease is approximately 75% 

with a life-time risk of near 100% [59]. 

Stage 3 constitutes the onset and manifestation of clinical T1D caused by 

significantly reduced insulin production and hyperglycemia. At this point, patients 

present with symptoms such as polyuria, weight loss, polydipsia, fatigue and in 

some cases diabetic ketoacidosis. 

Further findings from ongoing studies will refine this staging classification system 

in the future leading to a standardized taxonomy for T1D. This adoption will help 
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to develop new therapies, optimize their benefit/risk ratio and design clinical trials 

to prevent symptomatic disease. 

 
 
 

1.2 The non-obese diabetic (NOD) mouse model 

 
The pathogenesis of T1D is difficult to study in humans as access to relevant 

pancreatic tissue is limited. Since the majority of T1D patients are young 

children, invasive sampling for medical research is not justifiable. In addition, 

access to the whole pancreas is only possible after the death of a patient which 

usually occurs many years after T1D diagnosis. Hence, multiple different animal 

models, including the non-obese diabetic (NOD) mouse, have been used to 

assemble our current knowledge of T1D development.  

Developed in the late 1970s, the NOD mouse and all its transgenic variants 

remain the most studied animal models for the investigation of autoimmune 

diabetes as they exhibit many characteristics of the human clinical disease. NOD 

mice spontaneously develop diabetes at a high incidence (60-80% in females 

and 20-30% in males) [60]. They harbor many features of the human clinical 

disease, including shared genetic susceptibility, most notably in the HLA/MHC 

region. In addition, the major targets of autoreactive lymphocytes overlap in T1D 

patients and NOD mice (e.g. proinsulin, islet-specific glucose-6-phosphatase 

catalytic subunit-related protein (IGRP) and GAD65) [61], although humoral 

immune responses appear to be mainly restricted to insulin in the animal model 

[62]. This leads to several immune defects that might contribute to beta cell 

autoimmunity, such as the failure of central tolerance mechanisms [63-66] and 

functional abnormalities of macrophages [67]. Moreover, like T1D patients, NOD 

mice exhibit islet antigen-specific autoantibodies in the circulation as well as 

progressive immune infiltration of the islet of Langerhans in the pancreas (called 

insulitis). In the NOD mouse, this inflammatory process begins at about 3-5 

weeks of age when various immune cells, including macrophages, dendritic cells, 
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neutrophils, natural killer cells, B and T cells, can be detected around the islets 

[68-74]. The following progressive loss of beta cell mass and the long time 

course of the disease are features of both murine and human autoimmune 

diabetes. Notably, it has been shown that environmental factors influence the 

penetrance of disease in different NOD mouse colonies [75], comparable to 

diabetes prevalence differences in similar genetic human cohorts [76]. 

 

 

 

1.2.1 Limitations of the NOD mouse model 

 
Despite these similarities of murine and human islet autoimmunity, it is crucial to 

consider the differences between the clinical disease and diabetes in the NOD 

mouse as an animal model.  

Insulitis in NOD mice differs in various aspects from immune infiltration in 

humans as the latter is comparatively mild and not uniform or synchronous. In a 

lot of T1D patients, lobular areas of the pancreas are affected differently and 

insulitis only occurs in a small number of islets [77]. Another weakness of this 

animal model is its highly inbred nature as NOD mice represent just one 

genotype, whereas the human disease is much more complex and diverse [78, 

79]. Additionally, there are concerns about the strong gender bias in NOD mice 

with more females developing diabetes than males [60, 80, 81]. Hence, even 

though the NOD mouse shares many pathophysiological characteristics of 

human T1D, the relevance of this animal model is still questioned [82, 83]. In 

fact, several therapeutic approaches that prevent or cure diabetes in NOD mice 

have not been translated to humans successfully [84], possibly due to false 

interpretation or suboptimal design and execution of preclinical studies.  

Despite these concerns, the NOD mouse will continue to be essential for the 

extension of our understanding of diabetes. Early pathogenic events as well as 

potential therapeutic approaches for clinical application remain difficult to study in 

T1D patients because of the limited access to human samples and ethical 
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consideration. Moreover, the NOD mouse model enables us to perform deep 

mechanistic investigations which are impossible in humans, e.g. by transgenic 

manipulation of important genes and proteins. However, optimal study design 

and proper analysis are necessary to avoid pitfalls in accurately translating 

findings from animals to humans. 

 

 

 

1.3 Immune tolerance and autoimmunity 
 

In order to prevent autoimmunity while maintaining efficient immunological 

responses against foreign pathogens and infections, the immune system has 

developed several mechanisms to discriminate between self- and non-self-

antigens. In broader terms, this ‘immune tolerance’ can be defined as a state 

where a functional immune system does not cause any damage to its hosts 

organism. In autoimmune disorders, this complex series of immune checkpoints 

fails allowing autoreactive T and B cells to attack the subject’s own tissues and 

organs [85-87]. On the other hand, the induction of immune tolerance is a crucial 

strategy for malignant diseases and tumors to avoid their elimination by the 

host’s immune system [88]. Immunological unresponsiveness can be achieved 

by two main modes of action: the encounter of immature lymphocytes with 

antigen in primary lymphoid organs (central tolerance) and the presentation of 

antigen to mature lymphocytes in secondary lymphoid tissues (peripheral 

tolerance). Figure 1-2 summarizes the main mechanisms of central and 

peripheral immune tolerance. 
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Figure 1-2: Mechanisms of central and peripheral immune tolerance. 

 

 

 

1.3.1 Central tolerance 
 

Both B and T lymphocytes undergo central tolerance processes before they 

leave their respective primary lymphoid organs and colonize the periphery. 

Central B cell tolerance occurs in the bone marrow where self-reactive B cells 

are eliminated/salvaged by the induction of apoptosis, anergy or B cell receptor 

(BCR) gene rearrangement (‘receptor editing’) [89-91]. Like B lymphocytes, T cell 

precursors derive from haematopoietic stem cells (HSC) in the bone marrow. 

However, T cells complete their maturation in the thymus where they go through 

random T cell receptor (TCR) recombination and a series of selection 

procedures. The first step of thymic T cell maturation occurs in the cortex and 

involves the presentation of peptide-MHC by cortical epithelial cells to developing 

thymocytes. T cells with no affinity for peptide-MHC die of neglect ensuring that 

only lymphocytes with successful TCR rearrangements are positively selected, 
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differentiate from double-positive (CD4+ CD8+) to single-positive cells and 

migrate to the medulla of the thymus [92]. Here, potentially self-reactive T cells 

are eliminated from this potent lymphocyte pool during the most crucial step of 

central tolerance, called negative selection. The transcription factor autoimmune 

regulator (AIRE) plays an important role in this process as it drives the ectopic 

expression of several tissue-specific antigens (TSAs) in the medullary thymic 

epithelial cells (mTECs) [93, 94]. The ability of T cells to bind self-peptide-MHC 

complexes presented by mTECs or dendritic cells (DCs) determines the fate of 

developing thymocytes [95, 96]. T cells with low affinity are able to leave the 

thymus and colonize the periphery, whereas lymphocytes with high affinity are 

eliminated by clonal deletion [92, 97]. Moreover, thymocytes that bind self-

peptide-MHC complexes with intermediate to high affinity may also escape 

negative selection by converting into regulatory T cells (Tregs) that are able to 

suppress the activation and proliferation of effector T cells in the periphery [98-

102].  

Defects in these tolerance mechanisms due to decreased expression of 

autoantigens in the thymus can lead to widespread autoimmunity [103, 104]. 

However, even in healthy subjects the induction of central tolerance is not always 

complete as not all self-reactive thymocytes encounter their cognate antigen in 

the thymus, e.g. T cells specific for dietary or developmental antigens. Hence, 

some T lymphocytes with autoreactive potential leave the thymus and must be 

kept in check in the periphery in order to prevent autoimmunity. 

 

 

 

1.3.2 Peripheral tolerance 
 

Self-reactive T lymphocytes that escape the thymus into the circulation can be 

controlled and neutralized by several peripheral tolerance processes. These 

mechanisms depend on a sequence of signals that are required for T cell 
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activation and homeostasis, including TCR stimulation upon antigen encounter, 

co-stimulation and cytokine regulation. 

The expression of co-stimulatory molecules (such as CD28 or inducible co-

stimulatory (ICOS)) as well as co-inhibitory receptors (e.g. cytotoxic T lympho-

cyte antigen-4 (CTLA-4) and programed death-1 (PD-1)) on T cells strongly 

affects their activation. In the absence of adequate co-stimulation, repeated 

encounter of autoreactive T lymphocytes with self-peptide-MHC complexes can 

lead to T cell apoptosis (clonal deletion) or anergy, a state of hyporesponsive-

ness [105-107]. In contrast to clonal deletion, anergic T cells persist but are 

intrinsically functionally inactivated.  

The induction of T cell exhaustion might be another natural control mechanism 

but is much less clear than the former ‘classical forms’ of immune tolerance. It 

involves the stable up-regulation of multiple co-inhibitory molecules, loss of 

effector functions as well as decreased long-term survival [108] and thus, exhibits 

features of both clonal deletion and anergy. However, persisting exhausted 

clones differ from anergic T cells in that they have been previously activated. 

Antibodies that target the co-inhibitory receptor and exhaustion marker PD-1 or 

its ligand PD-L1 accelerate diabetes in the NOD mouse [109]. Moreover, the 

development of new-onset diabetes has been reported as an adverse event in 

several cancer patients receiving agents that inhibit T cell exhaustion by 

blockage of PD-1 signaling [110, 111]. Hence, driving autoreactive T cells into 

exhaustion might be an important process to halt the progression of 

autoimmunity, and a potential approach for the treatment of T1D which will be 

discussed in more detail below.   

Moreover, autoimmune responses can be prevented by Tregs as they are able to 

suppress the expansion of self-reactive T cells in the periphery, predominantly by 

the secretion of immunosuppressive cytokines, e.g. transforming growth factor 

beta (TGF-β) and IL-10 [112-114]. In addition, the induction of immune deviation 

from Th1 to Th2 helper cells has been reported to effectively induce peripheral 

tolerance [115, 116]. Interestingly, several cell types in the periphery, such as 

lymph node stromal cells (LNSCs) which express AIRE similar to mTECs, seem 



CHAPTER 1: Literature review 
 

 12 

to be involved in the inactivation of autoreactive T lymphocytes that escaped 

thymic deletion [117-120]. Furthermore, the transcriptional regulator deformed 

epidermal autoregulatory factor 1 (DEAF1) has been shown to drive the ectopic 

expression of peripheral tissue antigens (PTAs) in LNSCs [121]. 

 

 

 

1.3.3 The failure of immune tolerance in T1D 
 

Many human autoimmune diseases have been shown to result from the failure of 

central and peripheral tolerance processes [103, 104, 122-124]. Similar defects 

have been detected in the NOD mouse [63, 65, 125-127], making it a model of 

immune dysregulation with susceptibility to the development of T1D and other 

autoimmune disorders, such as sialitis and thyroiditis [68]. 

Longitudinal studies in subjects with high risk of beta cell autoimmunity indicate 

that break of immune tolerance can occur early in life [56, 128]. Importantly, islet 

antigen-specific T cells can be detected in both T1D patients as well as healthy 

individuals [129-131], emphasizing the importance of peripheral mechanisms to 

maintain self-tolerance. Especially natural and induced Tregs have been 

suggested to play a key role in the prevention of disease by the immune-

regulation of self-reactive T lymphocytes in the periphery [123]. However, defects 

in central tolerance may also contribute to the development of T1D as the 

expression of insulin in the thymic medulla is influenced by allelic variations of 

the insulin gene [22, 132]. Moreover, thymic selection processes might be 

impaired in individuals with high-risk HLA alleles. In addition, other genetic 

factors such as epigenetic regulation and alternative splicing of islet antigens 

(e.g. IGRP and IA-2) have been shown to cause mismatched antigen display in 

the thymus and beta cells, allowing islet-specific T cells to migrate into the 

periphery [133-136]. 
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1.4 Pathogenesis of murine and human autoimmune diabetes 
 

The pathogenesis of autoimmune diabetes is a very complex process leading to 

the decline of beta cell mass over time. According to a traditional model of the 

progression of the disease, an environmental event initially triggers anti-islet 

autoimmunity in genetically susceptible individuals [137]. Subsequently, a variety 

of immune cells start to infiltrate the islets of Langerhans in the pancreas, a 

process called insulitis. At this stage, first autoantibodies against one or more 

islet antigens can be detected in the blood of early pre-diabetic individuals. The 

following continuous immune-mediated destruction of beta cells leads to the 

progressive loss of insulin secretion and impaired glucose regulation resulting in 

the clinical onset of overt diabetes. In human T1D, the majority of at-risk children 

develop anti-islet autoantibodies from 9 months to 2 years of age [138]. However, 

the progression to symptomatic disease varies strongly between different 

individuals.  

 

 

 

1.4.1 Murine and human insulitis development 
 

Islet inflammation in the NOD mouse shares many characteristics with human 

insulitis which makes these animals an attractive model to study the 

pathogenesis of disease. Several studies have demonstrated that islet infiltrates 

within the pancreas of NOD mice and T1D patients show a similar composition of 

various immune cell types, including myeloid cells as well as B and T 

lymphocytes [69-71, 73, 139-145]. Both murine and human insulitis lead to the 

progressive loss of beta cells mass over time. However, there are several major 

differences in the severity of islet infiltration prior to the onset of disease.  

In the NOD mouse, immune infiltrates can be detected around the islets (peri-

insulitis) as early as 3-5 weeks of age, containing mainly myeloid cells such as 

DCs, macrophages and neutrophils [70, 73]. In addition, some reports suggest 
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an important role for T lymphocytes at this initial stage of islet infiltration [71, 

146]. The onset of insulitis induces the expression of adhesion molecules and 

chemokines on the islets leading to further recruitment of additional immune cells 

[147-149]. Over the following weeks, increasing numbers and varieties of 

immune cells become invasive and destructive with the majority of islets showing 

infiltration at 8-12 weeks of age [150]. Due to the progressive destruction of 

pancreatic islets, the total beta cell mass gradually declines leading to the 

development of diabetes in 60-80% of female NOD mice by 30 weeks of age 

measured by high blood and urine glucose levels [68, 151]. 

Despite similar immune cell composition as the NOD mouse model, human islet 

infiltration is comparatively mild. While almost all islets of 18-week-old NOD mice 

exhibit invasive insulitis, less than 10% of islets from pancreata of autoantibody 

positive individuals show signs of beta cell destruction [142]. This heterogeneous 

pattern of human insulitis was further confirmed by histological examinations of 

pancreata from deceased T1D patients revealing a lobular nature of islet 

infiltration with only some affected pancreatic lobes while others are completely 

free of immune cells [77, 152]. In addition, it has been shown that residual insulin 

positive beta cells can still be detected in subjects with long-standing diabetes up 

to 50 years after diagnosis [153, 154]. 

 

 

 

1.4.2 The role of T cells in T1D pathogenesis  

 
Although the onset of the autoimmune response is marked by the development 

of B cell-derived autoantibodies against islet antigens, beta cell destruction is 

generally mediated by T lymphocytes. Their importance for the initiation and 

progression of spontaneous diabetes has been demonstrated in several hallmark 

studies using different experimental approaches. 

In NOD mice, both CD4+ and CD8+ T lymphocyte subsets play an important role 

in the development of autoimmune diabetes. T cells found within the islets of 
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Langerhans are predominantly beta cell antigen-specific [155, 156]. While CD8+ 

T cells mediate beta cell destruction, CD4+ T cells modulate their immune 

response by cytotoxic T lymphocyte (CTL) priming and antigen cross-

presentation [157, 158]. Both T cell subsets are essential for the development of 

autoimmune diabetes, since animals deficient in either CD4+ or CD8+ cells are 

protected from islet infiltration and hyperglycemia [159-163]. In addition, 

treatment with non-depleting antibodies against CD4 and/or CD8 prevents 

insulitis and can reverse disease in recent-onset diabetic animals [164-167]. 

Furthermore, both helper and killer T lymphocytes are essential for the 

successful adoptive transfer of disease in NOD.Scid or NOD mice [168-170]. 

Several islet-specific CD4+ and CD8+ T cell clones have been isolated from the 

islets, pancreatic lymph nodes and spleen of NOD mice. These clones are able 

to independently transfer diabetes in immunocompromised animals [169, 171, 

172]. Moreover, transgenic expression of T cell receptors (TCRs) from these 

clones leads to accelerated disease development on the NOD background [158]. 

Table 1-1 summarizes the characteristics of antigen-specific CD4+ and CD8+ T 

cell clones isolated from the NOD mouse. 

T lymphocytes dominate insulitis in both murine and human autoimmune 

diabetes. Histopathological analysis of post-mortem samples detected both CD4+ 

and CD8+ T cells specific for beta cell antigens in the pancreata of deceased T1D 

donors [139, 153, 173, 174]. T lymphocytes recognizing islet antigens can be 

found at comparable numbers in the peripheral blood of healthy subjects and 

T1D patients. However, while these cells exhibit a naïve phenotype in individuals 

without disease, beta cell-reactive cells in diabetic humans display signs of 

antigen exposure and memory development [129, 130, 175, 176], indicating a 

failure of tolerance mechanisms in the pathogenesis of T1D.  
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Table 1-1: Antigen-specific T cells clones isolated from the NOD mouse 
 

Autoantigen Epitope Clone T cell 

type 

Diabetogenic 

Potential 
Ref. 

Insulin 

A:14-20 A14 CD8+  [177] 

B:9-23 BDC12.4.1 CD4+  [178] 

B:9-23 BDC12.4.4 CD4+  [178] 

B:9-23 2H6 CD4+  [179] 

B:12-25 2H6 CD4+  [179] 

B:15-23 G9C8 CD8+  
(with CD4+ help) 

[180], 

[181] 

IGRP 206-214 NY8.3 CD8+  [182] 

Chromogranin A 
359-372 BDC2.5 CD4+  [183] 

359-372 BDC10.1 CD4+  [183] 

GAD65 286-300 B16.3 CD4+  [184] 

ZnT8 345-359 10.8 CD4+  
(in irradiated recipient) 

[185] 

Hsp60 437-460 C9 CD4+  
(if activated) 

[186] 

 

 

 

1.4.2.1 Priming and activation of T cells 
 

Following central selection in the thymus naïve CD4+ and CD8+ T cells join the 

circulation and subsequently encounter their cognate antigens in peripheral 

lymph nodes. Islet-reactive T cells that escape thymic selection migrate to the 

pancreatic lymph nodes (PLNs) where they interact with autoantigen-loaded 
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APCs [187-189]. These APCs process extracellular antigens that may originate 

from secretory granules or debris of apoptotic beta cells and process them for 

presentation via MHC [190, 191]. Importantly, while antigen presentation through 

MHC class II allows for the activation of CD4+ T lymphocytes, it has been shown 

that cross-presentation by MHC class I expressed on a subset of DCs (CD11c+ 

CD11b+/- CD103+ and CD11c+ CD8+) plays a crucial role for the development of 

effector CD8+ T cell responses [192-194]. In addition to antigen presentation 

(signal 1), T cell activation also requires the interaction of co-stimulatory 

molecules, in particular the binding of CD28 on T cells to CD80/CD86 on APCs 

(signal 2), as well as the presence of proinflammatory cytokines (signal 3) [195]. 

Upon successful activation, T lymphocytes proliferate and differentiate into islet-

reactive effector cells that subsequently migrate into the pancreatic islets to 

induce beta cell death.  

Several animal studies have demonstrated the importance of the PLNs as the 

location of autoreactive T cell priming in the pathogenesis of autoimmune 

diabetes. T cells that are specific for islet antigens can be found in the PLNs of 

NOD mice prior to the onset of islet infiltration [191]. Moreover, Gagnerault et al. 

reported that the removal of PLNs at 3 weeks of age protected NOD mice from 

beta cell autoimmunity and diabetes development [187]. However, once insulitis 

is well established and tertiary lymphoid organs (TLOs) are formed around the 

islets, the PLNs are no longer required for the activation of naïve T cells [196]. 

 

 

 

1.4.2.2 CD4+ T cells 
 

CD4+ T cells encounter their cognate antigen via presentation by MHC class II 

molecules expressed on APCs. Based on the strong genetic association of 

genes in the MHC class II region with T1D susceptibility [8, 9], CD4+ T cells are 

attributed a critical role in the pathogenesis of the disease. Upon binding to the 

peptide-MHC complex and adequate stimulation, CD4+ T lymphocytes can 
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differentiate into a variety of T helper (Th) cell populations with specialized 

cytokine profiles and effector functions, such as Th1, Th2, Th17 and regulatory 

(Treg) cells [197]. These distinct CD4+ T cell subsets influence immune signals 

by several mechanisms, including the support of CD8+ T cell stimulation, the 

enhanced production of antibodies by B cell help as well as the suppression and 

regulation of undesired autoimmune responses [126, 198-200]. It still remains to 

be confirmed whether CD4+ T cells are also able to directly kill beta cells. 

Interestingly, beta cells do not express MHC class II under healthy circumstances 

[201, 202]. However, recent studies suggest that MHC class II expression on 

beta cells can be induced upon interferon-gamma (IFN) exposure and islet 

inflammation [203, 204], indicating a potential role for direct interactions between 

CD4+ T lymphocytes and islet cells. 

Th1 cytokines such as IFN, tumor necrosis factor-alpha (TNF-) and IL-1 have 

been implicated to be crucial mediators of beta cell destruction by CD4+ T cells 

[205]. However, several in vivo studies suggest that these proinflammatory 

cytokines do not kill beta cells directly but rather regulate intercellular 

communication and the recruitment of immune cells to the islets [206-208]. Due 

to increased levels of proinflammatory cytokines released by Th1 subsets (e.g. 

IFN) and lower production of Th2 cytokines (e.g. IL-4) detected in NOD mice 

and T1D patients, both murine and human autoimmune diabetes are considered 

to be mainly mediated by Th1 cells [209, 210]. Nonetheless, this Th1/Th2 

paradigm of T1D pathology has been questioned since the deficiency of Th1 

induced IFN signaling does not prevent disease in the NOD mouse model [211, 

212]. 

Based on human studies demonstrating an increased IL-17 production in recent-

onset diabetic children, Th17 cells have also been suggested to be involved in 

T1D pathogenesis [213-215]. However, IL-17 deficiency does not prevent 

diabetes in NOD mice [216]. Interestingly, while clinical reports support a 

pathogenic role for Th17 cells [213, 217], other evidence indicate that they might 

be protective for the development of disease [218, 219]. Hence, the contribution 

of Th17 cells towards autoimmune diabetes remains unclear and controversial. 
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In mice and humans, Treg cells are of major importance for maintenance of 

immune cell homeostasis and the suppression of autoimmunity by peripheral 

tolerance induction [123, 126, 220]. Both natural and induced Tregs produce the 

immunomodulatory cytokines IL-10 and TGF-β. Similar frequencies of CD4+ 

CD25+ FOXP3+ Tregs can be found in the peripheral blood of healthy subjects 

and T1D patients [221, 222]. However, Tregs detected in diabetic individuals 

exhibit functional defects causing significantly reduced effector T cell suppression 

that might influence the pathogenesis of disease [215, 222].  

 

 

 

1.4.2.3 CD8+ T cells 
 

CD8+ T cells normally mediate adaptive immune reactions that protect against 

viruses and eliminate tumor cells. However, like CD4+ T cells, CD8+ lymphocytes 

also contribute to the induction and pathogenesis of many autoimmune diseases 

[223]. In both murine and human autoimmune diabetes, autoreactive cytotoxic 

CD8+ T lymphocytes (CTLs) are the major mediators of beta cell death and 

display the predominant population in the inflamed islets of Langerhans [139, 

167, 224-227]. By the use of in situ tetramer staining, CD8+ beta cell-reactive T 

cells specific for various islet antigens have been demonstrated in the isolated 

islets of NOD mice and pancreatic sections of deceased diabetic subjects  [153, 

180, 182]. 

Upon the encounter with their cognate antigen presented by MHC class I 

molecules and adequate co-stimulation, naïve CD8+ T cells proliferate and 

differentiate into CTLs. MHC class I is expressed on almost all nucleated cells 

(including beta cells) and consists of three -domains and one 2-microglobulin 

molecule. The main function of MHC class I is to present peptides derived from 

intracellular (cytosolic) proteins to CD8+ T lymphocyte. However, cross-

presentation of exogenous peptides by MHC class I expressed on DCs is also 

possible and has been demonstrated to be important for the development of 
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effector CD8+ T cell responses [192-194]. In the presence of immune infiltration, 

islet cells upregulate class I MHC molecules on their surface indicating enhance 

antigen presentation in the presence of inflammation [153, 228]. 

The crucial role for MHC class I-dependent CD8+ T cell activation in the 

pathogenesis of autoimmune diabetes has been demonstrated in several studies. 

NOD mice lacking 2-microglobulin do not express detectable MHC class I 

molecules, fail to generate CD8+ T cells and are protected from the development 

of insulitis and diabetes [160-163]. Moreover, animals with conditional deletion of 

MHC class I specifically on pancreatic beta cells or APCs show reduced 

incidence of disease despite normal islet infiltration [226, 227]. In addition, 

treatment with an antibody against MHC class I protects female NOD mice from 

diabetes [229]. 

Following successful stimulation, activated cytotoxic effector CD8+ T cells 

migrate to peripheral tissues and secrete proinflammatory cytokines, including 

IFN and TNF-, as well as cytolytic granules containing perforins and 

granzymes in order to induce apoptosis in their target cells [230-232]. Another 

mechanism for CTL-mediated killing involves the interaction between Fas (CD95) 

and its ligand FasL which initiates a caspase cascade that leads to cell death 

[233]. Perforin deficiency delays and reduces the onset of diabetes in NOD mice 

[234, 235]. In addition, adoptive transfer of perforin-lacking CTLs from NOD mice 

into NODRag1-/- mice is significantly less efficient at inducing the disease [236]. 

However, blockage of Fas signaling on pancreatic beta cells only partially 

decreases diabetes incidence in NOD mice and does not prevent cytolytic CD8+ 

T cell responses [237]. These studies suggest that in autoimmune diabetes, beta 

cell destruction is mainly mediated by perforin whereas the Fas/FasL pathway 

seems to play a minor role in disease pathogenesis [237-240].  
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1.4.2.4 Memory T cells 
 

Autoreactive islet-specific T lymphocytes can be found in the peripheral blood of 

healthy subjects at frequencies similar to T1D patients. However, while these 

cells are marked with a naïve phenotype in individuals without disease, beta cell-

reactive cells in diabetic humans are memory T cells [129, 130, 175, 176], 

indicating that the critical failure of tolerance leads to the activation, expansion 

and differentiation of pathogenic islet-specific T cells.  

The origin of memory T cells has been examined in many studies. Based on 

these findings two possibilities have been proposed: they might either develop 

from naïve T cells following their primary antigen encounter and activation, or 

from effector T cells that dedifferentiate and escape cell death during the 

contraction phase of a cleared infection [241-247]. Memory T cells are highly 

sensitive to antigenic stimulation. They can be activated with lower levels of co-

stimulation and proliferate strongly in response to homeostatic cytokines, e.g. IL-

7 and IL-15 [248, 249]. Initially memory T cells were divided into two different 

subgroups: effector memory (Tem) and central memory (Tcm) cells [249]. Tem 

cells (CD45RO+ CD45RA- CCR7- CD62Llow) express several adhesion and 

chemokine receptors in order to migrate to the inflamed tissues and execute 

immediate effector functions. In contrast, Tcm cells (CD45RO+ CD45RA- CCR7+ 

CD62L+) are long-lived and express homing receptors that enable them to home 

into secondary lymphoid organs where they can persist for decades. Upon re-

encounter with their antigen, these Tcm give rise to new effector T cells ensuring 

fast and efficient immune responses against pathogens [250]. Furthermore, 

recent studies suggest to distinguish between two additional subsets of memory 

T cells: stem memory (Tsm) and resident memory (Trm) T cells [251]. However, 

while a lot of progress has been made defining the role of these different memory 

T cell populations in the context of infection, the characteristics of memory T cells 

in autoimmunity are largely unknown. 

Several reports indicate that Tem cells might be the major memory T cell subset 

in autoimmune disorders [252-255]. This might be due to the constant exposure 
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to self-antigens precluding the generation of autoimmune Tcm and Trm cells. 

Interestingly, our lab has previously shown that IGRP-specific CD8+ Tem cells 

develop in the inflamed islets of NOD mice and subsequently, emigrate to 

peripheral lymphoid organs [256]. Furthermore, findings from human 

transplantation studies suggest that islet-specific memory T cells found in 

diabetic patients are mainly Tem cells [257, 258]. However, there is evidence that 

Tcm and Tsm cells are also involved in the pathogenesis of T1D [176, 259]. It 

has been proposed that the relative frequencies of memory T cell subsets might 

be representative for the different stages of diabetes [260]. Hence, the 

quantification of individual memory T cell populations could be a useful tool to 

monitor and predict disease progression. 

Interestingly, while Tem cells often show signs of exhaustion and limited antiviral 

function in subjects with chronic infections [261, 262] they remain functional in 

autoimmune settings, as they are able to produce normal levels of cytokines 

despite the constant exposure of autoantigens [263-265]. The persistence of 

potent autoreactive memory T cells likely constitutes a major hurdle for the 

development of T1D therapies that aim to halt islet autoimmunity and prevent 

disease progression in diabetic patients (as discussed below). 

 
 
 

1.5 Autoantigens in T1D 
 

Various self-reactive T lymphocytes with different specificities have been 

detected in humans and NOD mice. Their targets include autoantigens such as 

proinsulin, islet-specific glucose-6-phosphatase catalytic subunit-related protein 

(IGRP), islet cell antigen 512 (IA-2), glutamate decarboxylase (GAD), zinc 

transporter 8 (ZnT8) and chromogranin A. Importantly, the autoimmune attack 

against beta cells is highly specific since other islet cell types, including alpha, 

delta, PP and epsilon cells, are preserved. Proinsulin and IGRP are the only 

antigens associated with T1D pathogenesis that are exclusively expressed in the 

pancreatic islets of Langerhans [125, 266, 267] and autoreactive CD4+ and CD8+ 
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T cells specific for these two self-antigens have been detected in patients with 

T1D [268-270]. Utilizing the NOD mouse model, the relative importance and 

contribution of many antigens to disease development have been examined by 

the generation of transgenic or retrogenic animals lacking or overexpressing 

single antigens [271-277]. 

 

 

 

1.5.1 Proinsulin 
 

Insulin was one of the first autoantigens described in the pathogenesis of T1D 

[278]. Its precursor molecule preproinsulin is enzymatically processed to 

proinsulin and stored in the secretory granules of pancreatic beta cells. 

Subsequently, proinsulin is further cleaved into insulin and C-peptide followed by 

secretion of both cleavage products from the granules in response to glucose 

uptake [279]. While humans express only one insulin molecule, mice have 2 

insulin genes, with Ins1 predominantly expressed in the pancreas and Ins2 being 

the main form in the thymus [280]. Ins1 differs from Ins2 in only 2 amino acids, 

both lying within the B chain of the insulin molecule (B9:proline/serine and 

B29:lysine/methionine, respectively). 

Proinsulin-specific T cells and insulin autoantibodies (IAAs) have been detected 

in patients with T1D, prediabetic individuals and NOD mice suggesting proinsulin 

as a target of both T and B lymphocytes during disease pathogenesis [61, 174, 

180, 268, 270, 281]. In addition, variable number of tandem repeats (VNTR) 

polymorphisms within the insulin promoter region (IDDM2 locus) are associated 

with impaired insulin expression in the thymus and T1D susceptibility [282, 283].  
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1.5.1.1 Proinsulin as the primary T1D antigen  
 

Considerable evidence indicates that proinsulin is the first autoantigen 

recognized by autoreactive T cells and initiates beta cell autoimmunity in NOD 

mice [271, 273, 274, 284]. Importantly, observations in T1D patients suggest that 

this might be the case in humans as well [174, 285, 286].  

Gene knockout (KO) experiments targeting Ins1 and/or Ins2 made major 

contributions to the assumption that proinsulin is the primary and essential 

autoantigen in NOD mice [287, 288]. Deletion of the Ins1 gene resulted in 

complete protection from diabetes [287], whereas animals lacking Ins2 

developed accelerated disease [288]. These opposing phenotypes can be 

explained by the different expression patterns of the 2 insulin genes. In Ins1 KO 

mice, the removal of pathogenic insulin in the pancreas resulted in diabetes 

prevention since autoreactive insulin-specific T cells were unable to recognize 

their target. In contrast, the absence of thymic Ins2 expression led to a loss of 

negative selection and thus, central tolerance. Even in mice with a C57BL/6 

background that are normally resistant to autoimmune disorders, specific deletion 

of Ins2 in thymic mTECs induced rapid disease onset at 3 weeks of age [289]. 

Furthermore, Nakayama and colleagues generated NOD mice that lack both 

insulin genes, but transgenically express immunologically inert insulin to restore 

hormonal function [273]. These animals were completely free of islet infiltration 

and diabetes due to a mutation within the transgenic insulin molecule disabling 

the major T cell epitope (B:9-23). Importantly, deletion of IGRP, GAD65 or IA-2 

did not have any effect on diabetes progression [275, 276, 290]. It is worth 

mentioning that a recent study by Baker et al. suggests that chromogranin A 

might be critical antigen during T1D pathogenesis as well since its KO protected 

mice from insulitis and autoimmune diabetes [272]. 

On the contrary, NOD mice with transgenic overexpression of proinsulin 2 under 

the control of MHC class II promoter in APCs (NODPI mice) also do not develop 

diabetes, most likely due to the deletion of autoreactive insulin-specific T cells in 

the thymus [271, 284]. Our group has demonstrated that this protective 
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mechanism mainly occurs during the perinatal period, as conditional proinsulin 

expression in tetracycline-inhibited proinsulin (TIP) mice from gestation until 

weaning was also sufficient to prevent disease [291]. Interestingly, IGRP-specific 

T cells that can be detected in wild type NOD mice are absent in these animals 

and NODPI mice suggesting that immune responses to IGRP are downstream of 

insulin autoimmunity [274]. This is also consistent with the findings that animals 

with a preexisting repertoire of IGRP206-214-specific T cells (NOD8.3 mice) have a 

significantly decreased incidence of disease when crossed with NODPI mice 

[292], indicating that T cell reactivity towards proinsulin is required for the 

initiation of autoimmune responses against IGRP and other antigens. 

Importantly, NOD mice which overexpress IGRP or GAD show tolerance 

induction towards these antigens, however they are not protected from diabetes 

[274, 277]. Taken together, all these data indicate that proinsulin is the essential 

and initiating autoantigen for the onset of autoimmunity in NOD mice. 

There is considerable evidence that proinsulin might also be the primary 

autoantigen in the pathogenesis of human T1D. Several studies demonstrated 

that proinsulin is targeted by T and B lymphocytes in diabetic and prediabetic 

individuals [174, 268, 270]. T1D patients exhibit insulin autoantibodies that can 

often be detected before any other self-antigen antibodies and are highly 

predictive of disease progression [285, 286]. Moreover, a recent study by 

Pathiraja et al. found that >25% of all infiltrating CD4+ T cells in the pancreatic 

islets of a deceased T1D patient were specific for proinsulin [174]. In humans, 

insulin-reactive CD4+ and CD8+ T cells are directed against various different 

epitopes lying within the A and B chains of insulin as well as the connecting (C-) 

peptide and signal peptide of preproinsulin [293]. 

Hence, there are strong indications that immune responses to proinsulin initiate 

autoimmunity against beta cells in both NOD mice and humans. According to this 

hypothesis, islet infiltration of diverse autoreactive T cell populations occurs in 

response to the primary proinsulin-mediated pancreatic damage leading to the 

release of other islet antigens and epitope spreading.  
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1.5.1.2 Insulin epitopes in T1D 
 

Based on various reports from different groups, insulin B chain amino acids 9-23 

(B:9-23) is assumed to be a key peptide recognized by insulin-specific T cells in 

the NOD mouse model [273, 294-296]. Nakayama et al. showed that NOD mice 

which lack both native insulin genes but express a proinsulin transgene with a 

mutation at position B16, are completely protected from diabetes [273]. 

Importantly, provision of the native insulin B:9-23 sequence via islet 

transplantation or peptide immunization restored the development of disease 

[296], indicating that autoimmune reactivity against insulin B:9-23 is essential for 

the pathogenesis of autoimmune diabetes in NOD mice. Furthermore, the 

majority of insulin-reactive CD4+ T cells found in islet infiltrates of NOD mice are 

specific for the B:9-23 epitope [297]. Interestingly, CD4+ T cell clones recognizing 

B:9-23 have been shown to be able to induce (BDC12-4.1) or prevent (2H6) 

diabetes on the NOD mouse background [295, 298]. In addition, CD8+ T cells 

specific for the insulin B chain peptide B:15-23 have been detected in infiltrated 

islets isolated from NOD mice [180]. However, CD8+ insulin B:15-23 TCR 

transgenic NOD mice only develop diabetes following peptide immunization and 

T cell activation [181]. 

Importantly, CD4+ T cells isolated from the peripheral blood of T1D patients have 

been shown to target the insulin B:9-23 peptide [299]. Other epitopes of human 

insulin-specific CD4+ and CD8+ T lymphocytes present in the circulation and 

pancreatic lymph nodes of diabetic subjects have also been identified, including 

insulin A:1-15 [268, 270] and insulin A:12-20, B:10-18, B:18-27 as well as the 

preproinsulin signal peptide [300-302], respectively. Moreover, Pathiraja et al. 

reported that >25% of all infiltrating CD4+ T cells detected in the pancreatic islets 

of a deceased T1D donor recognized several overlapping epitopes of the C-

peptide sequence [174]. 
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1.5.2 IGRP 
 

Several studies suggest that IGRP (islet-specific glucose-6-phosphatase catalytic 

subunit-related protein) is another critical antigen targeted by T lymphocytes 

during the pathogenesis of T1D in NOD mice and humans [303, 304]. IGRP 

belongs to the glucose-6-phosphatase (G6Pase) protein family and is assumed 

to mediate G6Pase activity as a part of glycogenolysis and gluconeogenesis 

pathways in the pancreatic islets [305]. 

IGRP-specific T cells can be found at very early stages of islet infiltration in NOD 

mice and undergo avidity maturation with disease progression [153, 256, 303, 

304, 306-313]. They are the highest frequency antigen-specific T cells with 

increasing numbers of antigen-experienced IGRP-reactive CD8+ T cells as the 

animals age [256]. Using a IGRP206-214 peptide-MHC I (H2-Kd) tetramer, Trudeau 

et al. showed that up to 1% of CD8+ T lymphocytes in the peripheral blood and 

30% of islet infiltrating CTLs are specific for IGRP [306]. Moreover, the number of 

IGRP-specific T cells in peripheral lymphoid tissues and the peripheral blood of 

NOD mice correlates with the severity of insulitis and prediction of diabetes onset 

[256, 306]. NOD mice that transgenically express the TCR from the IGRP206-214- 

reactive 8.3 T cell clone (NOD8.3) develop accelerated diabetes at an early age 

(6-13 weeks of age), demonstrating the pathogenicity of IGRP-specific T cells 

[307, 308]. However, IGRP deficiency does not affect the incidence of disease 

[290] and mice overexpressing IGRP in their APCs (NODIGRP) develop diabetes 

at a normal rate despite the lack of IGRP-specific CTLs [309]. Notably, IGRP-

reactive T cells do not develop in mice with tolerance to proinsulin (NODPI) 

indicating that immune responses to IGRP are downstream to insulin 

autoimmunity [274]. The dependence of IGRP-specific T cells on prior proinsulin 

reactivity has also been confirmed in a report by Krishnamurthy et al. showing 

that NOD8.3 mice have a significantly decreased incidence of diabetes when 

crossed with NODPI mice [292]. 

Human studies have shown that IGRP-reactive CD4+ and CD8+ T cells can also 

be found in the peripheral blood and pancreatic lesions of T1D patients [153, 
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267]. Interestingly, several different IGRP peptides have been identified as T cell 

epitopes in diabetic subjects [267, 310, 312]. Furthermore, the human disease 

susceptibility locus IDDM7 lies within the IGRP gene [311, 313]. However, the 

exact role of this autoantigen in human T1D is still unclear.  

 

 

 

1.5.3 Chromogranin A 

 
Recently, Baker et al. suggested a crucial role for another antigen, chromogranin 

A (ChgA), in the initiation and development of diabetes in the NOD mouse [272]. 

ChgA is a prohormonal protein found in the secretory granules of beta cells and 

has been shown to be the target antigen of the pathogenic CD4+ T cell clones 

BDC2.5, BDC10.1 and BDC9.46 isolated from NOD mice [183, 314]. Notably, 

NOD mice deficient in ChgA do not develop diabetes and lack antigen-

experienced ChgA-specific T cells [272]. However, it still needs to be determined 

whether ChgA overexpression in APCs can induce immune tolerance and protect 

from disease. 

Importantly, it has been shown that ChgA and its naturally occurring cleavage 

product WE-14 are also important T cell targets in T1D patients [315]. 

Interestingly, the authors of this study further observed that posttranslational 

modification of WE-14 might be critical for its reactivity and contribution to 

disease.  

 

 
 

1.5.4 Hybrid peptides 
 

Recently, it has been suggested that hybrid peptides formed by posttranslational 

modifications of islet antigens might be involved in the pathogenesis of T1D as 

well [316, 317]. According to this hypothesis, mechanisms such as transpepti-

dation and cross-linking of different peptides present in the secretory granules of 
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beta cells lead to the generation of islet-reactive T cells that can escape thymic 

negative selection and hence, result in the loss of self-tolerance. 

Interestingly, Delong et al. detected CD4+ T cells in the islets of NOD mice that 

recognize hybrid epitopes consisting of peptides derived from proinsulin and 

other proteins present in islet secretory granules, in particular ChgA [317]. These 

hybrid insulin peptides (HIPs) were also the target of CD4+ T cells found in the 

residual islets of T1D organ donors, indicating that the formation of hybrid 

peptides might also play an important role in human autoimmune diabetes.  

 

 

 

1.6 Immunotherapies for the treatment of T1D 
 

The main goals of T1D therapies is to either 1) prevent the development of islet 

autoimmunity in subjects with high susceptibility risk (primary prevention), 2) halt 

the progression from asymptomatic to symptomatic disease (secondary 

prevention) or 3) preserve and/or replace residual beta cell mass and insulin 

production in diabetic individuals after the clinical onset (tertiary 

prevention/intervention). Many different T1D immunotherapeutic approaches 

have been tested in preclinical and clinical settings, including both antigen-

specific and non-antigen-specific strategies. In the present study, we focused 

primarily on interventional therapies that aim to suppress established 

autoimmune responses against the islets of Langerhans and stop beta cell 

destruction. Table 1-2 summarizes the most important interventional T1D clinical 

trials up to date. 
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Table 1-2: Summary of interventional clinical T1D trials 
 

Intervention Drug Outcome Ref. 

Antigen-specific interventions 

(Pro)Insulin 

Insulin B chain in 

incomplete Freund’s 

adjuvant 

No preservation of beta cell 

function (immunological 

tolerance signs observed) 

[318] 

Altered insulin peptide 

ligand (NBI-6024) 
No benefit [319] 

Oral insulin No benefit 
[320], 

[321] 

Nasal insulin 

No preservation of beta cell 

function (immunological 

tolerance signs observed) 

[322] 

Proinsulin plasmid 

(BHT-3021) 

Preservation of C-peptide + 

reduction of CD8+ proinsulin-

reactive T cells 

[323] 

GAD 
Subcutaneous 

GAD-alum 

Slower C-peptide decline [324] 

No benefit 
[325], 

[326] 

Non-antigen-specific interventions 

Anti-CD3 

antibody 

Teplizumab 

Improved C-peptide + reduced 

insulin use for at least 12-24 

months 

[327-

330] 

Otelixizumab No benefit [331] 

Anti-CD2 

antibody 
Alefacept 

Improved C-peptide + reduced 

insulin use at 24 months 
[332] 

CTLA-4 

mimic 
Abatacept Slower C-peptide decline [333] 

Anti-CD20 

antibody 
Rituximab Slower C-peptide decline [334] 

IL-1 

antagonist 
Anakinra/Canakinumab No benefit [335] 

TNF- 

Inhibitor 
Etanercept 

Improved C-peptide + reduced 

insulin use at 24 weeks 
[336] 
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1.6.1 Antigen-specific T1D therapies  
 

Autoimmune diseases like T1D result from the failure of central and peripheral 

mechanisms contributing to immune tolerance. Antigen-specific therapies 

explicitly disable autoreactive immune cells and constitute an attractive approach 

to effectively re-establish a tolerant state. The basic principle of antigen-specific 

strategies involves the administration of autoantigenic proteins or peptides in 

order to eliminate pathogenic islet-reactive T cells or to promote the generation of 

specialized Tregs. The great advantage of these treatments is their safety as 

they only impair autoantigen-specific immune responses against beta cells while 

the patient is otherwise fully immunocompetent. Hence, antigen-specific 

therapies lead to fewer adverse events compared to other immuno-modulatory 

approaches. Successful antigen-specific treatments require both disease-

associated and well-defined autoantigens as well as safe strategies to induce T 

cell tolerance to those antigens. However, despite promising results in allergy 

[337, 338] and the identification of clinically relevant self-antigens, effective 

antigen-specific therapies for T1D have not yet been developed.  

 

 

 

1.6.1.1 Insulin-based therapies 
 

Since several studies indicated that proinsulin is the primary autoantigen during 

T1D pathogenesis, many preclinical and clinical studies using insulin-specific 

approaches have been conducted to prevent or reverse autoimmune diabetes. 

In NOD mice oral, intranasal or subcutaneous delivery of insulin or its peptide 

B:9-23 before the establishment of islet infiltration leads to a decreased incidence 

and delayed onset of diabetes [294, 339-342]. These protective effects seemed 

to be mediated by suppressive mechanisms via the induction of regulatory CD8+ 

gamma delta [340, 343] and CD4+ [342] T cells. In addition, parenteral insulin or 

insulin B:9-23 administration [344] as well as immunization with insulin/insulin B 
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chain in incomplete Freund’s adjuvant [345] prevented disease in NOD mice. 

Similar results were also observed by intramuscular injection of plasmids 

encoding the insulin B:9-23 peptide [346] or vaccination with an altered peptide 

ligand [347]. Notably, most of these preclinical intervention studies were initiated 

at a very early age and thus, before the onset of insulitis.  

Due to the promising results of insulin-based therapies in animal models, several 

clinical trials have been undertaken in subjects with T1D. Unfortunately, oral or 

intranasal insulin administration did not reverse diabetes in recent-onset patients 

[320-322, 348]. Nevertheless, tolerance to insulin was achieved in a clinical study 

that demonstrated impaired immune responses to injected insulin after intranasal 

insulin delivery to diabetic adults, even though diabetes progression was not 

affected [322]. Furthermore, subcutaneous injection of an altered insulin peptide 

ligand did not improve or maintain beta cell function in recently diagnosed T1D 

patients [349].  

Interestingly, while most interventional trials concentrated on the delivery of 

insulin and insulin-derived peptides, other studies suggest that the administration 

of proinsulin might be more beneficial [323, 350, 351]. Injections of DNA 

plasmids encoding proinsulin preserved C-peptide levels in diabetic subjects with 

disease duration of up to 5 years [323]. However, this effect was not maintained 

after withdrawal of the DNA antigen vaccine. Alhadj et al. recently reported that 

recent-onset T1D patients receiving proinsulin peptide intradermally showed 

improved beta cell function compared to the placebo control group up to one year 

after treatment initiation [351]. This was associated with increased IL-10 

production and FOXP3 expression on Tregs and lower frequencies of islet-

specific CD8+ T cells. Notably, the interpretation of this study is restricted by the 

small number of enrolled subjects. Hence, future trials need to examine the 

effects of proinsulin-based therapies further. 

Secondary prevention trials testing intravenous, oral and intranasal 

administration of insulin in islet autoantibody positive children with high risk of 

disease development also resulted in no clinical benefit [352-355]. The ongoing 

primary prevention study Pre-POINT (Primary Oral/intranasal INsulin Trial) is 
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currently investigating the effect of insulin treatment in children with high genetic 

risk for disease who are still autoantibody negative [356]. Preliminary data from 

this clinical trial demonstrated that oral insulin delivery was well tolerated without 

any severe adverse events [357]. In addition, insulin-specific T cells from insulin-

treated individuals displayed a regulatory rather than proinflammatory gene 

signature, suggesting that antigen treatment early in life and before the onset of 

autoimmunity might lead to a more successful clinical outcome.  

 

 

 

1.6.1.2 Challenges of clinical translation 
 

The lack of success in clinical trials testing antigen-specific T1D treatments might 

be due to different factors, such as the type of islet antigen, the optimal dose or 

the most potent administration route.  

As mentioned above, most human studies focused on the use of insulin and 

insulin-derived peptides. However, some evidence suggests that proinsulin and 

its C-peptide region might play a crucial role in T1D pathogenesis and hence, 

should be applied to diabetic and pre-diabetic subjects instead [174, 323, 351]. 

Furthermore, compared to successful preclinical studies in the NOD mouse the 

dose of oral insulin administered in human intervention trials (2.5-7.5 mg/day) 

was about 100-fold less based on body weight [320, 321, 353, 358]. Thus, it 

might have been too low to achieve any benefit and efficacy.  

Nonetheless, one of the major hurdles for antigen-specific interventional T1D 

therapies might be the timing of intervention. While most studies in NOD mice 

have been conducted in young mice before the onset of islet autoimmunity, 

patients enrolled in clinical trials have already been diagnosed with symptomatic 

disease or exhibit multiple autoantibodies. Hence, at the time of treatment 

initiation, autoimmune responses against beta cells are already well established 

and lymphocytes specific for downstream targets of insulin have expanded into a 

diverse pool of autoreactive T cells. Therefore, antigen-specific T1D therapies 

might have to consist of not just one islet antigen (e.g. insulin) but a combination 
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of several antigens in order to successfully induce tolerance in all autoaggressive 

T cells. Nevertheless, studies by the groups of Santamaria and von Herrath 

indicate that single antigen-specific treatment in combination with 

nanotechnology or anti-CD3 antibody respectively, can reverse recent-onset 

murine diabetes by generating a population of regulatory T cells that induces 

bystander suppression of polyclonal islet-reactive T cells [359, 360]. This 

suggests that despite heterologous immune responses towards beta cells, single 

antigen-based therapy might be a useful approach for T1D intervention. 

In addition to antigen spreading, the establishment of islet autoimmunity also 

involves the differentiation naïve self-reactive T cells into antigen-experienced 

memory T cells. Notably, while a variety of antigen-specific approaches can lead 

to robust induction of immune tolerance in naïve T cells [291, 361-363], this is 

difficult to achieve in memory cells. Memory T cells can be activated with lower 

antigen doses and/or levels of co-stimulation [248]. Therefore, while antigen 

administration with little co-stimulation induces tolerance in naïve T cells, it might 

promote the re-activation of antigen-experienced cells. Importantly, 

measurements of T cell function in response to antigen-specific treatment are 

technically challenging since appropriate and proven biomarkers of disease 

progression are not available. 

Several preclinical studies examining whether memory T cells are susceptible to 

tolerance induction demonstrate controversial findings [248, 364-367]. It is worth 

mentioning that most of these investigations were performed with TCR 

transgenic T cells or induced memory T cells generated by peptide immunization. 

Thus, it is currently unknown whether antigen-specific treatments alone can 

achieve immune tolerance in endogenous natural, autoantigen-specific memory 

T cells. If this is not the case, combination therapies of antigen-specific 

approaches and additional immunomodulatory interventions might be most 

effective in individuals with established autoimmunity. 
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1.6.2 Non-antigen-specific T1D therapies 
 

In the early 1980s, first clinical T1D trials used immunomodulatory drugs that 

induced global immunosuppression and were not autoantigen-specific. These 

agents usually impair critical signaling pathways of immune cells and therefore, 

bear the risk of severe adverse events, including the weakening of the immune 

system to fight infections and malignancies. Initial results from studies with 

cyclosporine A [368], anti-thymocyte globulin (ATG) [369], azathioprine and 

prednisone [370] showed therapeutic potential in T1D patients. However, these 

treatments needed continuous administration in order to prevent the relapse of 

disease. Together with the toxicities and other undesirable side effects, this 

limitation led to reconsideration of these therapeutic approaches. 

Nevertheless, these initial trials proved that the suppression of T cell-mediated 

immune attack was an effective therapy for clinical T1D. Moreover, they 

demonstrated that immunotherapy had the potential to reverse established 

diabetes. This indicated that even at advanced stages of the disease a sufficient 

amount of beta cells might still be present in the pancreas which allows for 

metabolic reconstitution once the immune-mediated inflammation is blocked.  

Over the past decades, several more specific immunomodulators have been 

tested in animal models and clinical T1D studies showing mixed results. Such 

immunotherapeutic approaches are directed against specific immune cell 

subsets (e.g. anti-CD20 monoclonal antibody (mAb) targeting B cells [334] and 

anti-CD3 mAb targeting T cells [329, 371-374]), cell signaling pathways (e.g. 

blockage of IL-1 [375, 376] or IL-7 [377, 378] signaling) or co-stimulation 

molecules (e.g. CTLA-4 agonist [333]). Since autoreactive memory T cells play a 

critical role in T1D progression, many strategies specifically focus on the 

induction of hyporesponsiveness or cell depletion in antigen-experienced T cell 

populations. Some of these therapies demonstrated promising results with at 

least transient improvement of beta cell function which was partially associated 

with the selective depletion of memory T cells [259, 379, 380] and will be 

discussed in more detail.  
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1.6.2.1 Anti-CD3 monoclonal antibody therapy 
 

One of the most promising and most extensively studied immunomodulatory 

drugs to treat T1D is anti-CD3 monoclonal antibody (mAb). Anti-CD3 treatment 

has been suggested to take a unique position among other immunomodulatory 

interventions, mainly due to its therapeutic potency and particular mechanistic 

features [381].  

The first mouse mAb specific for human CD3 (OKT3) was produced in 1979 by 

Kung and Goldstein and was in fact the first mAb approved by the Food and 

Drug Administration (FDA) for the use in transplantation therapy [382]. Initial 

trials demonstrated that OKT3 treatment successfully prevented rejection and 

sustained the normal function of a mismatched human renal allograft [383-385]. 

However, patients suffered from severe adverse events related to its mitogenic 

effect and the induction of the so called ‘cytokine release’ or ‘first dose’ 

syndrome. Hence, several humanized anti-CD3 mAbs with mutated Fc regions 

(non-Fc-binding mAbs) have been developed and tested in clinical trials to 

reduce undesirable toxic effects. 

Based on the strong immunosuppressive potency of OKT3 and the great clinical 

success in kidney, liver and cardiac transplantation [386-390], anti-CD3 mAb 

treatment has been extended to the field of autoimmunity. Importantly, during the 

mid 1990s, the group of L. Chatenoud demonstrated for the first time that short-

term administration of an anti-mouse CD3 mAb induced rapid and long-lasting 

reversal of disease in new-onset diabetic NOD mice [391]. Notably, even though 

anti-CD3 treatment is in principle antigen-non-specific, this effect appeared to be 

autoantigen-specific as antibody-treated animals were not immunocompromised 

and rejected skin allografts efficiently. Since then, several preclinical studies 

focused on the elucidation of the mechanism of action of anti-CD3 therapies.  
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1.6.2.1.1 Mechanism of anti-CD3 treatment 

 

In order to gain more insight into the mechanistic action of anti-CD3 intervention, 

the hamster anti-mouse antibody 145-2C11 was developed in 1987 [392] and 

has since then been used in several experimental models. Similar to OKT3, the 

administration of 145-2C11 induces the secretion of several cytokines in vivo, 

such as TNF-, IFN and IL-2 [393, 394]. This first dose associated cytokine 

release syndrome mainly results from the binding of Fc gamma receptor (FcR)-

expressing leukocytes to the Fc fragment of 145-2C11 mAb and leads to 

undesirable adverse events due to initial T cell activation. To reduce the mito-

genic effect of murine anti-CD3 treatment, non-Fc-binding 145-2C11 antibody 

has been developed. Similar to the whole 145-2C11 mAb, these anti-CD3 F(ab’)2 

fragments bind CD3 bivalently and retain the full therapeutic activity of anti-CD3 

therapy but do not lead to a cytokine storm [395-397]. This difference in the in 

vivo effect of F(ab’)2 fragments versus whole Abs presumably lies in the 

mechanisms that depend on the Fc region of the whole Ab, e.g. FcR and 

complement binding. Importantly, both FcR-binding and FcR-non-binding anti-

CD3 mAbs have been demonstrated to potently induce long-term remission in 

diabetic NOD mice and inhibit the destruction of transplanted syngeneic 

pancreatic islets, suggesting that the tolerogenic impact of 145-2C11 antibody 

does not depend on its mitogenic properties [391, 397]. However, Chatenoud et 

al. showed that partial T cell activation seems to be essential for this therapeutic 

effect as co-administration of cyclosporine, a calcineurin blocker, completely 

abrogates the induction of tolerance by anti-CD3 treatment [397]. In this regard it 

is also note-worthy that although anti-CD3 F(ab’)2 fragments do not induce large-

scale systemic cytokine release, they do induce the transcription of various 

cytokines in mice [397] as well as in T1D patients [398, 399]. 

It has been suggested that anti-CD3 mAbs develop their tolerogenic effect in two 

consecutive phases [400]. The first phase occurs during drug exposure and 

results in the complete inhibition of the autoimmune attack by depletion of 

pathogenic T cells as well as antigenic modulation. The latter process involves 
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the internalization and catabolism/recycling of the TCR-CD3 complex. This leads 

to a complete loss of TCR-CD3 expression and hence, T cell unresponsiveness 

as these cells become ‘blind’ to their antigen [391, 394, 401-404]. Shortly after 

the clearance of anti-CD3 mAb from the circulation, this down-modulation of the 

TCR-CD3 molecular complex is completely reversed [401, 402, 405]. In addition 

to antigenic modulation, administration of anti-CD3 mAb immediately induces the 

depletion of autoreactive effector T cells while preserving regulatory T cells 

(Tregs) in mice and T1D patients [380, 406]. Importantly, a study by Penaranda 

et al. demonstrated that recently activated effector T cells are most sensitive to 

anti-CD3-promoted apoptosis, followed by naïve T cells, whereas Tregs appear 

to be relatively more resistant [406]. This phenomenon might explain why anti-

CD3 antibodies are most potent at later stages of autoimmune disease while they 

have no or only a transient significant effect in NOD mice when applied at 4 

weeks of age or a few weeks before diabetes onset, respectively [397]. This 

unique feature of CD3-specific mAbs is highly desirable for the use of 

immunotherapy after the diagnosis of clinical diabetes. Moreover, anti-CD3 

intervention is associated with a temporary T helper 2 (TH2) polarization by the 

preferential induction of anergy or deletion of TH1 cells caused by partial 

phosphorylation of the TCR complex and the subsequent blockade of IL-2 

secretion [407, 408]. Notably, the depletion of pathogenic T cells is also 

accompanied by the complete clearance of islet infiltration within the first phase 

of anti-CD3 therapy, explaining the fast return to normoglycemia [391]. However, 

all of these immediate ‘first phase’ effects are transient and cannot explain the 

long-term efficacy of anti-CD3 mAb.  

The second phase of anti-CD3 treatment begins once the antibody has been 

cleared from the circulation and involves the recurrence of insulitis. In NOD mice, 

this inflammation can be detected two weeks after the last antibody injection as a 

noninvasive and nondestructive form, where the immune cells remain confined to 

the periphery of the pancreatic islets [391]. The main characteristic of the long-

lasting second phase of anti-CD3-specific therapy is the co-existence of 

autoreactive T cells and an increased number of TGF--dependent adaptive 
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Tregs. These antigen-specific CD4+ CD25low FOXP3+ Tregs are generated in 

response to high levels of local TGF- production by T cells and phagocytes at 

the site of inflammation during the first few days of anti-CD3 treatment [409, 410]. 

Importantly, Belghith et al. demonstrated the important role of this anti-

inflammatory cytokine for the long-term anti-CD3 effect as co-administration of a 

neutralizing TGF- antibody resulted in the abrogation of diabetes remission 

[409]. Whether TGF- is solely responsible for the expansion of Tregs or acts as 

a mediator of regulation itself remains to be examined. Interestingly, a report by 

Nishio et al. indicates that the enhanced Treg numbers following anti-CD3 mAb 

therapy might be induced by proliferative expansion of Tregs that are normally 

constrained by TCR-specific niches in secondary lymphoid organs, via IL-2 and 

IL-7-dependent processes [411]. Transcriptomic analysis of Tregs and 

conventional T cells in Ab-treated NOD mice further confirmed a role for the IL-7 

signaling pathway in the homeostatic response of Tregs to anti-CD3 

administration [412]. 

It is worth mentioning that anti-CD3 treatment in T1D patients has been 

suggested to induce the generation of CD8+ T cells with regulatory properties 

[413] while CD4+ CD25+ FOXP3+ Tregs have not been consistently detected in 

antibody-treated individuals. Moreover, subjects that responded best to anti-CD3 

treatment in the AbATE study exhibited a population of CD8+ T cells with 

characteristics of partial T cell exhaustion [414, 415], a state of T cell 

unresponsiveness that will be explained in more detail in the following 

paragraphs.  

 
 
 

1.6.2.1.2 Anti-CD3 treatment in T1D clinical trials 

 

Based on the compelling results in the NOD mouse, clinical trials using two 

different humanized Fc-engineered monoclonal anti-CD3 antibodies, teplizumab 

(hOKT31(Ala-Ala)) and otelixizumab (ChAglyCD3), were launched in the early 

2000s. Two randomized, placebo-controlled phase I/II trials using either of these 
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antibodies showed significant preservation of beta cell function following a single 

short treatment course (6-14 days) of anti-CD3 therapy [371-373, 416]. Drug-

treated new-onset T1D patients demonstrated higher levels of stimulated C-

peptide, lower requirements for exogenous insulin and decreased HbA1c levels 

compared to the placebo control group. Improved beta cell preservation was 

observed for at least 1 year in anti-CD3-treated patients followed by the 

progressive decline of C-peptide. Interestingly, the best therapeutic effects were 

observed in patients at a younger age and with higher baseline beta cell function 

showing persisting benefit of insulin secretion for up to 4 years [374].  

Importantly, very few adverse events have been reported with anti-CD3 mAbs. 

Most of them were observed only during the first days or weeks after infusion and 

involved symptoms associated with a limited cytokine release following treatment 

initiation [371-373]. However, clinical concerns arose when reactivation of the 

Epstein-Barr virus (EBV) was detected in patients enrolled in the European trial 

using otelixizumab [416]. The increased levels of circulating EBV DNA were 

transient and normalized at 6-12 weeks post anti-CD3 treatment. Nevertheless, 

these findings initiated discussions about the safety of anti-CD3 mAbs and the 

use of appropriate doses to avoid adverse effects at all costs [417].   

In the meantime, phase 2 and 3 clinical trials with either teplizumab (Protégé, 

Protégé Encore, Delay, AbATE) or otelixizumab (DEFEND-1, DEFEND-2) have 

been conducted showing mixed results [328-331, 418]. The Protégé and 

DEFEND studies failed to meet their primary endpoints, partially due to the use 

of unvalidated composite endpoints or significantly lower doses than previous 

trials, respectively [329, 331]. On the other hand, clinical benefit was 

demonstrated in the Delay [328] and AbATE [330] trial with a decreased decline 

of C-peptide and lower requirements for exogenous insulin in drug-treated 

patients at 12-24 months after entry. However, even though this effect of anti-

CD3 mAb was shown to be long lasting, C-peptide responses decreased in both 

the drug and placebo control group in parallel after 6-12 months. Interestingly, a 

post-hoc analysis of the AbATE study, where patients received 2 courses of 
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teplizumab, identified a group of ‘responders’ with maintained baseline beta cell 

function even at 18 months after treatment [330, 415].   

Taken together, the findings and experiences from all of these clinical trials 

emphasize important questions that need to be addressed in order to properly 

evaluate the therapeutic benefit of anti-CD3 mAbs for the treatment of T1D. 

Critical factors such as the choice of adequate endpoints, the selection of optimal 

doses and/or administration routes as well as the identification of potential 

subgroups of responders should be reconsidered for the design of future trials. 

Other strategies to improve the safety and/or efficacy of anti-CD3 treatment 

might involve the repeated administration of the drug or combination with other 

immunomodulatory agents (concurrently or sequentially).  

While previous anti-CD3 studies concentrated on the treatment of recent-onset 

diabetic patients, it is also worth mentioning that the first prevention trial using 

teplizumab has been initiated in 2010 (ClinicalTrials.gov, Identifier: 

NCT01030861). This clinical study examines whether treatment with anti-CD3 

mAb can prevent or delay the onset of T1D in subjects with a very high risk of 

developing the disease. The estimated completion date of this trial is January 

2022. 

 

 

1.6.2.2 Abatacept  
 

Co-stimulation blockade reagents constitute another potential approach for the 

treatment of autoimmune diabetes. Abatacept (‘Orencia’) is a fusion protein 

consisting of the extracellular domain of CTLA-4 (cytotoxic T-lymphocyte-

associated protein 4) and the Fc region of the human immunoglobulin IgG1. 

CTLA-4 is an inhibitory receptor that binds to CD80/86, thereby blocking the 

interaction between CD80/86 on APCs and the co-stimulatory molecule CD28 on 

T cells [419, 420]. Abatacept selectively promotes this inhibitory CTLA-4 pathway 

and hence, prevents a critical signal for the activation, proliferation and survival 

of T lymphocytes.  
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In 1995, Lenschow et al. showed that administration of CTLA-4 Ig at the onset of 

insulitis (2-4 weeks of age) prevented diabetes in NOD mice [421]. However, 

when applied at later stages of autoimmunity (>10 weeks of age) abatacept had 

no effect on disease progression. This might be due to effector memory T cell 

responses that require less CD28 co-stimulation and thus, are less affected by 

co-stimulation blockade [248, 422]. Nevertheless, abatacept has been shown to 

block the proliferation of memory CD4+ T cells and their IL-2 secretion [423].  

Clinical success with co-stimulation blockade using Orencia has been 

demonstrated in several other autoimmune diseases, including psoriasis [424] 

and psoriatic arthritis [425]. In addition, it was approved by the FDA for the 

treatment of (juvenile) rheumatoid arthritis in December 2005 [426-428]. The first 

clinical trial for the treatment of T1D was initiated in 2008 and enrolled 112 

patients. The study showed that abatacept-treated recent-onset diabetic subjects 

had higher levels of C-peptide, improved HbA1c and a reduced number of CD4+ 

central memory T cells compared to the control group [259, 333, 429]. However, 

as with most immune modulation reagents so far, improvement of beta cell 

function was only transient with a decline in C-peptide parallel to placebo-treated 

patients which was delayed by approximately 9.5 months [333]. 

The first T1D prevention trial is currently on the way to investigate whether co-

stimulation blockage using abatacept can delay or prevent the onset of disease 

in high-risk individuals (ClinicalTrials.gov, Identifier: NCT01773707).  

 
 
 

1.7 Combination therapies for the treatment of T1D 
 

An appealing strategy for the treatment of T1D is the combination of two or more 

individual approaches in order to improve the safety and/or optimize the clinical 

efficacy of therapy.  

Antigen-specific treatments have been shown to be well tolerated in NOD mice 

and humans without any severe adverse events. However, these treatments 

have a very limited efficacy in established autoimmunity. Therefore, they might 
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need additional ‘help’ to induce immune tolerance in subjects with disease. On 

the other hand, non-antigen-specific immunomodulatory drugs transiently 

improve beta cell function but bear the risk of severe side effects upon chronic 

administration. Hence, combination of antigen-specific approaches with short-

term immune modulation intervention might result in both effective and safe T1D 

therapy with long-lasting clinical benefits. 

Several preclinical studies investigated the efficacy of a variety of combination 

therapies in the NOD mouse model with some of them demonstrating promising 

results. Immunization with insulin B:9-23 peptide combined with injections of the 

co-stimulation blockade agent abatacept failed to reverse disease in recent-onset 

NOD mice [430]. In contrast, about 60% of diabetic NOD mice returned to 

normoglycemia following a combination therapy of low dose anti-CD3 mAb, the 

regulatory cytokine IL-10 and oral delivery of L.lactis strains producing GAD or 

proinsulin [431, 432]. In addition, Bresson et al. showed that the combination of 

intranasal proinsulin and anti-CD3 mAb resulted in the reversal of diabetes in 2 

different mouse models [359]. Both of these successful regimens involved the 

accumulation of Tregs in the islets and pancreatic lymph nodes that suppressed 

immune responses in an antigen-specific manner, indicating that the plasticity of 

CD4+ T cells plays an important role in the synergetic effects of anti-CD3-based 

combination therapies. The local induction of autoantigen-specific Tregs is most 

likely achieved by the lymphodepleting action of anti-CD3 mAb that clears the 

islets from effector T cell infiltration. This anti-inflammatory milieu might allow the 

reprogramming of autoaggressive T cells towards islet-specific tolerance and 

hence, improve the efficacy of antigen-specific approaches. Interestingly, NOD 

mice that had increased levels of insulin autoantibodies (IAA) before the 

administration of oral insulin and anti-CD3 mAb responded best to the 

combination therapy [433], suggesting that preexisting IAA could serve as a 

potential biomarker for the clinical outcome of this treatment. 

A study by Clemente-Casares et al. recently demonstrated that the combination 

with nanotechnology might also be a useful tool to enhance the effectiveness of 

antigen-specific interventions in autoimmune diseases [360]. The authors 
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reported that nanoparticles coated with disease-relevant peptide-MHC class II 

complexes induced the conversion and expansion of FOXP3- Tr-1 like regulatory 

CD4+ T cells in several mouse models of autoimmunity. These Tr-1 like cells 

secreted IL-10 and were able to suppress autoreactive memory T cells. In recent-

onset NOD mice, the administration of pMHC-nanoparticles reversed diabetes 

efficiently. However, normoglycemia was not maintained after cessation of the 

treatment. 

 

 

 

1.8 T cell exhaustion 
 

T cell exhaustion is a hyporesponsive and dysfunctional state of T cells that has 

been investigated mainly in the context of tumor immunology and chronic 

infections. It is characterized by the stable expression of several co-inhibitory 

receptors (e.g. PD-1, T cell immunoglobulin and mucin-domain containing-3 

(Tim-3), CTLA-4, lymphocyte-activation gene-3 (Lag-3), T cell immunoreceptor 

with Ig and ITIM domains (TIGIT) and V-domain Ig suppressor of T cell activation 

(VISTA)), the progressive loss of effector function, unresponsiveness to cyto-

kines and reduced long-term survival [434-436]. Several murine and human 

studies suggest that continuous exposure to cognate antigen is the key factor 

which drives T cells into exhaustion, although the availability of CD4+ T cell help 

and the presence of stimulatory and suppressive cytokines also contribute to the 

severity of dysfunction [262, 437-441]. The induction of cell exhaustion is a 

stepwise process where T cells go through different phases characterized by the 

progressive increase in the frequency and diversity of co-inhibitory molecules as 

well as the hierarchical loss of effector functions (firstly IL-2, then TNF and IFN 

production) and proliferative potential [108]. Constantly high antigen load can 

eventually lead to severe and irreversible T cell exhaustion and/or cell depletion.  

Notably, the expression of co-inhibitory receptors is an important mechanism of 

peripheral tolerance that regulates and shapes activating signals in order to avoid 
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autoimmune responses. However, in tumors and chronic infections, T cell 

exhaustion constitutes a common survival strategy that prevents the elimination 

of tumor cells and pathogens by the host’s immune system. Immunotherapy with 

antibodies that target co-inhibitory receptors, so called check point inhibitors (e.g. 

anti-PD-1/PD-L1 and anti-CTLA-4), has been shown to be a highly promising 

approach to manage advanced cancers [442, 443]. Nevertheless, these 

treatments bear the risk of uncontrolled autoimmunity and severe adverse 

events.  

 

 
 

1.8.1 T cell exhaustion in autoimmunity 
 

T cell exhaustion might be an important mechanism of blocking self-reactive 

effector memory T cells and halt autoimmune responses. A study by McKinney et 

al. investigated the role of T cell exhaustion in autoimmunity by transcriptomic 

profiling of T cells from patients with autoimmune disorders [444]. Thereby, the 

authors identified a group of subjects with a more benign form of disease that 

exhibited a higher exhaustion signature, indicating a strong association between 

T cell exhaustion and the outcome of autoimmunity. Hence, the targeted 

augmentation of this process might represent a new therapeutic approach for the 

treatment of autoimmune diseases. 

In NOD mice, overstimulation of the inhibitory PD-1/PD-L1 signaling pathway 

reduces insulitis and diabetes incidence [445, 446] whereas PD-1 deficiency or 

treatment with anti-PD-1/PD-L1 Ab accelerates the onset and frequency of 

disease [109, 447, 448]. Thus, modulation of this signaling pathway might 

constitute an attractive approach to halt undesired self-reactive immune 

responses in autoimmunity.  

Interestingly, post-hoc analysis of the anti-CD3 AbATE trial suggest that non-

antigen-specific immune interventions might also result in the induction of T cell 

exhaustion in humans [414]. Subjects that responded best to anti-CD3 mAb 

treatment exhibited a population of CD8+ T cells with characteristics of cell 
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dysfunction. However, these cells were not terminally exhausted as they retained 

some effector functions. Further studies investigating different approaches to 

induce complete T cell exhaustion might provide new therapeutic possibilities for 

the treatment of T1D and other autoimmune disorders. 

 

 

 

1.9 Research hypothesis and aims 
 

1.9.1 Hypothesis 
 

In autoimmunity, induction of tolerance in antigen-experienced memory T cells is 

hampered by both the inflammatory milieu in the affected tissue and the 

resistance of memory T cells to tolerance induction. Therefore, therapies 

intended to induce antigen-specific tolerance in diabetic individuals need to be 

combined with additional short-term immunomodulation to be effective. 

 

1.9.2 Aims 
 

Aim 1: To generate and validate NOD mouse models that allow the tetracycline-

regulated expression of IGRP in antigen presenting cells 

 

Aim 2: To investigate the effect of antigen exposure on the number, phenotype 

and function of naïve and memory islet antigen-specific T cells 

 

Aim 3: To determine whether the combination of anti-CD3 antibody and co-

stimulation blockade followed by antigen-specific intervention can induce 

tolerance in effector memory T cells in the NOD mouse 
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2 CHAPTER 2: Materials and Methods 
 

 
 

2.1 Mice 
 

Mice were bred and maintained at St Vincent’s Institute of Medical Research. All 

animal experiments conducted for this study followed the guidelines approved by 

the institutional animal ethics committee. NODIGRP, NODPI, NOD8.3, Tet-Off 

TIP and TII mice have been described previously [271, 274, 291, 307]. 

NODIGRP and NODPI mice express IGRP or PI under the control of the IE-

MHC-II promoter, respectively. NOD8.3 mice express the TCR- rearrangement 

of the H-2Kd-restricted, beta cell-reactive CD8+ T cell clone NY8.3 recognizing 

IGRP206-214. For the generation of Tet-Off TIP or TII mice, NOD mice expressing 

PI or IGRP under the control of the TRE-CMV promoter (‘TRE-INS’ or ‘TRE-

IGRP’ mice, respectively) were crossed with mice that express the TetR-VP16 

transactivator (tTA) under the control of the IE-MHC-II promoter (‘TA-NOD’ 

mice) [449]. NOD8.3/Tet-Off TII mice were made by crossing NOD8.3 mice with 

Tet-Off TII mice. NOD8.3/CD45.2 mice were generated by crossing NOD8.3 

mice with congenic NODCD45.2 mice [450]. NOD.Rag1-/- mice were obtained 

from the Jackson Laboratory (Bar Habor, USA).  

 

 

2.2 Generation of Tet-On TII mice 
 

In order to generate NOD-IE-rtTA mice, a 1.9kb fragment encoding the IE-

MHC-II promoter was excised from the previously described IE-IGRP construct 

[274] using the NotI and SpeI restriction sites and subcloned into a pBluescript 

SK-vector to generate pBS-IE plasmid. Subsequently, a 1.2kb fragment 
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containing the reverse tetracycline transactivator (rtTA) and a polyA signal was 

excised from the pTET-ON Advanced plasmid vector (Clontech) and ligated into 

EcoRI and HindIII restriction sites of the pBS-IE plasmid to place rtTA under the 

control of the IE-MHC-II promoter (pBS-IE-rtTA). The ~3kb transgene cassette 

containing the IE promoter-rtTAsv40pA was excised from the pBS-IE-rtTA 

plasmid using NotI, HindIII and ScaI restriction sites and then purified. The 

purified transgene was injected into NOD ova by standard procedures. Founder 

NOD-IE-rtTA mice and subsequent transgene positive offspring were identified 

by PCR analysis of tail biopsies using primers spanning the IE-MHC-II promoter 

(5’-GATGCATCCAGCAATAAG-3’) and the rtTA gene (5’-CCTGTCCAGCATCTC 

GATTG3’). Finally, Tet-On TII mice were made by crossing NOD-IE-rtTA mice 

with TRE-IGRP mice that express IGRP under the control of the TRE-CMV 

promoter and were previously described [291]. 

 

 

2.3 Doxycycline treatment 
 

In order to block antigen expression in Tet-Off TIP and TII mice, doxycycline 

(DOX) (Alfa Aesar, Haverhill, USA) was administered within the food (600mg/kg) 

or drinking water (10mg/l). DOX-containing water was replaced every other day. 

While Tet-Off cohort 1 mice never received DOX, it was applied to cohort 2 from 

gestation throughout life. Cohort 3 mice were given DOX from gestation until 10 

weeks of age. NOD8.3/Tet-Off TII mice received DOX water from birth until 4 

weeks of age. To test the induction of IGRP expression in Tet-On TII mice, DOX 

food (600mg/kg) was administered for 2 weeks only or from birth until 14 weeks 

of age, respectively. 
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2.4 Antibody treatments 
 

For anti-CD3 treatments, 14-15-week-old mice were treated intraperitoneally 

(i.p.) for 5 consecutive days (5μg/dose) with the non-Fc-binding anti-CD3 F(ab’)2 

fragment (145-2C11) or a control hamster IgG F(ab’)2 fragment purchased from 

Bio X Cell (West Lebanon, USA). Concurrently, mice received weekly i.p. 

injections of abatacept (Orencia, Bristol-Myers Squibb Company, USA) for 5 

weeks (100μg/dose). The sphingosine-1-phosphate receptor-1 agonist FTY720 

was obtained from Cayman Chemical Co. (Ann Arbor, USA). 18-week-old mice 

were treated i.p. with 2mg/kg FTY720 every second day for 2 weeks. 

 

 

2.5 Diabetes incidence and reversal studies 
 

For diabetes incidence studies, animals were monitored weekly for urine glucose 

levels. Mice with positive urine glucose (>15mM) were confirmed to be diabetic 

by blood glucose measurement on consecutive days. For diabetes reversal 

studies, mice were monitored for blood glucose levels three times a week. New-

onset diabetes was defined as values 13.9mM on two consecutive days. Upon 

diabetes determination, animals were implanted with a subcutaneous LinBit 

insulin pellet (LinShin Canada Inc., Scarborough, Canada). 

 
 

2.6 Streptozotocin-induced diabetes 
 

For the induction of diabetes by streptozotocin (STZ) treatment, mice received a 

single i.p. dose (250mg/kg) of STZ (Sigma-Aldrich, St. Louis, USA) and were 

monitored daily for blood glucose levels. Upon diabetes determination, animals 

were implanted with multiple subcutaneous LinBit insulin pellets to ensure 

sufficient insulin levels for 5 weeks following STZ treatment. 
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2.7 Flow Cytometry 
 

The following antibodies were used for flow cytometry analysis: anti-CD45 (30-

F11) conjugated to PerCpCy5.5, anti-CD3 (500 A2) conjugated to V500, anti-

CD4 (GK1.5) conjugated to APC-C7, anti-CD8 (53-6.7) conjugated to APC, anti-

CD44 (IM7) conjugated to PE-Cy7, anti-PD-1 (29F.1A12) conjugated to BV605, 

TIGIT (1G9) conjugated to PE-Dazzle, anti-CD11c (N418), anti-B220 (RA3-6B2), 

anti-CD11b (M1/70), and anti-F4/80 (BM8) conjugated to AlexaFluor450 (all 

BioLegend, San Diego, USA), anti-CD8 (53-6.7) conjugated to PerCpCy5.5, anti-

IFN (XMG1.2) conjugated to FITC (both BD Biosciences, Franklin Lakes, USA), 

anti-Tim-3 (344823) conjugated to AlexaFluor488 (R&D Systems, Minneapolis, 

USA) and anti-FoxP3 (FJK-16S) conjugated to APC (Thermo Fisher Scientific, 

Waltham, USA). Propidium iodide was used to exclude dead cells. Intracellular 

staining for FoxP3 was conducted with the eBioscience FoxP3/Transcription 

Factor Fixation/Permeabilization Kit (Thermo Fisher Scientific). Intracellular 

staining for IFN was performed with the Cytofix/Cytoperm Kit (BD Biosciences) 

following incubation with PMA (50ng/ml) and Ionomycin (250ng/ml) for 6h at 

37C in the presence of a Golgi Plug. Samples were collected with an LSR 

Fortessa flow cytometer (BD) and analyzed with the FlowJo (Tree Star, Ashland, 

USA) software. 

 

 

2.8 Tetramer and magnetic bead-based enrichment 
 

The tetramer and magnetic bead-based enrichment assay has been previously 

described to detect rare T cell populations in both mice and humans [256, 291, 

451]. Briefly, single-cell suspensions of pooled peripheral lymphoid organs 

(PLOs, containing spleen, inguinal (ILNs) and mesenteric lymph nodes (MLNs)), 

pancreatic lymph nodes (PLNs) or islets of Langerhans from individual mice were 

stained with IGRP204-216 (VYLKTNVFL) H2-Kd tetramer conjugated to PE 
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(ImmunoID Flow Cytometry Facility, Melbourne, Victoria, Australia) for 1h on ice. 

Cells were then washed and incubated with anti-PE magnetic beads (Miltenyi 

Biotec, Cologne, Germany) according to the manufacturer’s instructions. The 

subsequent magnetic cell separation was conducted using an AutoMACS Pro 

system (Miltenyi Biotec). The separated tetramer+ fractions were stained and 

analyzed by flow cytometry. In order to detect IGRP204-216-specific CD8+ T cells, 

single cells were selected by forward and side scatter followed by dead cell 

exclusion using propidium iodide. Further gating on CD11c-, CD11b-, B220-, 

F4/80-, CD3+, CD8+ cells was performed for detailed phenotype analysis of IGRP 

tetramer-binding T cells. 

 

 

2.9 CFSE labelling and adoptive transfer 
 

Splenocytes from NOD8.3 mice were labelled with Carboxyfluorescein 

succinimidyl ester (CFSE, Molecular Probes, Eugene, USA) as previously 

described [274]. Subsequently, 5x106 CFSE-labelled cells in 200μl PBS were 

injected intravenously (i.v.) into the tail vein of recipient mice. For proliferation 

analysis, hosts were sacrificed three days post adoptive transfer to examine 

PLNs and ILNs for CFSE dilution by flow cytometry. For cell depletion analysis, 

PLOs and PLNs were harvested three weeks after transfer. 

 

 

2.10 In vivo cytotoxicity assay 
 

An IGRP206-214-specific in vivo cytotoxicity assay has previously been described 

[256]. Briefly, splenocytes from NODPI mice were prepared and divided into two 

groups. Control cells were incubated with 5μM TUM peptide (KYQAVTTTL) 

whereas target splenocytes were pulsed with 5μM IGRP206–214 peptide 

(VYLKTNVFL) (both Auspep, Tullamarine, Australia) for 1 h at 37C (107 cells/ml 

in complete RPMI (Life Technologies, Carlsbad, USA). Following washing, 



CHAPTER 2: Materials and Methods 
 

 52 

control TUM peptide-loaded cells were labeled with 0.5mM CFSE (CFSElo) and 

IGRP peptide-pulsed cells were labeled with 5mM CFSE (CFSEhi) in phosphate-

buffered saline (PBS) containing 0.1% bovine serum albumin (BSA) (both Sigma-

Aldrich, St. Louis, USA) for 10min at 37C. Subsequently, cells were washed in 

complete RPMI, mixed in equal proportions and intravenously injected into 

recipient mice (107 cells in 200μl PBS). The next day, spleens and PLNs were 

harvested and analyzed by flow cytometry as previously described [452]. 

 

 

2.11 Islet isolation and grafting 
 

Mouse islets of Langerhans were isolated by collagenase P (Roche, Basel, 

Switzerland) digestion and Histopaque-1077 density gradient (Sigma-Aldrich) as 

previously described [453]. For flow cytometry analysis, single-cell suspensions 

of islets were prepared by incubation with soft trypsin (Merck, Kenilworth, USA) 

for 5min at 37C. For islet grafting experiments, pancreatic islets from 

NOD.Rag1-/- mice were isolated and hand-picked for overnight culture at 37C in 

5% CO2. One day after isolation, 500 islets were transplanted under the kidney 

capsule of recipient mice. Eighteen days post transplantation, islet grafts were 

harvested, digested using collagenase D (Sigma-Aldrich) and analyzed by 

tetramer enrichment followed by flow cytometry. 

 

 

2.12 ELISA 
 

For insulin autoantibody (IAA) analysis, a 96-well ELISA format was used as 

previously described [274, 454]. Briefly, an ELISA plate (Costar) was coated with 

or without human insulin (10μg/ml, Actrapid, Novo Nordisk, Bagsværd, 

Dänemark) overnight at 4°C. After blocking, sera from TIP and NOD mice (1:10 
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dilution) were incubated for 2h followed by washing and addition of a biotinylated 

anti–mouse IgG1 antibody (1:10,000, Abcam, Cambridge, UK). Subsequently, 

wells were washed and horseradish peroxidase–conjugated streptavidin 

(BioLegend) was added. Finally, after several washing steps, the plate was 

incubated with TMB substrate solution (BioLegend) and absorbance was 

measured at 450nm using a Polarstar microplate reader (BMG Labtech, 

Ortenberg, Germany). Each sample was run in duplicate, and background 

absorbance of samples without plate-bound insulin was subtracted from test 

sample absorbance with plate-bound insulin.  

 

 

2.13 Immunohistochemistry 
 

For immunohistochemical analysis, pancreata were snap frozen in optimal 

cutting temperature (OCT) compound (Sakura Finetek, Torrance, USA). 

Subsequently, 5μm-thick sections of frozen pancreata were cut at 3 different 

levels (200μm apart) and stained with guinea pig anti-insulin, followed by anti-

guinea pig-horseradish peroxidase (HRP) (all Dako, Carpenteria, USA). Staining 

was then developed by incubation with diaminobenzidine (Sigma-Aldrich) and 

nuclear counterstaining was conducted with haematoxylin (Amber Scientific, 

Midvale, Australia). Insulitis was scored using the following scale: 0=no islet 

infiltration, 1=peri-islet infiltration (0-25%), 2=extensive peri-islet infiltration (25-

50%), 3=intra-islet infiltration (50-75%), 4=extensive intra-islet infiltration (>75%) 

or total islet destruction. The final insulitis score for each pancreas was 

calculated as follows: ([0.25 x number of grade 1 islets] + [0.5 x number of grade 

2 islets] + [0.75 x number of grade 3 islets] + number of grade 4 islets)/total 

number of estimated islets. The percentage of islets with each score was 

calculated by addition of scores for the three sections. 
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2.14 Statistics 
 
Mean and standard deviation of different treatment groups were calculated and 

compared using one-way ANOVA with Tukey’s multiple comparison test or two-

tailed unpaired t test, as indicated in the figure legends. For diabetes incidence 

studies, curves were compared with log-rank and Gehan–Breslow–Wilcoxon 

tests. Statistical analysis was performed using GraphPad Prism Software (San 

Diego, USA, Version 7.0). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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3 CHAPTER 3: Generation and validation of Tet-Off and 
Tet-On TII mice 

 
 
 

3.1 Summary 
 

Antigen-specific intervention constitutes an attractive approach to re-establish 

immune tolerance in individuals with autoimmunity. However, despite promising 

results in preclinical studies, therapeutic benefit has not yet been achieved in 

human subjects with type 1 diabetes (T1D). Notably, most animal studies in the 

non-obese diabetic (NOD) mouse have been conducted before the onset of beta 

cell autoimmunity, whereas patients enrolled in clinical trials already show signs 

of established disease. Here, we aimed to generate and validate a transgenic 

mouse model that allows the tetracycline-regulated expression of the autoantigen 

islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) in a 

temporal manner (TII mice) in order to investigate the effect of antigen exposure 

at a time point when islet autoimmunity is well established. Using a functional 

assay for the validation of IGRP expression, we tested different doses and 

administration routes of doxycycline to ensure sufficient antigen expression at 

later stages of life in two opposite systems, Tet-Off and Tet-On TII mice. In 

summary, while IGRP was gradually expressed in Tet-Off mice following long-

term treatment with low-dose DOX, antigen expression was induced more 

robustly and faster in the Tet-On system. Due to time limitations concerning the 

generation of Tet-On TII mice, this thesis concentrated on the use of the Tet-Off 

TII mouse model. However, future studies should utilize Tet-On TII mice to 

examine potential differences of antigen levels and their effects on autoreactive T 

cells and diabetes development. 
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3.2 Introduction 
 

The etiology of autoimmune disorders like T1D is very complex. Due to the 

limited access to human pancreatic tissue, animal models that reflect the clinical 

characteristics of diabetic patients have become indispensable tools to examine 

the underlying molecular mechanisms that cause islet autoimmunity and to 

develop novel therapeutic approaches for the treatment of disease [178, 455, 

456]. 

The NOD mouse is the most widely studied animal model for preclinical studies 

in autoimmune diabetes as it shares many features of human T1D. Genetic 

modification of NOD mice by transgenic overexpression or knockout of relevant 

genes has led to major advances in understanding the progression of disease, 

including the role of proinsulin as the primary autoantigen that initiates islet-

specific immune responses [271, 273, 274], and the importance of central and 

peripheral tolerance mechanisms in the prevention of autoimmunity [63, 65, 125-

127]. Thus, although the NOD mouse does not mirror the pathogenesis of human 

T1D perfectly, observations from preclinical studies are still invaluable for the 

development of clinical treatments. 

Notably, both murine and human autoimmune diabetes has been shown to 

involve the failure immune tolerance processes. Hence, interventions that re-

establish a tolerant state in individuals with autoimmunity are very attractive. For 

many years, antigen-specific therapy has been of great interest as it promises to 

be both safe and effective to prevent autoimmune disorders. However, despite 

encouraging results in animal studies [294, 339-342], clinical trials using different 

antigen-specific approaches in patients with T1D have so far failed to improve 

beta cell survival and glucose tolerance [320-322, 348]. Importantly, the failure of 

clinical translation might be due to false interpretation and suboptimal design of 

preclinical studies. While subjects enrolled in clinical trials have already been 

diagnosed with symptomatic disease or exhibit multiple autoantibodies, most 

studies in the NOD mouse have been performed in young mice before the onset 
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of islet autoimmunity. Hence, the timing of intervention might be one of the major 

hurdles of antigen-specific therapies. 

Notably, although a lot of our current knowledge about autoantigenic immune 

responses has been obtained by the utilization of classical transgenic and 

knockout animal models, these systems are irreversible as they lead to the 

constant overexpression or lack of a protein, respectively. Hence, they are not 

suitable to determine the function of genes at different time points during disease 

progression.  

In order to circumvent this limitation, our laboratory has recently generated 

transgenic NOD mice that allow the tetracycline-regulated expression of the 

antigens proinsulin (Tetracycline-Inhibited-Proinsulin (TIP) mice) and IGRP 

(Tetracycline-Inhibited-IGRP (TII) mice) in antigen presenting cells (APCs) using 

the Tet-Off system [291]. This mouse model enables conditional gene expression 

in a spatio-temporal manner by two genetic components: the tetracycline 

transactivator (tTA) and the tetracycline response element (TRE) promoter. In the 

absence of the tetracycline derivate doxycycline (DOX), Tet-Off TIP and TII mice 

express the tTA under the control of the MHC class II IE-promoter. 

Subsequently, the tTA protein binds to the TRE which drives the expression of 

proinsulin or IGRP, respectively. The administration of DOX halts this process as 

the tTA protein forms a complex with DOX that cannot associate with the TRE. 

Using this animal model we demonstrated that antigen-specific treatments can 

induce tolerance in self-reactive T cells and prevent diabetes when applied in the 

perinatal period [291]. 

Here, we aimed to examine the effects of antigen exposure at later time points in 

life when islet autoimmunity is already well established and naïve autoreactive T 

cells have differentiated into antigen-experienced memory T cells. For our study, 

the pitfall of the Tet-Off mouse system is the required long-term administration of 

DOX in order to block antigen expression until the animals are pre-diabetic. This 

chapter describes the validation of IGRP expression following optimized DOX 

treatment in Tet-Off TII mice, and the generation of Tet-On TII mice as a potential 

solution to overcome the limitations of the Tet-Off mouse model.  
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3.3 Results 
 
 

3.3.1 DOX administration inhibits IGRP expression in Tet-Off TII mice 
 

While proinsulin-specific T cells are very rare and hard to detect in the periphery, 

IGRP206-214-specific CD8+ T cells are the highest frequency autoreactive T cells in 

the NOD mouse model with increasing numbers during disease progression 

[256]. This makes them an attractive T cell population to study the phenotype 

and function of islet-specific T cells in response to antigen exposure.  

Hence, our laboratory recently generated transgenic NOD mice that conditionally 

express IGRP based on the Tet-Off system (Tet-Off TII mice) [291]. In the 

absence of tetracycline or its derivative doxycycline (DOX), these animals 

express IGRP in their thymic and peripheral APCs (e.g. B cells, DCs, mTECs) 

due to the binding of the tetracycline transactivator (tTA) protein (controlled by 

the IE-MHC class II promoter) to the tetracycline response element (TRE) 

consisting of the TetO operator and the CMV promoter (Fig.3-1A). The 

administration of DOX inhibits this transcription process as DOX builds a 

complex with the tTA protein that cannot associate with the TRE. Using this 

mouse model, we demonstrated that IGRP206-214-specific T cells are absent in 

mice that express IGRP throughout life or only during the perinatal period [291]. 

In the present study we aimed to examine the effect of antigen exposure on islet-

reactive memory T cells by inducing the expression of IGRP at a later time point 

in life when Tet-Off TII mice are already pre-diabetic (10 weeks of age). Thus, 

long-term administration of DOX was necessary to block antigen expression until 

islet autoimmunity was well established. Here, we tested different administration 

routes and doses that adequately inhibit IGRP expression while reducing DOX 

accumulation to allow robust and fast antigen induction following DOX treatment. 

In order to determine the expression of IGRP in APCs, we performed a functional 

assay by transferring CFSE-labelled IGRP-specific CD8+ T cells isolated from 

NOD8.3 mice into 10-week-old Tet-Off TII mice that never received DOX or were 

given DOX within the food (600mg/kg) or drinking water (10mg/l) from birth on 
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(Fig.3-1B). Wild type (wt) NOD and transgenic NODIGRP mice that constantly 

express IGRP in their APCs [292] were used as negative and positive controls, 

respectively. Three days post transfer, the pancreatic lymph nodes (PLNs) and 

inguinal lymph nodes (ILNs) of recipient mice were harvested and analysed for 

CFSE dilution as an indicator for T cell proliferation. As expected, IGRP-specific 

cells proliferated extensively in the PLNs and ILNs of NODIGRP mice. On the 

contrary, in wt NOD mice T cell proliferation was only detected in the PLNs due 

to endogenous expression of IGRP and its presentation in the draining lymph 

nodes. Moreover, we observed strong proliferation of IGRP-specific T cells in the 

PLNs and ILNs of Tet-Off TII mice that never received DOX, suggesting that 

IGRP expression is robustly induced in the absence of DOX. Importantly, IGRP-

specific cells did not proliferate in the ILNs of Tet-Off TII mice that were given 

DOX within the food or drinking water, demonstrating that both administration 

routes and doses were able to successfully block IGRP expression. 

 

 

3.3.2 IGRP expression cannot be induced in Tet-Off TII mice after long-
term administration of DOX food 

 

Since we intended to initiate antigen exposure in Tet-Off TII mice from 10 weeks 

of age on, we next determined whether IGRP expression can be induced 

following long-term administration of DOX food. Therefore, Tet-Off TII mice were 

given DOX food (600mg/kg) from birth until 10 weeks of age followed by 

administration of food without DOX. After 2 or 6 weeks of normal food 

respectively, CFSE-labelled splenocytes from NOD8.3 mice were transferred into 

Tet-Off TII mice. Three days post transfer, proliferation could only be detected in 

the PLNs whereas IGRP-specific T cells did not proliferate in the ILNs, even after 

6 weeks without DOX treatment (Fig.3-2). This suggested that IGRP expression 

was permanently blocked following long-term administration of high doses of 

DOX in the food, either due to epigenetic modifications or the accumulation of 

DOX in the body. 
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Figure 3-1: Tetracycline-regulated IGRP expression in Tet-Off TII mice. (A) Scheme 

of the Tet-Off system used to control IGRP expression in Tet-Off TII mice. In the 

absence of doxycycline (DOX) the tetracycline transactivator (tTA) protein, controlled by 

the IE-MHC class II promoter, binds to the tetracycline response element (TRE) 

composed of the TetO operator and the CMV promoter and thereby, drives the 

expression of IGRP. Upon administration of DOX, the tTA protein dissociates from the 

TRE and binds to DOX which halts IGRP expression. (B) CFSE-labelled splenocytes 

from NOD8.3 mice were transferred into 10-week-old wild-type NOD mice, NODIGRP 

mice and Tet-Off TII mice that never received DOX or were given DOX from birth (within 

the food (600mg/kg) or water (10mg/l)). Representative dot plots (gates indicate 

populations selected for proliferation quantification) and histograms (numbers indicate 

percentages of CFSElow cells) show CFSE dilution in pancreatic lymph nodes (PLNs) 

and inguinal lymph nodes (ILNs) of recipient mice 3 days post transfer from 3 

independent experiments (n=5-8/group). 

IEα-promoter tTA

P
MIN

 CMV IGRPTetO

tTA
Transcription

IEα-promoter tTA

P
MIN

 CMV IGRPTetO

tTA
X

DOX tTA

DOX

tTA

DOX

- DOX + DOX
A

B

NOD

Tet-Off TII

(- DOX)

Tet-Off TII

(+ DOX)

CFSE

C
D

8

CFSE

C
e

ll 
#

CFSE

C
D

8

CFSE

C
e

ll 
#

ILNs PLNs

4

89.4

6.3

92.5

59.5

52

97.8 98.5
NODIGRP



CHAPTER 3: Generation and validation of Tet-Off and Tet-On TII mice 
 

 61 

 

Figure 3-2: IGRP expression cannot be induced in Tet-Off TII mice after long-term 

administration of DOX food. Tet-Off TII mice were given doxycycline (DOX) food 

(600mg/kg) from birth until 10 weeks of age followed by administration of food without 

DOX. After 2 or 6 weeks of normal food respectively, CFSE-labelled splenocytes from 

NOD8.3 mice were transferred into Tet-Off TII mice. Representative dot plots (gates 

indicate populations selected for proliferation quantification) and histograms (numbers 

indicate percentages of CFSElow cells) show CFSE dilution in pancreatic lymph nodes 

(PLNs) and inguinal lymph nodes (ILNs) of recipient mice 3 days post transfer 

(n=3/group). 

 

 

 

3.3.3 IGRP expression can be induced in Tet-Off TII mice after long-term 
administration of DOX water 

 

Next, we examined whether the use of lower DOX concentrations within the 

drinking water could enable the induction of IGRP expression in Tet-Off TII mice 

following long-term DOX treatment. Therefore, Tet-Off TII mice were given DOX 

water (10mg/l) from birth until 10 weeks of age followed by administration of 

water without DOX (Fig.3-3). After 2 or 4 weeks of normal water respectively, 

CFSE-labelled splenocytes from NOD8.3 mice were transferred into Tet-Off TII 

mice. Following 2 weeks without DOX treatment, IGRP-specific T cells 

proliferated strongly in the PLNs, but only slightly in the ILNs of Tet-Off TII mice. 

Notably, after 4 weeks of normal drinking water we detected increased 

proliferation rates of IGRP-specific T cells in the ILNs, indicating that IGRP 
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expression was induced in the APCs of Tet-Off mice following long-term 

administration of lower DOX doses. However, this induction is limited as it 

requires several weeks without DOX treatment and is reduced compared to 

proliferation levels found in Tet-Off TII mice that never received DOX. 

 

 

 

 

 

 

Figure 3-3: IGRP expression can be induced in Tet-Off TII mice after long-term 

administration of DOX water. Tet-Off TII mice were given doxycycline (DOX) water 

(10mg/l) from birth until 10 weeks of age followed by administration of water without 

DOX. After 2 or 4 weeks of normal water respectively, CFSE-labelled splenocytes from 

NOD8.3 mice were transferred into Tet-Off TII mice. Representative dot plots (gates 

indicate populations selected for proliferation quantification) and histograms (numbers 

indicate percentages of CFSElow cells) show CFSE dilution in pancreatic lymph nodes 

(PLNs) and inguinal lymph nodes (ILNs) of recipient mice 3 days post transfer from 2 

independent experiments (n=3-6/group). 

 

 

 

 

 

 

 

4 weeks

ILNs PLNs

2 weeks

CFSE

C
D

8

CFSE

C
e

ll 
#

CFSE

C
D

8

CFSE

C
e

ll 
#

38.8 80.3

11.7 58.9



CHAPTER 3: Generation and validation of Tet-Off and Tet-On TII mice 
 

 63 

3.3.4 The induction of IGRP expression in Tet-On TII mice 
 

In order to overcome the limitations of the Tet-Off TII mouse model, we gene-

rated transgenic NOD mice based on the contrary Tet-On system (Fig.3-4A). 

These animals express the reverse tetracycline transactivator (rtTA) under the 

control of the IE-MHC class II promoter. In the absence of DOX, the rtTA 

protein is not able to bind the TRE and hence, does not induce IGRP expression. 

However, upon administration of DOX, rtTA and DOX form a complex that 

associates with the TRE and thereby, drives the expression of IGRP. Thus, in 

this mouse model DOX administration is only required at the time when the 

antigen needs to be expressed. 

Following injection of the NOD-IE-rtTA construct into NOD ova, we obtained 

several positive founder mice (#4, #5, #6 and #45) that were crossed to the TRE-

IGRP line #11 to generate bi-transgenic Tet-On TII mice (#11-4, #11-5, #11-6 

and #11-45). For the validation of induced IGRP expression, CFSE-labelled 

splenocytes from NOD8.3 mice were transferred into Tet-On TII mice from 

different lines that never received DOX or were given DOX food (600mg/kg) for 2 

weeks (Fig.3-4B). Importantly, T cell proliferation was not observed in the ILNs of 

any Tet-On TII mouse line in the absence of DOX, confirming that IGRP was not 

constitutively expressed. Upon DOX administration we did not detect any T cell 

proliferation in the ILNs of the Tet-On TII lines #11-4, #11-5 and #11-6 either 

(data only shown for #11-4), indicating a lack of antigen expression in the APCs. 

However, IGRP-specific T cells proliferated extensively in the ILNs of line #11-45 

in response to DOX treatment, suggesting that short-term DOX administration 

was sufficient to induce robust expression of IGRP in these mice. 
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Figure 3-4: Tetracycline-regulated IGRP expression in Tet-On TII mice. (A) Scheme 

of the Tet-On system used to control IGRP expression in Tet-On TII mice. In the 

absence of doxycycline (DOX) the reverse tetracycline transactivator (rtTA) protein, 

controlled by the IE-MHC class II promoter, cannot bind to the tetracycline response 

element (TRE) composed of the TetO operator and the CMV promoter. Upon 

administration of DOX, the rtTA protein forms a complex with DOX which binds the TRE 

and thereby, drives the expression of IGRP. (B) CFSE-labelled splenocytes from 

NOD8.3 mice were transferred into 2 different transgenic lines of Tet-On TII mice (#11-4 

and #11-45) that never received DOX or were given DOX food (600mg/kg) for 2 weeks. 

Representative dot plots (gates indicate populations selected for proliferation 

quantification) and histograms (numbers indicate percentages of CFSElow cells) show 

CFSE dilution in pancreatic lymph nodes (PLNs) and inguinal lymph nodes (ILNs) of 

recipient mice 3 days post transfer from 2 independent experiments (n=6/group). 
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3.3.5 IGRP expression inhibits the generation of IGRP-specific T cells in 
Tet-On TII mice 

 

IGRP206-214-specific CD8+ T cells are absent in NODIGRP and Tet-Off TII mice 

that express IGRP throughout life or during the perinatal period, respectively 

[291, 292]. In order to confirm that IGRP expression in Tet-On TII mice is also 

sufficient to inhibit the generation of IGRP-specific cells, we enumerated IGRP206-

214-specific CD8+ T cells by tetramer enrichment from the peripheral lymphoid 

organs (PLOs) of 14-week-old Tet-On TII #11-4 and #11-45 mice that were given 

DOX food from birth on (Fig.3-5). Comparable numbers of IGRP tetramer-binding 

T cells were detected in wt NOD and Tet-On TII #11-4 mice, further verifying that 

this Tet-On TII line lacked IGRP expression despite the administration of DOX. 

On the other hand, we observed that IGRP206-214-specific CD8+ T cells were 

absent in Tet-On TII #11-45 mice that received DOX throughout life, similar to 

NODIGRP control mice. Notably, Tet-On TII #11-45 mice that were never given 

DOX exhibited normal frequencies of IGRP tetramer-binding cells compared to 

wt NOD mice (data not shown). Hence, DOX food administration induces 

adequate levels of IGRP expression in Tet-On TII #11-45 mice that are sufficient 

to block the generation of IGRP-specific T cells. 

 
 
 

 
Figure 3-5: IGRP expression inhibits the generation of IGRP-specific T cells in Tet-

On TII mice. Representative FACS plots indicating the total number of IGRP204-216-

specific CD8+ T cells (per individual mouse) enriched from peripheral lymphoid organs 

(PLOs) of 14-week-old NOD and NODIGRP mice as well as 2 different transgenic lines 

of Tet-On TII mice (#11-4 and #11-45) that were given DOX food (600mg/kg) from birth 

on (n=3/group).  
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3.4 Discussion 
 

In this study, we have generated and validated 2 different mouse model systems 

that allow the tetracycline-regulated expression of the autoantigen IGRP in a 

temporal manner to investigate the impact of antigen exposure on antigen-

specific T cells after the establishment of islet autoimmunity. 

In order to verify adequate antigen expression in APCs, we determined IGRP 

levels by performing a robust functional T cell proliferation assay rather than 

Western Blot or qPCR analysis. Notably, while IGRP was gradually expressed in 

Tet-Off TII mice following long-term treatment with low-dose DOX, these 

proliferation levels were relatively modest compared to mice that never received 

DOX. Our data is consistent with observations by Guerau-de-Arellano et al. who 

detected slow re-expression of autoimmune regulator (AIRE) in a Tet-Off-

regulated AIRE mouse model after DOX withdrawal [449]. This indicates that the 

administration of DOX over a long period leads to the buildup of DOX stores that 

degrade only slowly and enable the blockage of antigen expression even after 

the cessation of DOX treatment. In fact, pharmacokinetic studies have 

demonstrated that DOX accumulates at high concentrations in the bones and 

teeth where it forms stable complexes with calcium [457, 458]. Moreover, Rennel 

et al. reported that DOX can also bind nonspecifically to cells and extracellular 

matrix of in vitro cultures of Tet-off clonal cell lines where its slow release after 

DOX removal from the tissue culture media is able to suppress transgene 

expression efficiently [459]. Hence, while the Tet-Off system is an attractive 

approach to permanently block the expression of genes from a certain time point 

on, it is only suboptimal to initiate gene expression at later stages of life after 

long-term DOX administration. 

To overcome the limitations of the Tet-Off TII mouse model, we intended to 

generate TII mice that are based on the contrary Tet-On system. Interestingly, 

only one out of four Tet-On TII lines exhibited strong IGRP expression in 

response to DOX exposure. Insufficient expression of the IE-rtTA transgene 

might be the reason for its inability to drive IGRP transcription in three of these 
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lines. Recently, it has been shown that the efficiency of reporter protein 

expression highly varies between haematopoietic lineages even in mouse strains 

that express transactivator proteins under the control of nominally ubiquitous 

promoters [460]. Notably, the incorporation of different enhancer elements has 

been demonstrated to significantly increase the expression of transgenes, 

including the integration of intronic sequences (e.g. from the simian virus 40 or 

the rabbit beta-globin gene) [461, 462] or insulator sequences that function as 

directional blocking elements [463]. In the present study, the IE-rtTA transgene 

construct did not contain any enhancing elements which might explain the low 

number of functional Tet-On TII lines.  

Importantly, we obtained one Tet-On mouse line with robust IGRP expression 

that was induced more strongly and faster compared to antigen levels detected in 

Tet-Off TII mice following DOX removal. Due to time limitations concerning the 

generation of Tet-On animals, subsequent experiments of this thesis were 

conducted using the Tet-Off TII mouse model. However, future studies should 

utilize Tet-On TII mice to examine potential effects of different antigen levels on 

islet-specific T cells and diabetes progression. 
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4 CHAPTER 4: The effect of antigen exposure on naïve 
and memory T cells   

 
 
 

4.1 Summary 
 

One of the major hurdles for the clinical translation of antigen-specific therapies 

might be the persistence of memory T cells in individuals with established islet 

autoimmunity. In this chapter, we examined and compared the fate of islet-

reactive naïve and antigen-experienced T cells in response to antigen exposure 

using different cohorts of our Tet-Off TII mouse model. By tracking IGRP-specific 

CD8+ T cells with tetramer enrichment we observed that antigen expression 

successfully depletes naïve IGRP-specific T cells. On the other hand, antigen-

experienced IGRP-specific T cells were refractory to cell depletion and expanded 

in response to antigen exposure. However, these memory T cells up-regulated 

several exhaustion markers, e.g. PD-1, Tim-3 and TIGIT, and produced less IFN 

following in vitro stimulation. Nevertheless, these phenotypically exhausted cells 

were still able to infiltrate transplanted islets and kill IGRP peptide-loaded 

splenocytes in vivo. Moreover, cessation of antigen expression reversed the 

exhausted phenotype, demonstrating that antigen-induced exhaustion was not 

stable. Our data suggest that the induction of complete exhaustion in memory 

antigen-specific T cells might be restrained by ongoing inflammation in the 

pancreatic islets which could lead to the limited efficacy of antigen-specific 

treatments after the establishment of islet autoimmunity. 
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4.2 Introduction 
 

Autoimmune diseases like type 1 diabetes (T1D) result from the failure of central 

and peripheral immune tolerance mechanisms [464]. Antigen-specific therapies 

selectively disable self-reactive immune cells and hence, constitute an attractive 

approach to re-establish a tolerant state in T1D patients. The main strategy of 

antigen-specific interventions is the administration of autoantigenic peptides or 

proteins with the aim to reduce the number and/or function of pathogenic islet-

reactive T cells or to increase the frequencies of specialized regulatory T cells 

(Tregs). The great advantage of these treatments is their safety as they only 

impair autoreactive immune responses against beta cells while the rest of the 

immune system stays intact and can still fight infections and malignancies. 

However, despite promising results in animal models, antigen-based treatments 

have not yet been successful in clinical settings [352-354].  

The lack of success in clinical studies could be due to different factors including 

uncertainty over the optimal route or dose of administration and the use of insulin 

instead of proinsulin since epitopes of C peptide have recently been shown to be 

the target of autoreactive T cells [174]. Nevertheless, a major hurdle for antigen-

specific interventional T1D therapies might be the timing of intervention. While 

most studies in the non-obese diabetic (NOD) mouse have been performed in 

young mice before the onset of beta cell autoimmunity, clinical trials have been 

done when islet inflammation is already well established. Importantly, treatment 

after the onset of autoimmunity is likely to be less effective because at this time 

point autoreactive lymphocytes have expanded into a diverse pool of cells 

specific for different islet antigens (antigen spreading) and, naïve autoantigen-

specific T cells have differentiated into antigen-experienced memory T cells.  

Notably, while several different antigen-specific approaches are able to induce 

robust immune tolerance in naïve T cells [291, 361-363], this is challenging to 

achieve in antigen-experienced cells. It has been shown that memory T cells can 

be activated with lower antigen doses and/or levels of co-stimulation [248]. 
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Therefore, antigen exposure alone with little or no co-stimulation might promote 

the re-activation of antigen-experienced cells.  

Importantly, measurements of T cell function are technically challenging and 

appropriate and proven biomarkers of disease progression are not available. In 

order to evaluate the success of T1D treatments, it is highly desirable to be able 

to measure not only the frequencies of antigen-specific T cells but also biomar-

kers that indicate whether the interventions affect their phenotype in a way that 

might lead to clinical benefit. Recently, it has been proposed that increased 

expression of several co-inhibitory receptors that are associated with T cell 

unresponsiveness to cancers (so called ‘exhaustion markers’) may correlate with 

good prognosis in autoimmune disease [465]. Therefore, we examined the 

impact of antigen exposure on markers of T cell exhaustion in T1D. 

For this study, we used our transgenic Tet-Off mouse model to express the 

autoantigens proinsulin (TIP mice) and islet-specific glucose-6-phosphatase 

catalytic subunit-related protein (IGRP, TII mice) in antigen presenting cells 

(APCs) [291]. Previously, we have shown that proinsulin exposure throughout life 

or only during the neonatal period is sufficient to completely prevent diabetes 

development [291], suggesting that immune tolerance can successfully be 

induced at early time points in life when proinsulin-specific T cells are still naïve. 

Here, we further explored the effect of antigen expression on naïve and memory 

T cells by tracking IGRP-specific T cells, the highest frequency islet-reactive T 

cells in the NOD mouse [256]. This enabled us to perform deeper mechanistic 

analyses of the number, phenotype and function of autoantigen-specific cells 

following antigen exposure showing that antigen expression leads to different 

effects in naïve and antigen-experienced memory T cells by inducing distinct 

mechanisms of immune tolerance. 
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4.3 Results 
 
 

4.3.1 Proinsulin expression after the onset of insulitis does not protect 
from diabetes progression 

 

NOD mice that transgenically express proinsulin in their APCs throughout life or 

for the first weeks of age are completely protected from insulitis and diabetes 

development [271, 291]. Here, we investigated the effects of antigen expression 

after the onset of islet infiltration (stage 2 of T1D progression) which is a clinically 

more relevant time point of disease treatment because subjects in most clinical 

trials have pre-existing autoimmunity. 

Therefore, we divided Tet-Off TIP mice into 3 different cohorts (C1-C3, Fig.4-1A) 

that received doxycycline (DOX) in the drinking water (10mg/l) accordingly when 

antigen expression needed to be blocked. Control TIP mice that expressed 

proinsulin from gestation on (C1) were completely protected from the 

development of insulin autoantibodies (IAA), insulitis and diabetes (Fig.4-1B-D), 

similar to NOD mice with transgenic expression of mouse proinsulin II in the 

antigen presenting cells (NODPI mice), previously described by French et al. 

[271]. As expected, when proinsulin expression was never induced (C2), TIP 

mice showed immune responses to insulin in form of IAA and insulitis, and 

became diabetic at a normal rate comparable to NOD wild type (wt) mice. When 

proinsulin was expressed from 10 weeks of age on (after the onset of 

autoimmunity, C3), IAA, insulitis and diabetes incidence were similar to TIP mice 

that never expressed the antigen. This indicates that antigen exposure in non-

inflamed lymphoid tissue, which is highly effective before weaning, does not 

prevent further progression of the disease after the establishment of islet 

autoreactivity.  
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Figure 4-1: Proinsulin expression after the onset of insulitis does not protect from 

diabetes. (A) Study design demonstrating different cohorts of TIP mice with duration of 

induced antigen expression shown in gray. Cohort 1 mice never received doxycycline 

(DOX) water while cohort 2 and 3 animals were on DOX from gestation throughout life or 

from gestation until 10 weeks of age, respectively. (B) Diabetes incidence in cohorts 1-3 

of TIP mice (P<0.001 cohort 1 vs. cohort 2 and 3). Survival curves compared using log-

rank test. (C) Representative insulitis stages of cohort 1-3 of TIP mice (n=3-5/group, >90 

islets scored per mouse). (D) Insulin autoantibodies in sera of 12- to 20-week-old TIP 

mice, demonstrated as absorbance at 450nm (n=9-27/group). Data shown as mean  

SD.  

 
 
 
 

4.3.2 Antigen expression depletes adoptively transferred naïve IGRP-
specific T cells 

 

While proinsulin has been shown to be the primary autoantigen that initiates islet 

autoimmunity in the NOD mouse [271, 273, 274, 284], proinsulin-specific T cells 

are very rare and hard to detect in the periphery. In contrast, T cells that 

recognize islet-specific glucose-6-phosphatase catalytic subunit-related protein 

(IGRP) are the highest frequency autoreactive T cells in NOD mice with 

increasing numbers during disease progression [256]. Hence, we set up 3 

cohorts of Tet-Off TII mice similar to TIP animals, to track IGRP206-214-specific 
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CD8+ T cells by tetramer enrichment and investigate the effect of antigen 

exposure on naïve and memory islet-reactive T cells. 

Previously, it has been shown that IGRP-specific T cells are absent in mice 

constantly expressing IGRP in their APCs (NODIGRP) [309]. In order to examine 

whether antigen expression in TII mice can delete naïve IGRP-reactive T 

lymphocytes, we recently induced IGRP in TII mice throughout life or for the first 

weeks of age [291]. Similar to NODIGRP mice, IGRP204-216-tetramer-binding cells 

were reduced dramatically in both groups, indicating that IGRP expression 

causes deletion of naïve IGRP-specific T cells. 

To further confirm this, we performed adoptive transfer experiments using 

splenocytes from NOD8.3 mice. These animals transgenically express the T cell 

receptor (TCR) from the IGRP206-214- reactive 8.3 T cell clone and notably, unlike 

in wt NOD animals, the vast majority of 8.3 T cells in the periphery are naïve 

antigen-unexperienced cells (even after the disease in the pancreas is 

established). It has been demonstrated that these cells are deleted 2 weeks after 

adoptive transfer in NODIGRP mice [466]. Here, we transferred CFSE-labelled 

splenocytes from congenic NODCD45.2/8.3 mice into 15-week-old cohort 1-3 TII 

mice. Age-matched NODIGRP mice served as control recipients. Utilizing donor 

CD45.2/8.3 splenocytes enabled us to differentiate between exogenous, naïve 

8.3 CD45.2+ IGRP tetramer-binding cells and endogenous CD45.2- IGRP 

tetramer-binding cells as all recipient mice express the isoform CD45.1 on their 

leukocytes.  

Three weeks post transfer, peripheral lymphoid organs (PLOs, including spleen, 

inguinal and mesenteric lymph nodes) were harvested and enriched for IGRP204-

216-specific T cells using the tetramer and magnetic bead-based enrichment 

assay (Fig.4-2A). While transferred 8.3 cells were almost completely deleted in 

NODIGRP mice, we were still able to detect transferred IGRP-specific TCR 

transgenic cells in cohort 1 and 3 TII mice that expressed IGRP from birth or from 

10 weeks of age on, respectively. Nevertheless, the number of IGRP tetramer-

binding CD45.2+ cells was reduced compared to wt NOD mice and cohort 2 TII 

mice that never expressed the antigen. Notably, the CFSE dilution detected in 
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the PLOs of NODIGRP and cohort 1 and 3 TII mice indicates that 8.3 T cells 

underwent several divisions prior to deletion due to transgenic antigen 

expression in the APCs, suggesting a suppressive effect of antigen exposure 

post activation. The slight CFSE dilution observed in wt NOD and cohort 2 TII 

mice is merely due to circulating cells that encountered endogenous IGRP (e.g. 

in the pancreatic lymph nodes or islets) during the long time period (3 weeks) 

between adoptive transfer and analysis.  

It is worth mentioning that the partial T cell deletion in cohort 1 and 3 might be 

due to different antigen levels in TII and NODIGRP mice as well as lower IGRP 

expression following long-term DOX administration in cohort 3.  

 

 

 

Figure 4-2: Antigen expression induces immune tolerance in naïve IGRP-specific T 

cells. CFSE-labelled splenocytes from NOD8.3/CD45.2 mice were transferred into 15-

week-old NODIGRP and TII mice (cohort 1-3). Recipient mice were sacrificed (A) 3 

weeks or (B) 3 days post transfer for FACS analysis. (A) Representative FACS plots 

indicating the total number of IGRP tetramer-binding CD8+ CD45.2+ T cells found in the 

peripheral lymphoid organs (PLOs) (n=3/group). (B) Representative FACS plots showing 

IFN staining of CD45.2+ CD8+ T cells from PLOs following in vitro re-stimulation with 

PMA and ionomycin (n=3/group).  
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Moreover, we examined whether antigen expression affects the function of naïve 

IGRP-specific 8.3 T cells. Therefore, PLOs of NODIGRP and cohort 1-3 TII mice 

were harvested 3 days post NOD8.3 splenocyte transfer, enriched for IGRP 

tetramer and subsequently stained for IFN, a marker for cytotoxic T lymphocyte 

function. As shown in Fig.4-2B, 8.3 T cells did not proliferate in TII mice that 

never expressed IGRP (cohort 2). In contrast, T cell proliferation could be 

detected in NODIGRP and TII mice with induced IGPR expression from birth or 

10 weeks of age on (cohort 1 and 3, respectively). Importantly, IFN expression 

declined with progressive cell proliferation demonstrating a loss of T cell function 

in response to antigen exposure. 

These data indicate that there are sufficient IGRP levels in TII mice for IGRP-

specific T cells to be activated in PLO sites where the antigen is not 

physiologically expressed. To confirm whether IGRP expression in TII mice is 

enough to completely disable naïve IGRP-specific T cells, we next crossed TII 

mice to NOD8.3 mice. 

  

 

 

4.3.3 IGRP expression prevents diabetes progression in NOD8.3 mice 
 

NOD8.3 mice develop accelerated diabetes around 6-13 weeks of age, 

demonstrating the high pathogenicity of IGRP-specific T cells [307, 308]. In order 

to determine whether transgenic IGRP expression in APCs can induce immune 

tolerance in this accelerated model of disease, we crossed NOD8.3 mice with TII 

mice (NOD8.3/TII) and induced antigen expression from 4 weeks of age on 

(Fig.4-3). 

Interestingly, while most NOD8.3 mice developed diabetes by 14 weeks, 

NOD8.3/TII mice were completely protected from disease (Fig.4-3A, animals 

were monitored until 15-30 weeks). To examine the underlying mechanism of this 

protective effect, we next harvested the pancreatic lymph nodes (PLNs) and 

PLOs of 12-week-old NOD8.3 and NOD8.3/TII mice that expressed IGRP from 4 
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weeks on and enriched for IGRP204-216-tetramer-binding CD8+ T cells. As shown 

in Fig.4-3B, the number of IGRP-specific cells was dramatically reduced in the 

PLNs and PLOs of NOD8.3/TII mice. 

Taken together, our data indicate that naïve IGRP-specific T cells are deleted in 

response to IGRP expression in TII mice. This is based on the findings that 1) 

endogenous IGRP-specific T cells are almost undetectable when IGRP is 

expressed from birth on [291], 2) the remaining 8.3 IGRP-specific T cells 

detected at 3 weeks after transfer do not secrete IFN and 3) NOD8.3/TII mice 

are completely protected from diabetes and have significantly decreased 

numbers of IGRP-specific cells. Hence, all of these experiments show that 

antigen exposure leads to the deletion of naïve antigen-specific T cells.  

 

 

 

 

 

Figure 4-3: IGRP expression prevents diabetes progression in NOD8.3 mice. 

NOD8.3 and TII mice were crossed to generate NOD8.3/TII mice. (A) Diabetes 

incidence of NOD8.3 and NOD8.3/TII mice that were given doxycycline (DOX) until 4 

weeks of age. Survival curves compared using log-rank test (P<0.001). (B) Quantifi-

cation of the total number of IGRP204-216-specific CD8+ T cells enriched from the 

pancreatic lymph nodes (PLNs) and peripheral lymphoid organs (PLOs) of 12-week-old 

NOD8.3 and NOD8.3/TII mice that were given DOX until 4 weeks of age (n=3/group). 

Data shown as mean  SD and compared using two-tailed unpaired t-test. *P<0.05, 

**P<0.01. 
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4.3.4 Antigen expression induces phenotypic exhaustion in antigen-
specific memory T cells 

 

Next, we investigated the effect of antigen expression on memory T cells by 

determining the number, phenotype and function of endogenous antigen-

experienced IGRP206-214-specific CD8+ T cells in response to antigen exposure. 

For this, we induced IGRP in TII mice after the onset of autoimmunity (DOX 

withdrawn at 10 weeks of age, cohort 3) and enriched IGRP tetramer-binding T 

cells from the PLOs of 20-week-old animals. 

IGRP206-214-specific T cells were absent in TII mice expressing IGRP from birth 

on (cohort 1, Fig.4-4A)), but antigen-experienced IGRP-specific T cells were 

readily detectable in TII mice that never expressed IGRP (cohort 2) or did so 

from 10-20 weeks of age (cohort 3). Interestingly, we detected a significantly 

higher number of IGRP tetramer-binding T cells in cohort 3 mice compared to wt 

NOD and cohort 2 TII mice (Fig.4-4B). This suggests that antigen exposure does 

not induce cell deletion but rather cell expansion of memory antigen-specific cells 

present in cohort 3 TII mice. Future studies need to address the kinetics of this 

cell expansion and investigate the frequencies of IGRP-specific T cells at 

different time points after antigen induction.  

Previously, it has been shown that chronic antigenic stimulation can increase the 

expression of co-inhibitory receptors and induce T cell exhaustion [467]. 

Interestingly, IGRP-specific T cells in the PLOs of cohort 3 mice exhibited up-

regulated expression of several exhaustion markers (Fig.4-4C); Programmed 

Death-1 (PD-1, MFI of 14,987  3609 vs 50,187  13,191), T cell immunoglobulin 

and mucin domain containing-3 (Tim-3, MFI of 473  5 vs 1,156  399) and T cell 

immunoreceptor with Ig and ITIM domains (TIGIT, MFI of 361  115 vs 959  273 

in cohort 2 vs cohort 3 mice, respectively). In addition, a significantly lower 

percentage of cohort 3 IGRP tetramer-binding cells was able to produce IFN 

following re-stimulation in vitro (Fig.4-4D), indicating that antigen expression 

leads to the induction of phenotypic exhaustion and reduced cytokine production 

of memory antigen-specific T cells in the periphery. 
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Figure 4-4: Antigen expression induces phenotypic exhaustion in antigen-specific 

memory T cells. (A) Representative FACS plots and (B) quantification of the total 

number of IGRP204-216-specific CD8+ CD44+ T cells enriched from peripheral lymphoid 

organs (PLOs) of 20-week-old cohort 2 and 3 TII mice (n=31-34/group). (C) 

Representative histograms and Mean Fluorescence Intensity (MFI) quantifications of 

IGRP204-216-specific T cells of cohort 2 (grey shaded) and 3 (black line) TII mice (n=6-

11/group). (D) Representative FACS plots and quantification of IFN staining of IGRP204-

216-specific T cells of cohort 2 and 3 TII mice following in vitro re-stimulation with PMA 

and ionomycin. Values depicted as percentages of IFN+ cells of total number of IGRP-

specific cells (n=3-4/group). Data shown as mean  SD and compared using two-tailed 

unpaired t-test. *P<0.05, ***P<0.001, ****P<0.0001. 
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4.3.5 The stability of exhaustion marker expression 
 

We next compared the expression of inhibitory receptors on IGRP-specific T cells 

from isolated islets. In both cohort 2 and 3 TII mice, we detected high levels of 

PD-1, Tim-3 and TIGIT on islet-infiltrating IGRP-specific cells with no significant 

differences between the two groups (Fig.4-5A), indicating that in wt NOD mice 

the expression of these exhaustion markers is predominantly driven by exposure 

to antigen in the islets. Importantly, we have previously shown that antigen-

experienced IGRP-specific T cells in the PLOs of wt NOD mice are derived from 

islet-infiltrating cells [256]. However, in cohort 2 TII mice PD-1, TIGIT and Tim-3 

expression on these cells was lower in the PLOs compared to the islets (Fig.4-4C 

and Fig.4-5A), suggesting that the up-regulated expression of inhibitory receptors 

following exposure to antigen in the islets is not stable once the cells leave the 

islets. The exact time needed for the loss of expression of these receptors and 

whether it happens before or after leaving the islets is unknown and would be of 

interest. Importantly, T cells in the periphery continue to exhibit exhaustion 

markers when transgenic antigen is expressed in the periphery (C3) compared 

with the loss of expression in non-transgenic mice. 

In order to test whether this induced exhausted phenotype is stable, we set up 

another cohort of TII mice that expressed IGRP only between 10 and 15 weeks 

of age (cohort 4). Notably, up-regulated expression of exhaustion markers can 

already be detected at 15 weeks of age (data not shown). Following 5 weeks 

without antigen expression (at 20 weeks of age), IGRP-specific T cells in the 

PLOs of cohort 4 TII mice no longer exhibited the exhausted phenotype (Fig.4-

5B). This indicates that transgenic antigen-induced exhaustion is either not stable 

(comparable to the transient exhaustion induced by endogenous antigen in the 

islets) or that exhausted IGRP-specific cells undergo cell deletion in the absence 

of peripheral IGRP expression (as stably exhausted T cells depend on antigen 

for their survival). 
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Figure 4-5: The stability of exhaustion marker expression. (A) Mean Fluorescence 

Intensity (MFI) quantifications of IGRP204-216-specific CD8+ T cells in isolated islets of 20-

week-old cohort 2 and 3 TII mice (n=9-11/group). (B) MFI quantifications of IGRP204-216-

specific T cells enriched from peripheral lymphoid organs (PLOs) from 20-week-old 

cohort 2-4 TII mice (n=4-6/group). Cohort 4 animals received doxycycline water until 10 

weeks and from 15-20 weeks of age. Data shown as mean  SD and compared using 

one-way ANOVA with Tukey’s multiple comparison test. *P<0.05, **P<0.01. 

 

 

 

 

4.3.6 The function of antigen-specific T cells expressing exhaustion 
markers  

 

In order to determine whether the phenotypically exhausted cells in the periphery 

of cohort 3 mice are functionally impaired in vivo, we performed a cytotoxicity 

assay using splenocytes loaded with either control TUM or IGRP peptide as the 

target. We have previously shown that in vivo killing of IGRP-loaded cells is 

proportional to the number of functional endogenous IGRP-specific T cells [468]. 

As expected, no killing of IGRP-loaded cells could be detected in control 

NODIGRP or cohort 1 TII mice (Fig.4-6A). On the other hand, in cohort 2 and 3 

mice IGRP-specific T cells were able to kill transferred IGRP-loaded cells, 

indicating the presence of functional autoreactive T cells in these animals. These 

results suggest that even though IGRP-specific T cells were phenotypically 

exhausted, they were not functionally disabled. 

To confirm that the T cells remained functional, we next examined their ability to 

infiltrate non-inflamed islet grafts in vivo. For this, 500 freshly isolated islets from 

NOD.Rag1-/- mice were grafted under the kidney capsule of cohort 2 and 3 mice 
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at 15 weeks of age and harvested 18 days later. As shown in Fig.4-6B, IGRP-

specific T cells of both cohorts were able to infiltrate the islet grafts at similar 

frequencies. These infiltrating IGRP-reactive cells exhibited higher expression of 

PD-1 and Tim-3 in cohort 3, but comparable levels of TIGIT (Fig.4-6C). Thus, 

even though the phenotype of antigen-experienced IGRP-specific T cells in 

response to antigen expression suggested the induction of exhaustion in the 

PLOs, some of these phenotypically exhausted cells are still able to kill target 

cells and home into islets, indicating that they might be at an early stage of cell 

exhaustion without functional impairment. 

 

 

 

 

 

Figure 4-6: Phenotypically exhausted antigen-specific memory T cells are not 

functionally impaired. (A) Representative histograms of in vivo killing of CFSEhi IGRP 

peptide-pulsed cells in spleens of NODIGRP and TII mice (cohort 1-3) one day after 

adoptive transfer (n=5/group). (B) Representative FACS plots showing total number of 

IGRP204-216-specific T cells (per individual mouse) enriched from islet grafts in cohort 2 

and 3 TII mice 18 days after transplantation. All recipient mice received 500 freshly 

isolated NOD.Rag1-/- islets that were transplanted under the kidney capsule (n=3-

4/group). (C) Mean Fluorescence Intensity (MFI) quantifications of PD-1, Tim-3 and 

TIGIT of IGRP204-216-specific T cells enriched from islet grafts. Data shown as mean  SD 

and compared using two-tailed unpaired t-test. *P<0.05, **P<0.01. 
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4.3.7 Destruction of pancreatic islets supports the deletion of antigen-
specific memory T cells by antigen expression 

 

Another possibility is that antigen treatment can indeed lead to successful 

functional impairment of antigen-experienced cells in a non-inflammatory context 

(the periphery) but that this effect is masked by a small population of functional T 

cells continuously emigrating from the inflamed islets. Hence, the complete 

destruction of pancreatic islets and the subsequent migration of all islet-residing 

T cells from the pancreas into the periphery might support the induction of 

complete exhaustion and/or depletion of memory T cells by antigen expression. 

In order to examine this hypothesis, we treated 15-week-old NOD and cohort 3 

TII mice with a single high dose (250mg/kg) of streptozotocin (STZ) which leads 

to the induction of complete islet destruction and the development of diabetes 

within 3 days after injection. Diabetic animals were implanted with multiple 

subcutaneous LinBit insulin pellets to ensure sufficient insulin levels for 5 weeks 

following STZ treatment. As previously shown, we detected higher numbers of 

IGRP-specific T cells in the PLOs of untreated cohort 3 TII mice compared to wt 

NOD mice (Fig.4-7A). However, while STZ treatment did not change the 

frequency of IGRP tetramer-binding cells in NOD mice, STZ-treated cohort 3 TII 

mice exhibited significantly lower numbers of IGRP-specific cells compared to 

untreated TII mice. Although not significant, we also observed the tendency of a 

similar decrease of IGRP tetramer-binding cells in the PLNs of STZ-treated TII 

mice (Fig.4-7B). Hence, eliminating the source of inflammation and the 

production of effector memory T cells in the islets reduced the number of IGRP-

specific T cells in the PLOs only in mice that expressed peripheral IGRP. 

Phenotypical analysis showed that the remaining IGRP-specific cells in the 

periphery of STZ-treated TII mice expressed exhaustion markers similar to 

untreated TII mice (Fig.4-7C,D). It would be interesting to investigate the function 

of these remaining IGRP tetramer-binding cells by performing an in vivo 

cytotoxicity assay, and to test the stability of their exhausted phenotype by 

ceasing the transgenic expression of IGRP. 
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Figure 4-7: Destruction of pancreatic islets supports the deletion of antigen-

specific memory T cells by antigen expression. 15-week-old NOD and cohort 3 TII 

mice were injected with a single high dose (250mg/kg) of streptozotocin (STZ) or left 

untreated (UT). STZ-treated, diabetic animals were implanted with multiple 

subcutaneous LinBit insulin pellets to ensure sufficient insulin levels for 5 weeks 

following STZ treatment. Graphs show the total number of IGRP204-216-specific CD8+ T 

cells enriched from (A) peripheral lymphoid organs (PLOs) and (B) pancreatic lymph 

nodes (PLNs) of 20-week-old mice. (C) Mean Fluorescence Intensity (MFI) 

quantifications of PD-1 and (D) Tim-3 of IGRP204-216-specific T cells enriched from PLOs. 

Data shown as mean  SD (n=5-6/group) and compared using one-way ANOVA with 

Tukey’s multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.4 Discussion 
 

The induction of antigen-specific immune tolerance constitutes an attractive 

approach for the treatment of autoimmune disorders. However, despite the 

knowledge of key antigens involved in T1D pathogenesis and promising results 

in the NOD mouse [294, 340, 341, 344, 469], successful antigen-specific 

therapies have not been developed, yet. In this study we considered the timing of 

intervention as the crucial factor for treatment failure in humans. This hypothesis 

is based on the fact that in preclinical settings, antigen-specific therapy was 

mostly induced before the establishment of islet inflammation whereas clinical 

trials of T1D patients are usually initiated after the identification of autoantibodies 

as markers of disease. 

Using a transgenic NOD mouse model with tetracycline-regulated expression of 

proinsulin, we have previously shown that proinsulin exposure from gestation 

throughout life or only during the neonatal period is sufficient to protect from 

diabetes progression [291]. In contrast, here we found that antigen expression 

after the first signs of islet autoimmunity (IAA, insulitis) did not prevent the 

development of disease. Possible explanations for the lack of success following 

later proinsulin exposure include 1) the generation of a diverse pool of 

autoreactive T cells recognizing other islet autoantigens once beta cell 

destruction is initiated by proinsulin-specific T cells or 2) the presence of 

endogenous memory T cells. Importantly, antigen-experienced T cells can be 

activated with lower antigen doses and/or levels of co-stimulation than naïve cells 

[248]. Hence, while antigen administration can lead to tolerance induction and 

deletion of naïve T cells [468, 470], this is difficult to achieve in memory cells, 

exemplified by the failure of clinical T1D trials using antigen-specific therapy in 

diabetic subjects [326, 352-354, 471].  

Several preclinical studies examining whether memory T cells are susceptible to 

tolerance induction demonstrated controversial findings [248, 364-367, 472]. 

Using an adoptive transfer system London et al. reported that, unlike their naïve 

counterparts, CD4+ memory T cells retained their proliferative capacity and 
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effector function in vivo in response to antigen exposure, even in the absence of 

either B7 or CD40 co-stimulation [248]. In addition, a study by Chung et al. 

demonstrated that oral administration of ovalbumin (OVA) antigen induces 

antigen-specific suppression of T cell proliferation and Ab production during the 

naïve phase of an immune response while effective tolerance could not be 

induced in memory lymphocytes [364]. Notably, Aichele et al. suggested that 

peptide treatment in the presence of antigen-specific memory CD8+ T cells might 

induce severe immunopathology before the induction of a tolerant state [366]. 

This is consistent with some studies that reported the worsening of autoimmune 

disorders in response to antigen treatment, such as experimental autoimmune 

uveoretinitis [473] and encephalitis [474]. On the other hand, findings by 

Mirshahidi et al. indicated that low avidity engagement of the T cell receptor 

(TCR) by low densities of agonist peptides can drive memory CD4+ T cells into 

anergy and implicated a crucial role for the expression of cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) in this tolerance mechanism [365]. Moreover, 

Albert et al. reported that CD8+ memory T cells can be tolerized by cell deletion 

in an in vitro tolerance model [472]. In agreement with this, a study by Kreuwel et 

al. proposed that (central but not effector) memory CD8+ T lymphocytes are as 

susceptible to peripheral tolerance induction as naïve cells [367]. 

Importantly, most of these investigations were performed with TCR transgenic T 

cells or induced memory T cells generated by peptide immunization. Hence, here 

we aimed to determine whether antigen-specific treatments can achieve immune 

tolerance in endogenous natural, autoantigen-specific memory CD8+ T cells. 

While our results confirmed that naïve antigen-specific T cells are deleted in 

response to antigen expression, we found that antigen-experienced T cells 

expanded upon antigen exposure. We are currently investigating the kinetics of 

this T cell expansion by monitoring the frequencies of IGRP-specific T cells in the 

peripheral blood of individual mice at different time points after antigen induction. 

It is worth mentioning that the antigen expression in our transgenic mouse model 

might not be sufficient to induce the deletion of antigen-specific memory T cells 
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after long-term DOX administration. We will address this question by comparing 

our current results with data of future experiments utilizing Tet-On TII mice. 

Interestingly, we detected that IGRP expression causes phenotypical changes 

(up-regulation of co-inhibitory molecules and decreased cytokine production) in 

IGRP-specific memory T cells that are associated with T cell exhaustion, a 

dysfunctional and hyporesponsive state that emerges upon continuous exposure 

to cognate antigen. T cell exhaustion is characterized by the enhanced 

expression of co-inhibitory receptors on the cell surface (e.g. PD-1, Tim-3, TIGIT, 

Lag-3, CTLA-4), the progressive loss of effector molecules (e.g. IFN, TNF) and 

decreased long-term survival [108]. In normal situations the induction of 

exhaustion constitutes a critical process that tunes and shapes activating signals 

during an immune response in order to prevent collateral damage by activated T 

cells and ensure self-tolerance. However, exhausted T cells have been mainly 

investigated in the context of tumor immunology and chronic infections where the 

mechanism of T cell dysfunction inhibits immune responses and thus, enables 

viral or tumor persistence. 

Intriguingly, McKinney et al. recently reported that T cell exhaustion also plays a 

crucial role in determining the clinical outcome in autoimmunity [444]. In this 

remarkable study, the authors conducted transcriptomic analysis of CD4+ and 

CD8+ T cells from patients with different autoimmune disorders. Thereby, they 

identified a group of subjects with fewer relapses and a more benign form of 

disease that exhibited a higher CD8+ T cell exhaustion signature, indicating a 

strong association between T cell exhaustion and favorable prognosis of 

(although not susceptibility to) autoimmunity. Hence, the targeted augmentation 

of this process might offer new therapeutic opportunities for the treatment of 

autoimmune disorders, especially in patients that are predicted to undergo a 

more aggressive disease progression based on their T cell exhaustion profile. 

However, it is currently unknown whether antigen-experienced memory T cells 

can be driven into exhaustion. 

Notably, it has been shown that the induction of cell exhaustion is a stepwise 

process where T cells go through different reversible phases marked by the 
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progressive increase of co-inhibitory molecules and hierarchical loss of effector 

functions before they are driven into severe and irreversible T cell exhaustion 

and/or cell depletion [108]. Using the ‘Assay for Transposase Accessible 

Chromatin using Sequencing’ (ATAC-Seq), a study by Philip et al. identified two 

discrete chromatin states in tumor-specific CD8+ T cells that are associated with 

initial reprogrammable or later non-reprogrammable T cell dysfunction, 

respectively [475]. Interestingly, while the co-inhibitory receptors PD-1 and Lag-3 

were similarly expressed on both plastic and fixed dysfunctional T cells, 

irreversible T cell dysfunction was marked by the expression of the surface 

proteins CD38, CD101 and CD30L. Importantly, their findings indicate that 

antigen exposure in tumors can induce a non-reprogrammable dysfunctional 

chromatin state in both naïve and memory tumor-specific T cells. 

Our preliminary data suggest that in islet autoimmunity antigen expression might 

lead to successful functional impairment of memory antigen-specific cells in a 

non-inflammatory environment in the periphery but that this effect is masked by a 

small population of functional T cells freshly emigrating from the inflamed 

pancreatic islets. Further studies that test the in vivo cytotoxicity and stability of 

exhaustion in memory antigen-specific T cells need to be conducted in order to 

confirm these findings. Currently, we are investigating the role of islet-residing T 

cells further by analyzing the number and function of IGRP-specific memory T 

cells in TII mice after blockage of T cell migration using the sphingolipid drug 

FTY720 which blocks T cell egress from lymphoid tissues, including the PLNs 

and tertiary lymphoid organs (TLOs) around the pancreatic islets. In addition, 

future mechanistic studies that allow the tracing of endogenous memory cells 

would be beneficial to investigate the migration and function of antigen-

experienced antigen-specific T cells in response to antigen exposure. Moreover, 

it would be worth examining the expression of markers of fixed T cell dysfunction 

demonstrated by Philip et al. (CD38, CD101 and CD30L) for greater 

differentiation between transient and complete T cell exhaustion in our model.  

The results of these experiments will help to determine whether the induction of 

complete exhaustion in memory antigen-specific T cells is indeed restrained by 
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ongoing inflammation in the pancreatic islets. If this is not the case, we would 

conclude that memory T cells are instead heritably resistant to the induction of 

irreversible cell exhaustion. 
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5 CHAPTER 5: Combination therapy of antigen-specific 
intervention, anti-CD3 antibody and co-stimulation 
blockade in the NOD mouse 

 
 
 

5.1 Summary 
 

Antigen-specific therapies have limited efficacy in established autoimmunity, 

likely due to the persistence of functional memory T cells in the islets and their 

resistance to complete tolerance induction. We hypothesized that combining 

short-term intervention with non-Fc-binding anti-CD3 F(ab’)2 and the co-

stimulation blocker abatacept together with antigen expression might lead to 

effective long-term immune tolerance. Notably, anti-CD3 intervention initially 

depleted antigen-experienced memory IGRP-specific T cells efficiently in the 

periphery, however not in the islets. Interestingly, five weeks post treatment we 

detected similar numbers of IGRP tetramer-binding cells in the periphery of mice 

treated with either control or anti-CD3 mAb. Our data suggest that these re-

expanding cells do not derive from the thymus but pre-existing memory T cells 

that have not been completely deleted by anti-CD3 therapy. Importantly, the 

transgenic expression of IGRP did not prevent this re-population of memory 

IGRP-specific T cells after anti-CD3 intervention. Moreover, the combination of 

antigen expression, anti-CD3 mAb and abatacept did not lead to any phenotypic 

or functional changes of IGRP tetramer-binding cells compared to antigen-

specific intervention alone. Hence, combination therapies of antigen-specific 

therapies with agents that support the induction of functional T cell exhaustion or 

complete T cell depletion in the inflamed islets might be more successful and 

should be tested in future studies. 
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5.2 Introduction 
 

Antigen-specific treatments have been shown to be well tolerated in non-obese 

diabetic (NOD) mice and humans without any severe adverse events. However, 

these treatments have a very limited efficacy in established autoimmunity, likely 

due to the persistence of functional memory T cells, their resistance to T cell 

exhaustion and/or ongoing inflammation in the pancreatic islets that hampers 

proper tolerance induction. Therefore, an appealing strategy for the treatment of 

type 1 diabetes (T1D) is the combination of antigen-specific interventions with 

immunomodulatory drugs in order to optimize the clinical efficacy of therapy.  

Several non-antigen-specific immunomodulatory agents have been tested 

clinically to preserve beta cell function in T1D patients, either alone [259, 332, 

476] or as part of a combination therapy [477-479]. These have been used for 

relatively brief periods and while positive signals have been observed it is unclear 

how a sustained benefit will be achieved with drugs that are preferably not used 

long-term to avoid side effects. We hypothesize that short-term delivery of 

immunomodulatory drugs in combination with antigen-specific approaches might 

result in both effective and safe T1D therapies with long-lasting clinical benefits, 

even if initiated after the onset of autoimmunity. 

One of the most promising and extensively studied non-antigen-specific T1D 

interventions is anti-CD3 treatment. Anti-CD3 monoclonal antibody (mAb) has 

been shown to decrease the frequency of pathogenic T cells and induce diabetes 

reversal in NOD mice [391, 397]. Although its mechanism of action is not fully 

understood yet, clinical trials using the human anti-CD3 Abs teplizumab and 

otelixizumab showed preservation of C-peptide but led to side effects including 

transient reactivation of latent Epstein Barr virus and cytokine release syndrome 

symptoms [328, 373]. Interestingly, therapies using anti-CD3 mAb were most 

successful when applied at an advanced stage of the disease, possibly indicating 

that they mainly target activated memory rather than naïve T cells [391]. This 

unique feature of anti-CD3 treatment is highly desirable for the use of 

immunotherapy after the diagnosis of clinical diabetes. Hence, here we investi-
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gated whether short-term delivery of anti-CD3 mAb to deplete preexisting 

memory T cells in combination with antigen exposure to inhibit further generation 

of antigen-specific T cells can result in the effective induction of immune 

tolerance.  

Moreover, we also included the co-stimulation blockade reagent abatacept in our 

combination approach. The CTLA-4-immunoglobulin fusion protein abatacept 

inhibits the interaction between CD80/86 on antigen presenting cells (APCs) and 

the co-stimulatory molecule CD28 on T cells [419, 420] and therefore, prevents a 

critical signal for the activation, proliferation and survival of T lymphocytes. 

Although these co-stimulatory signals are predominantly important for naïve T 

cells, abatacept has been shown to block the proliferation of memory CD4+ T 

cells and their IL-2 secretion [259, 423].  

Thus, in this chapter we investigated whether the combination with both anti-CD3 

mAb and abatacept can increase the efficacy of antigen-specific therapy after the 

establishment of islet autoimmunity (stage 2 of T1D progression) by supporting 

the induction of immune tolerance in memory antigen-specific T lymphocytes. 
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5.3 Results 
 
 
 

5.3.1 Anti-CD3 Ab preferentially depletes effector CD4+ and CD8+ T cells 
 

In order to firstly examine the immediate effects of anti-CD3 mAb treatment 

alone, NOD mice received intraperitoneal (i.p.) injections with a non-FcR-binding 

anti-CD3 F(ab’)2 (145-2C11 clone; 5μg/day) or a control F(ab’)2 for 5 consecutive 

days. One day after the last treatment, we detected a substantial decrease of 

conventional CD4+ and CD8+ T cells in the spleens and pancreatic lymph nodes 

(PLNs) of anti-CD3-treated animals (Fig.5-1A,B). In addition, the number of CD4+ 

FOXP3+ regulatory T cells (Tregs) was slightly reduced in mice injected with anti-

CD3 F(ab’)2 (Fig.5-1C). However, we observed a significant increase in the 

percentage of Tregs in relation to the total CD4+ T cell number in the anti-CD3 

F(ab’)2 group (Fig.5-1D), indicating that anti-CD3 treatment preferentially 

depleted effector CD4+ and CD8+ T lymphocytes while Tregs were less sensitive 

to Ab-induced cell deletion. Notably, this deleterious effect is only transient as 

both CD4+ and CD8+ T cells re-expand after the cessation of anti-CD3 

intervention and the relative numbers of effector T cells and Tregs return to that 

seen before treatment (Fig.5-1E-G). 

 

 



CHAPTER 5: Combination therapy in the NOD mouse 
 

 93 

 

Figure 5-1: Anti-CD3 antibody preferentially depletes effector CD4+ and CD8+ T 

cells. Wild type NOD mice were treated with either control F(ab’)2 or anti-CD3 F(ab’)2 for 

5 consecutive days (5g/dose). One day after the last injection, pancreatic lymph nodes 

(PLNs) and spleen were harvested for FACS analysis (A-D). Graphs show the (A) total 

number of CD8+ T cells, (B) total number of CD4+ T cells, (C) total number of FoxP3+ 

CD4+ cells and (D) percentage of FoxP3+ cells of the total number of CD4+ T cells (n=9-

10/group). (E) Total number of CD8+ and CD4+ T cells (n=5/group), (F) total number of 

FoxP3+ CD4+ cells (n=3/group) and (G) percentage of FoxP3+ cells of the total number 

of CD4+ T cells (n=3/group) in the spleen of control F(ab’)2 or anti-CD3 F(ab’)2-injected 

NOD mice 5 weeks after the last injection. Data shown as mean  SD and compared 

using two-tailed unpaired t-test. *P<0.05, ***P<0.001, ****P<0.0001, ns=not significant. 
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5.3.2 Anti-CD3 Ab transiently deletes IGRP-specific memory T cells in the 
periphery 

 

We next determined whether anti-CD3 Ab is able to deplete antigen-experienced 

islet-reactive memory T cells by tracking IGRP204-216-specific CD44+ CD8+ T cells 

with the tetramer and magnetic bead-based enrichment. One day after anti-CD3 

treatment IGRP tetramer-binding T cells were strongly reduced in the peripheral 

lymphoid organs (PLOs) of anti-CD3 F(ab’)2-treated NOD mice (Fig.5-2A), 

indicating that anti-CD3 mAb efficiently deleted islet autoreactive antigen-

experienced T cells in the periphery. However, similar to the total CD8+ T cell 

subset, IGRP-specific cells also re-populated the periphery within 5 weeks after 

the last mAb injection. Notably, we detected similar frequencies of IGRP-specific 

T cells in the pancreatic islets of control and anti-CD3 F(ab’)2-treated animals 

(Fig.5-2B), suggesting that anti-CD3 treatment was not able to deplete antigen-

experienced T cells in the inflamed islets. 
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Figure 5-2: Anti-CD3 antibody transiently depletes memory IGRP-specific T cells 

in the periphery. 15-week-old NOD mice were treated with either control F(ab’)2 or anti-

CD3 F(ab’)2 for 5 consecutive days (5g/dose). (A) Representative FACS plots and 

quantification showing the total number of IGRP204-216-specific CD8+ T cells (per 

individual mouse) enriched from peripheral lymphoid organs (PLOs) 1 day (D1) and 5 

weeks (Wk5) post anti-CD3 treatment (n=8-20/group). (B) Representative FACS plots 

and quantification showing the total number of IGRP204-216-specific CD8+ T cells (per 

individual mouse) in isolated pancreatic islets 1 day (D1) and 5 weeks (Wk5) post anti-

CD3 treatment (n=4-6/group). Data shown as mean  SD and compared using one-way 

ANOVA with Tukey’s multiple comparison test. *P<0.05. 
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5.3.3 Combination of anti-CD3 Ab, abatacept and IGRP expression does 
not reduce the number of memory IGRP-specific T cells permanently 

 

Since anti-CD3 mAb efficiently deleted antigen-experienced IGRP-specific T cells 

in the periphery of NOD mice, we hypothesized that a short-term anti-CD3 mAb 

intervention (to deplete preexisting memory T cells) in combination with our 

antigen-specific approach (to delete newly minted naïve antigen-specific T cells) 

could induce long-term immune tolerance. 

To examine this, 15-week-old cohort 3 TII (Tetracycline-Inhibited-IGRP) mice 

with induced IGRP expression from 10 weeks of age on were injected with either 

control or anti-CD3 F(ab’)2 for 5 consecutive days. Both treatment groups 

exhibited similar numbers of IGRP-specific T cells in the PLOs and islets 5 weeks 

post anti-CD3 therapy, comparable to wild type (wt) NOD mice (Fig.5-3A,B). It is 

worth noticing that we detected an increased frequency of IGRP tetramer-binding 

cells in the PLOs of TII mice compared to wt NOD mice, whether they were 

treated with control or anti-CD3 F(ab’)2. Moreover, the addition of the co-

stimulation blocking agent abatacept did not affect the frequency of IGRP-

specific T cells in anti-CD3-treated NOD or TII mice. This suggests that either 1) 

pre-existing memory T cells that have not been completely depleted by anti-CD3 

intervention can re-expand independently of proper co-stimulation signals or 2) 

the periphery is re-populated with fresh T cells emigrating from the thymus. 

Furthermore, it also indicates that transgenic antigen expression does not inhibit 

this re-population.  

In order to identify the source of re-appearing IGRP-specific T cells, we 

thymectomized 8-week-old TII mice prior to anti-CD3 treatment at 15 weeks of 

age. Five weeks post anti-CD3 therapy, comparable frequencies of IGRP 

tetramer-binding cells were detected in mice that underwent control sham 

surgery or thymectomy (Fig.5-3C). This suggests that re-appearing IGRP-specific 

T cells detected after anti-CD3 therapy do not derive from the thymus but from 

pre-existing memory T cells. Since we observed that anti-CD3 mAb did not 

completely delete IGRP-specific T cells in the pancreatic islets, it is most likely 
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that these islet-residing cells are the main source of re-populating IGRP tetramer-

binding cells in the periphery. 

 

 

 

 

 

Figure 5-3: Combination of anti-CD3 Ab, abatacept and IGRP expression does not 

reduce the number of memory IGRP-specific T cells permanently. 15-week-old 

NOD and cohort 3 TII mice (on doxycycline from gestation until 10 weeks of age) were 

treated with either control F(ab’)2 or anti-CD3 F(ab’)2 for 5 consecutive days (5g/dose) 

alone or in combination with weekly injections of abatacept (aba) for another 5 weeks 

(100g/dose). (A) Quantification showing the total number of IGRP204-216-specific CD8+ T 

cells enriched from peripheral lymphoid organs (PLOs) of 20-week-old mice (n=10-

16/group). (B) Representative FACS plots showing the total number of IGRP204-216-

specific CD8+ T cells (per individual mouse) in isolated pancreatic islets of 20-week-old 

mice (n=3-5/group). (C) In order to examine the source of re-appearing IGRP-specific T 

cells, 8-week-old cohort 3 TII mice underwent control (SHAM) or thymectomy (THYM) 

surgery prior to anti-CD3 treatment at 15 weeks of age. Representative FACS plots 

show the total number of IGRP204-216-specific CD8+ T cells (per individual mouse) in 

isolated islets of 20-week-old mice (n=4/group). Data shown as mean  SD and 

compared using two-way ANOVA with Tukey’s multiple comparison test. **P<0.01. 
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5.3.4 Combination therapy does not change the phenotype or function of 
memory IGRP-specific T cells 

 

Next, we examined whether our combination approach of anti-CD3 mAb, 

abatacept and IGRP expression had an impact on the phenotype and function of 

memory IGRP-specific T cells in the periphery and pancreatic islets. 

Phenotypical analyses showed that IGRP-specific T cells enriched from the 

PLOs exhibited similar expression of exhaustion markers in TII mice indepen-

dently of treatment with anti-CD3 or control F(ab’)2 (Fig.5-4A). In addition, the 

expression of PD-1, Tim-3 and TIGIT was not affected further by the combination 

with abatacept (data not shown). In addition, we did not detect any phenotypic 

differences in the pancreatic islets of NOD and TII mice, treated with either 

control or anti-CD3 F(ab’)2 (Fig.5-4B).  

In order to determine whether the combination of anti-CD3 mAb and IGRP 

expression impaired the function of re-appearing IGRP-specific T cells, we 

performed an in vivo cytotoxicity assay in control and anti-CD3 F(ab’)2-treated 

NOD and TII mice. As shown in Fig.5-5A, IGRP-specific T cells in the periphery 

of all treatment groups were able to kill transferred IGRP-loaded cells. Likewise, 

we observed similar numbers of infiltrating IGRP tetramer-binding cells in 

NODRAG1-/- islet grafts transplanted into NOD and TII mice treated with either 

control or anti-CD3 F(ab’)2 (Fig.5-5B,C). Hence, our data indicate that the 

combination of antigen expression and anti-CD3 mAb does not impair the 

function of memory antigen-specific T cells. 
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Figure 5-4: Combination with anti-CD3 Ab does not change the phenotype of 

antigen-exposed IGRP-specific memory T cells. 15-week-old NOD and cohort 3 TII 

mice (on doxycycline from gestation until 10 weeks of age) were treated with either 

control F(ab’)2 or anti-CD3 F(ab’)2 for 5 consecutive days (5g/dose). Graphs show the 

Mean Fluorescence Intensity (MFI) quantifications of IGRP204-216-specific CD8+ T cells 

enriched from (A) peripheral lymphoid organs (PLOs) and (B) isolated islets of 20-week-

old mice (n=5-11/group). Data shown as mean  SD and compared using two-way 

ANOVA with Tukey’s multiple comparison test. ****P<0.0001. 
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Figure 5-5: IGRP-specific T cells are not functionally impaired by combination 

therapy of antigen-specific intervention and anti-CD3 treatment. 15-week-old NOD 

and cohort 3 TII mice (on doxycycline from gestation until 10 weeks of age) were treated 

with either control F(ab’)2 or anti-CD3 F(ab’)2 for 5 consecutive days (5g/dose). (A) 

Representative histograms of in vivo killing of CFSEhi IGRP peptide-pulsed cells in 

spleens of NOD and TII mice 5 weeks post anti-CD3 treatment and one day after 

adoptive transfer (n=5). (B,C) 5 weeks post anti-CD3 treatment, 500 freshly isolated 

NOD.Rag1-/- islets were transplanted under the kidney capsule of NOD and TII mice. 

Graphs show (B) total number and (C) Mean Fluorescence Intensity (MFI) 

quantifications of IGRP204-216-specific T cells enriched from islet grafts 18 days after 

transplantation (n=3-4/group). Data shown as mean  SD and compared using two-way 

ANOVA with Tukey’s multiple comparison test. *P<0.05, ***P<0.001. 
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5.3.5 Combination of anti-CD3 Ab, abatacept and proinsulin expression 
does not prevent the progression of diabetes 

 

Finally, we investigated whether the combination of antigen expression, anti-CD3 

mAb and abatacept could prevent the progression of diabetes in pre-diabetic 

mice. Since IGRP expression, even from birth on, does not protect from disease 

in NOD mice, we concentrated on the effect of proinsulin administration on 

diabetes development. Therefore, 15-week-old wt NOD and cohort 3 TIP 

(Tetracycline-Inhibited-Proinsulin) mice with induced proinsulin expression from 

10 weeks of age on were treated with control or anti-CD3 F(ab’)2 alone or with 

weekly injections of abatacept. As shown in Fig.5-6, both wt NOD and TIP mice 

developed diabetes at a similar rate independently of their treatment approach. 

Hence, the combination of proinsulin expression, anti-CD3 mAb and co-

stimulation blockade after the onset of islet autoimmunity did not prevent the 

progression of disease. 

 

 

 

 

Figure 5-6: Combination of anti-CD3 antibody, abatacept and proinsulin 

expression does not prevent the progression of diabetes. 15-week-old NOD and 

cohort 3 TIP mice (on doxycycline from gestation until 10 weeks of age) were treated 

with either control F(ab’)2 or anti-CD3 F(ab’)2 for 5 consecutive days (5g/dose) alone or 

in combination with weekly injections of abatacept (aba) for another 5 weeks 

(100g/dose). Diabetes incidence in (A) NOD and (B) TIP mice. Survival curves were 

compared using log-rank test (not significant). 
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5.4 Discussion 
 

Antigen-specific interventions have been demonstrated to be well tolerated in 

both NOD mice and humans but show only limited efficacy after the 

establishment of islet autoimmunity. Our previous results suggest that this might 

be due to ongoing inflammation in the islets that fuels the periphery with 

functional autoreactive T cells and/or the resistance of memory T cells to the 

induction of complete T cell exhaustion in response to antigen exposure. 

Hence, in the studies described in this chapter we examined whether the 

combination of antigen-specific interventions with additional immunomodulatory 

agents can efficiently induce immune tolerance in memory antigen-experienced T 

cells and thereby, prevent the progression of autoimmune diabetes in NOD mice. 

For our combination approach we mainly concentrated on the use of anti-CD3 

mAb as anti-CD3 treatment has been shown to decrease the frequency of 

pathogenic T cells and reverse disease in diabetic NOD mice [391, 397]. 

Penaranda et al. demonstrated that this transient decline of effector T cells is not 

due to cell migration but the induction of cell depletion independent of the pro-

apoptotic protein Fas, caspase 3 and Bim [406]. In our study, we confirmed 

further findings by Penaranda et al. showing that in NOD mice effector T cells are 

most sensitive to anti-CD3-induced cell deletion whereas Tregs are more 

resistant to this effect leading to an increase in the percentage of Tregs that was 

not associated with the generation or proliferation of adaptive Tregs. Hence, 

while the exact mechanism of the selective T cell death following anti-CD3 

therapy still remains unclear, these data indicate that anti-CD3 mAb might induce 

tolerance in autoimmunity by restoring the balance between pathogenic effector 

T cells and suppressive Tregs. 

Using immunohistochemical analysis Chatenoud et al. reported that the 

remission of diabetes following anti-CD3 intervention was accompanied by the 

immediate reduction of insulitis before the non-pathogenic reinvasion of islets 

around 10 days after therapy cessation [391]. However, while we observed a 

decrease of IGRP-specific T cells in the periphery, we did not detect a similar 
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decline in the pancreatic islets, indicating that anti-CD3 mAb was unable to 

delete pathogenic T cells in this inflammatory environment. These contrary 

observations might be due to the use of different anti-CD3 Abs, as Chatenoud et 

al. utilized the same treatment dose (5μg on 5 consecutive days), but a complete 

anti-CD3 mAb for their analysis. Their data also suggested that F(ab’)2 fragments 

of anti-CD3 mAb have similar immunosuppressive activity compared to the 

complete mAb but only when given in higher amounts (50μg on 5 consecutive 

days). For our study, we chose a treatment course of 5x5μg anti-CD3 F(ab’)2 

based on findings in the lab showing that this low dosage therapy reverses 

disease in 80% of recent-onset diabetic NOD mice (unpublished data). Hence, 

we focused on the use of this intervention approach in order to avoid potential 

side effects. However, it would be worth testing whether increased doses of anti-

CD3 F(ab’)2 can sufficiently deplete antigen-specific T cells in the pancreatic 

islets.  

Importantly, we hypothesized that a short-term delivery of anti-CD3 mAb (to 

deplete preexisting memory T cells) in combination with antigen exposure (to 

inhibit further generation of antigen-specific T cells) might lead to effective 

induction of immune tolerance. However, our results show that IGRP-specific 

CD8+ T cells repopulated the periphery after anti-CD3 treatment and did not 

exhibit any functional impairment despite induced IGRP expression and impaired 

co-stimulation signals. This is most likely due to incomplete depletion of 

autoreactive T cells in the islets by anti-CD3 therapy and the expansion of these 

functional lymphocytes after treatment cessation, presumably by homeostatic 

proliferation. Consistent with this, we observed that the combination of proinsulin 

expression, anti-CD3 mAb and abatacept did not prevent the development of 

diabetes in NOD mice.  

This is in contrast to previous reports demonstrating that combination treatments 

of anti-CD3 and proinsulin are more efficient compared to monotherapies alone 

[359, 433]. A study by Takiishi et al. showed that the combination of low dose 

anti-CD3 mAb, the regulatory cytokine IL-10 and oral delivery of proinsulin-

producing L.lactis strains can revert diabetes in NOD mice [432]. In addition, 
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Bresson et al. reported that the combination of intranasal proinsulin and anti-CD3 

mAb resulted in the reversal of diabetes in 2 different mouse models [359]. 

Notably, in both of these studies anti-CD3 therapy was initiated after the onset of 

diabetes while we treated pre-diabetic animals and it has been suggested that 

anti-CD3 Abs are most potent at later stages of autoimmune disease [397].  

Interestingly, Bresson et al. found that the synergistic effect of proinsulin and 

anti-CD3 mAb administration was mainly due to the enhanced generation of 

insulin-specific Tregs and the bystander suppression of autoaggressive CD8+ T 

cell responses, measured by the percentage of CD8+ NRP-V7 cells and IFN 

production [359]. While we focused on the induction of exhaustion in IGRP-

specific CD8+ T cells, the development of MHC class II IGRP tetramers would be 

beneficial to directly measure the frequencies and suppressive capacities of 

IGRP-specific Tregs in response to our combination approach. 

Taken together, our data suggest that the combination of antigen-specific 

intervention and low dose anti-CD3 treatment did not lead to the induction of 

immune tolerance in antigen-experienced T cells. Thus, we suggest that new 

combination strategies should focus on the induction of functional cell exhaustion 

rather than cell depletion. Recently, the clinical trial AbATE demonstrated partial 

CD8+ T cell exhaustion in response to the humanized anti-CD3 Ab teplizumab in 

new-onset T1D patients that showed improved beta cell function [414]. In 

addition, a report by Wallberg et al. indicated that transferred islet-reactive 

effector T cells are functionally impaired and up-regulate PD-1 in recipient NOD 

mice that are treated with anti-CD3 mAb [480]. In contrast, we did not observe 

any up-regulation of exhaustion markers upon anti-CD3 treatment alone. 

However, while we concentrated on the analysis of antigen-experienced memory 

CD8+ T cells, Wallberg et al. utilized BDC2.5 CD4+ T cells without memory 

phenotype for their transfer experiments. It is also worth mentioning that both 

studies detecting T cell exhaustion applied Fc-engineered anti-CD3 Abs which 

might lead to different effects compared to anti-CD3 F(ab’)2 fragments. This is 

underscored by the observation that Fc-engineered anti-CD3 Ab did not 

preferentially deplete pathogenic effector cells as seen in previous investigations 
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[480]. It could be beneficial to further examine these potential differences and 

underlying mechanisms of anti-CD3 mAbs. 

In order to induce functional exhaustion in antigen-experienced memory T cells, 

combination with other immunomodulatory interventions might be more 

beneficial. Previously, it has been reported that the homeostatic cytokines IL-7 

and IL-15 are crucial factors for the long-term maintenance of functional memory 

T cells [481, 482]. In chronic infections, exhausted CD8+ T cells are unable to 

respond efficiently to IL-7 and IL-15 and hence, fail to self-renew [483]. 

Therefore, combination therapies of antigen expression and short-term anti-IL-7 

or anti-IL-15 treatment may lead to effective induction of T cell exhaustion and 

successful T1D interventions that should be investigated. 
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6 General discussion 
 
 
 

6.1 Summary of results 
 

Autoimmune disorders like type 1 diabetes (T1D) result from the loss of immune 

tolerance to islet antigens and the subsequent destruction of insulin-producing 

beta cells in the pancreas. Antigen-specific therapy constitutes a promising 

approach to re-establish a tolerant state but has not yet been successful in 

diabetic patients enrolled in clinical trials. In this study, we considered the 

persistence of antigen-experienced islet-reactive T cells as a crucial factor for the 

failure of antigen-specific interventions after disease onset. In order to test this 

hypothesis, we firstly generated and validated transgenic non-obese diabetic 

(NOD) mice that conditionally express the islet antigen IGRP (TII mice) in antigen 

presenting cells (Chapter 3). By tracking IGRP-specific memory T cells in TII 

mice that expressed IGRP after the establishment of islet autoimmunity, we 

demonstrated that memory T cells are not deleted but show signs of early stage 

T cell exhaustion in response to antigen exposure. Notably, our findings indicate 

that antigen expression might lead to complete and functional exhaustion of 

memory T cells in a non-inflammatory environment (the periphery) but that this 

effect is masked by ongoing inflammation in the pancreatic islets (Chapter 4). 

The combination of antigen administration and short-term immunomodulation by 

anti-CD3 antibody and abatacept did not improve the induction of immune 

tolerance in antigen-experienced T cells, most likely due to insufficient deletion of 

antigen-specific T cells in the islets by anti-CD3 treatment (Chapter 5). Hence, 

our data suggest that combination therapies that are intended to induce 

functional T cell exhaustion rather than deletion might be more beneficial to 

disable memory T cells in T1D. 
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6.2 Current strategies for the treatment of T1D 
 

T1D is a chronic autoimmune disease that leads to the loss of beta cells in the 

pancreas. Hence, optimal T1D therapies need to combine the restoration of beta 

cell mass and insulin production as well as the specific suppression of immune 

responses against the islets. There are several potential approaches to replace 

or regenerate beta cells, e.g. allogeneic islet transplantation, the generation of 

stem cell derived beta cells and the use of small molecules that enhance beta 

cell proliferation in vivo [484]. However, while these interventions might be able 

to improve glycemic control by restoring beta cell mass, the benefits are not long-

lasting without efficient suppression of the recurring autoimmune attack against 

islet antigens, which is the cause of the failure of pancreas and islet grafts 

following transplantation [257, 485]. 

In order to block harmful immune responses towards beta cells, several non-

antigen-specific immunomodulatory treatments that target critical pathways of T 

cell activation and co-stimulation have been tested in animal models and clinical 

T1D studies. However, while some of these agents show promising results [332, 

333, 415], they bear the risk of severe adverse events upon chronic 

administration. Thus, antigen-based therapies that specifically target immune 

responses against islet antigens would be more beneficial for T1D patients. 

 

 

 

6.3 Challenges of antigen-specific therapies 
 

Antigen-specific interventions have been demonstrated to be safe but show only 

limited efficacy after the establishment of islet autoimmunity. Several factors 

might contribute to the lack of success in clinical trials testing antigen-specific 

interventions for the treatment of T1D. This includes the uncertainty about the 

optimal dose and administration route as well as the type of antigen. Moreover, it 

has been shown that in NOD mice the initial beta cell attack by proinsulin-specific 



CHAPTER 6: General discussion 
 

 108 

T cells is followed by the generation of a diverse pool of islet-reactive T cells 

recognizing other autoantigens, a process called antigen spreading. In addition, 

autoreactive T cells detected in T1D patients are also specific for a variety of islet 

antigens [153, 267, 297, 315]. Hence, therapies that are based on a single 

antigen might be unsuccessful at later stages of disease progression because 

they do not disable all islet-reactive T cells present in diabetic subjects.  

Importantly, the major hurdle for antigen-specific T1D interventions could be the 

presence of islet antigen-experienced memory T cells that are refractory to 

tolerance induction by antigen administration. Chee et al. reported that islet-

reactive T cells develop an effector memory phenotype in NOD mice over time 

[256] and several human studies have shown that beta cell-reactive T cells in 

diabetic individuals exhibit memory cell features [129, 130, 175, 176]. 

Furthermore, findings from transplantation studies suggest that islet-specific 

memory T cells found in T1D patients are mainly effector memory (Tem) cells 

[257, 258]. However, while a lot of progress has been made defining the role of 

memory T lymphocytes in the context of infection, the characteristics of these 

cells in autoimmune disorders are largely unknown. Moreover, the timing at 

which memory responses develop in humans with islet autoimmunity is still 

unclear and should be examined. Analysis of the number, phenotype and 

function of autoreactive antigen-experienced T cells in high risk T1D individuals 

is technically challenging but might serve as potential future biomarkers to predict 

the progression of disease. In addition, these measurements could be used to 

investigate the fate of memory T cells in response to antigen-based interventions 

and thus, to determine whether antigen-experienced cells can effectively be 

tolerized in clinical settings. 
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6.4 The induction of immune tolerance in memory T cells 
 

Since memory T cells can be activated with lower antigen doses and/or levels of 

co-stimulation [248], it has been proposed that the introduction of antigen into an 

already primed environment could aggravate T1D development. However, 

previous studies indicate that this is not the case [355]. Nevertheless, our 

findings confirm that antigen-experienced cells indeed respond differently to 

antigen exposure compared to naïve T cells, as they were refractory to cell 

deletion. While the elimination of memory T cells may be difficult, it might be 

possible to alter the function of these cells in order to improve the progression of 

disease. Controversial data exist in the literature concerning whether or not 

memory T cells are susceptible to the induction of immune tolerance. It is 

noteworthy that studies examining the fate of antigen-experienced T cells 

following antigen-based treatments were performed with T cell receptor (TCR) 

transgenic cells or induced memory T cells generated by peptide immunization 

[248, 364-367]. Thus, for the first time we investigated whether antigen-specific 

therapy can achieve immune tolerance in endogenous natural, autoantigen-

specific memory T cells.  

Interestingly, we observed that eliminating the inflammation source and 

production of effector memory T cells in the pancreatic islets (by inducing 

diabetes with streptozotocin) decreased the number of IGRP-specific T cells in 

the peripheral lymphoid organs of NOD mice with induced IGRP expression 

(Chapter 4). Hence, our findings suggest that antigen expression might lead to 

complete exhaustion and subsequent deletion of memory T cells in a non-

inflammatory environment but not in the presence of ongoing autoimmune 

inflammation. This is consistent with a study by Philip et al. who reported that 

memory T cells can be driven into an irreversible dysfunctional state by antigen 

exposure in tumors [475]. Therefore, in individuals with established islet 

autoimmunity combination therapies with immunomodulatory agents that induce 

either complete cell deletion or functional exhaustion in islet-residing memory T 

cells might be most effective. 
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6.5 Memory T cell exhaustion in infection, cancer and 
autoimmunity 

 

T cell exhaustion was first described in a mouse model of chronic infection with 

lymphocytic choriomeningitis virus (LCMV) [486]. In these animals, virus-specific 

CD8+ T cells initially perform effector functions but lose their cytotoxic and 

proliferative abilities in a hierarchical manner during the progression of disease. It 

is an intriguing observation that while Tem cells also often show signs of 

exhaustion in humans with chronic infections [261, 262], they remain functional in 

autoimmune settings despite the constant presence of autoantigens [263-265]. 

Understanding these different outcomes of antigen exposure will be crucial to 

determine critical exhaustion signals and develop new strategies that induce 

functional exhaustion in autoreactive memory T cells in autoimmune disorders.  

Notably, it has been suggested that in tumors effector T cells are driven into 

exhaustion before the formation of memory T cells occurs [487] which indicates 

differences of memory differentiation between chronic infections and cancer that 

might be worth investigating. The tumor microenvironment most likely plays an 

important role in the induction of T cell exhaustion as it constitutes an 

immunosuppressive network of extrinsic factors that contribute to T cell dys-

function. This includes the expression of co-inhibitory molecules on tumor and 

stromal cells (e.g. PD-L1/L2) [488, 489], the accumulation of regulatory T cells 

(Tregs) [490-492] and myeloid-derived suppressor cells (MDSCs) [493-495] as 

well as the secretion of inhibitory cytokines, such as TGF-β [496-498] and IL-10 

[499-501]. A report by Zwicker et al. further confirmed the importance of the 

tumor microenvironment in a mouse model of autoimmune diabetes by 

demonstrating that autoimmunity against islet antigens does not prevent the 

generation of insulinomas in NOD mice [502]. Using transgenic animals that 

express tumor antigen under the rat insulin promoter they showed that 

endogenous islet-reactive CD8+ T cells migrate to tumor sites in the pancreas but 

are absent in the central parts of advanced insulinomas. Hence, these results 

suggest that signals in the tumor microenvironment are capable of suppressing 

effector T cell functions. 
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While cancer treatments aim to block extrinsic factors that cause T cell 

exhaustion, enhancement of these mechanisms might blunt effector memory T 

cell responses successfully in autoimmune disorders. Immunotherapy with 

antibodies that target co-inhibitory receptors, so called check point inhibitors (e.g. 

anti-PD-1/PD-L1 and anti-CTLA-4), has been shown to be a very attractive 

approach to treat advanced cancers since they reactivate exhausted tumor-

specific T cells that efficiently destroy tumor cells [442, 443]. Furthermore, 

blockade of the PD-1/PD-L1 inhibitory pathway has been shown to restore the 

proliferative and cytotoxic capacities of exhausted CD8+ T cells in LCMV mice 

leading to the immune-mediated control of the virus in chronic infection [503]. In 

contrast, in NOD mice PD-1 deficiency or intervention with anti-PD-1/PD-L1 Ab 

accelerates the onset and frequency of diabetes [109, 447, 448] whereas 

overstimulation of PD-1/PD-L1 signaling reduces disease development [445, 

446]. Therefore, the enhancement of this signaling pathway constitutes a 

promising strategy to block harmful self-reactive immune responses in 

autoimmunity. Future studies that further examine the distinct inhibitory signals 

and mechanisms of T cell exhaustion in tumors and chronic infections might be 

of great benefit for the design of novel T1D therapies. 

Intriguingly, a report by McKinney et al. recently supported the idea that the 

induction of T cell exhaustion might constitute an attractive approach for the 

treatment of autoimmunity [444]. By comparing transcriptional T cell exhaustion 

profiles in patients with autoimmune disorders and chronic infections, they 

demonstrated that poor clearance of chronic viral infections was associated with 

a CD8+ T cell exhaustion signature that conversely correlated with better clinical 

outcome of multiple autoimmune diseases (marked by fewer relapses). 

Moreover, the authors detected elevated levels of the surrogate exhaustion 

marker KAT2B (a transcriptional co-activator) in NOD mice, long before the onset 

of diabetes. This was consistent with observations in children at high risk of T1D 

where KAT2B was specifically and progressively up-regulated in subjects who 

continued to develop islet-specific autoantibodies and/or symptomatic disease. 

Hence, transcriptomic analysis of this exhaustion signature might serve as a 
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useful tool to determine the prognosis of (although not susceptibility to) 

autoimmunity. In addition, these findings indicate that the targeted augmentation 

of T cell exhaustion might offer new therapeutic opportunities in autoimmune 

disorders, especially for patients that are predicted to undergo a more aggressive 

disease course. 

 
 

 

6.6 Concluding remarks  
 

In this study, we examined the fate of endogenous natural, autoantigen-specific 

memory T cells in response to antigen-based treatment by using an animal 

model of robust antigen expression and tracking islet-reactive T cells by tetramer 

enrichment. These tools enabled us to perform mechanistic studies of the 

required depth that are not possible in humans but are necessary for the 

development and design of future clinical T1D trials. While our combination 

therapy did not lead to the successful induction of immune tolerance in memory 

autoreactive T cells, we will use this elegant platform to establish other 

combination approaches of antigen expression and immunomodulatory 

interventions that are able to efficiently disable antigen-experienced T cells in 

autoimmune diabetes. 
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