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1. Summary 

Type 1 diabetes (T1D) is an autoimmune disease that results from the 

progressive destruction of the β-cells in the islets of Langerhans. Even though 

the anti-CD3 antibody Teplizumab has recently been approved by the Food and 

Drug Administration (FDA), a cure for this disease has not been identified and 

new targets need to be found. Therefore, a laser dissection of the islet 

microenvironment during T1D was performed in our lab and the gene expression 

was analysed through gene array and qPCR, using the RIP-LCMV-GP mouse 

model. These mice express the glycoprotein (GP) of the lymphocytic 

choriomeningitis virus (LCMV) under the control of rat insulin promoter (RIP) and 

develop T1D only after being infected with LCMV. The results of the gene array 

showed that most chemokine ligand/receptor pairs are upregulated upon 

infection and some are maintained upregulated until the chronic phase of the 

disease. First, I further studied the expression of CXCL10/CXCR3, CCL5/CCR5, 

CXCL16/CCR6, and CX3CL1/CX3CR1 on T1D. CXCL10 was shown to play an 

important role in T1D pathogenesis. Both anti-CXCL10 antibody and CXCR3-

antagonist were successfully used in combination with anti-CD3 antibody in two 

mouse models for T1D, with a better outcome than only anti-CD3. Our study 

confirmed that the CXCL10/CXCR3 axis is important in T1D and that CXCL10 is 

produced by β-cells and by islet infiltrating cells, as visible in both RNAscope in 

situ hybridization and immunohistochemistry (IHC). Although other chemokine 

axes, such as CCL5/CCR5, CXCL16/CCR6, CX3CL1/CX3CR1, and XCL1/XCR1 

have also been found to be upregulated acutely and/or chronically, only some of 

them had an impact on T1D pathogenesis. We demonstrated that CCL5-

deficiency does not impair T1D development, but in contrast deficiencies of either 

CXCR6 or CX3CR1 leads to a reduced T1D progress.  

The main focus of my thesis was however the XCL1/XCR1 chemokine axis. Both 

XCL1 and XCR1 were found persistently upregulated in diabetic RIP-GP mice. 

XCL1 is also elevated in the serum of T1D patients. XCL1 is a chemokine 

produced by CD8 and CD4 T cells, natural killer (NK), and NKT cells. Its receptor 

XCR1 is only expressed by resident and migratory conventional dendritic cells 

type 1 (cDC1). Such cDC1 are the most efficient cells in priming CD8 T cells. In 

my thesis, I first demonstrated with RNAscope duplex staining that XCL1 and 
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XCR1 expression is upregulated in the islets of RIP-GP mice upon infection and 

of non-obese diabetic (NOD) mice at different age and disease stage. Moreover, 

I showed that XCR1 is expressed in the islets of autoantibody-positive and T1D 

patients, underlying the possible involvement of the XCL1/XCR1 axis in T1D 

pathogenesis in humans. Therefore, I further investigated the role of this axis 

using first XCL1-deficient mice, in which the cDC1 migration to the islets is 

reduced as shown with IHC staining and with flow-cytometric analysis. The latter 

showed also a reduction of T cells, and in particular of islet autoantigen-specific 

T cells among the islet infiltrating cells. To investigate XCR1-deficiency, I used 

RIP-GP x XCR1Venus/Venus mice. Since these mice express the fluorescent Venus 

protein instead of XCR1, an immunofluorescent staining allowed to directly 

visualize the cDC1, that migrate to the islets even in absence of XCR1. In 

addition, I was able to demonstrate by flow cytometric analysis that migrated 

cDC1 lose their ability of priming T cells and therefore, the autoaggressive T cells 

get less activated. Interestingly, in both mouse lines, an increase of Treg cell 

frequencies among the islet infiltrating cells was visible and this, together with a 

reduction of autoaggressive T cells, corresponded to a shift in the immune 

balance towards a regulatory milieu. Most importantly, both XCL1- and XCR1-

deficient mice showed a significantly reduced T1D incidence in comparison to 

regular RIP-GP mice. This corresponded to more intact islets as visible in 

pancreas sections stained for insulin. Moreover, a whole pancreas 3D-staining 

with anti-insulin antibody confirmed that in both XCL1- and XCR1-deficient mice 

the remaining insulin content after 8-12 weeks post-infection is still sufficient to 

maintain normoglycaemia. In conclusion, the XCL1/XCR1 axis plays an important 

role in the pathogenesis of T1D and might therefore be a promising target for T1D 

immunomodulation. A small molecule or an antibody to interfere with this axis 

needs to be tested alone or in a combination therapy. 
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2. Zusammenfassung 

Typ-1-Diabetes (T1D) ist eine Autoimmunerkrankung, die durch die Zerstörung 

der Insulin-produzierenden β-Zellen in den Langerhans-Inseln entsteht. Obwohl 

der Anti-CD3-Antikörper Teplizumab vor kurzem von der Food and Drug 

Administration (FDA) zugelassen wurde, gibt es noch keine Heilung für diese 

Krankheit und es müssen neue Angriffspunkte gefunden werden. Deshalb wurde 

in unserem Labor die Mikroumgebung der Inselzellen mit Hilfe eines Lasers 

seziert und die Genexpression mittels Genarray und qPCR analysiert. Als Modell 

wurden RIP-LCMV-GP Mäuse verwendet, welche das Glykoprotein (GP) des 

lymphozytären Choriomeningitis-Virus (LCMV) unter der Kontrolle des 

Ratteninsulin-Promotors (RIP) exprimieren und erst nach einer Infektion mit 

LCMV einen T1D entwickeln. Die Ergebnisse zeigten, dass die meisten 

Chemokin-Liganden/Rezeptor-Paare bei der Infektion hochreguliert werden und 

einige bis in die chronische Phase der Krankheit hochreguliert bleiben. Zunächst 

habe ich die Expression verschiedener Chemokin-Achsen weiter untersucht. 

Durch RNAscope-in-situ-Hybridisierung als auch Immunhistochemie (IHC) 

konnte ich zeigen, dass CXCL10 von β-Zellen und inselinfiltrierenden Zellen 

produziert wird. Weiter zeigte sich, dass CXCL10 eine wichtige Rolle bei der T1D 

Pathogenese spielt, da eine Therapie mit einem Anti-CXCL10-Antikörper als 

auch einem CXCR3-Antagonisten vor allem in Kombination mit einem Anti-CD3-

Antikörper in zwei Mausmodellen erfolgreich T1D vermindern konnte. Ich konnte 

auch die akut und/oder chronisch Expression anderer Chemokin-Achsen wie 

CCL5/CCR5, CXCL16/CCR6, CX3CL1/CX3CR1 und XCL1/XCR1 im Pankreas in 

situ bestätigen, allerdings hatten nicht alle einen Einfluss auf die T1D-

Pathogenese. So beeinträchtigt ein CCL5-Mangel die Entwicklung von T1D nicht, 

aber im Gegensatz dazu führt ein Mangel an CXCR6 oder CX3CR1 zu einem 

geringeren Fortschreiten des T1D.  

Das Hauptaugenmerk meiner Arbeit lag jedoch auf der XCL1/XCR1-Chemokin-

Achse. Sowohl XCL1 als auch XCR1 sind bei Infektionen anhaltend 

hochreguliert. So ist XCL1 auch im Serum von T1D-Patienten erhöht. XCL1 ist 

ein Chemokin, das von CD8- und CD4-T-Zellen, natürlichen Killerzellen (NK) und 

NKT-Zellen produziert wird. Sein Rezeptor XCR1 wird dagegen nur von 

residenten und wandernden konventionellen dendritischen Zellen vom Typ 1 
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(cDC1) exprimiert. Diese cDC1 sind die effizientesten Primer von CD8-T-Zellen. 

In meiner Dissertation habe ich zuerst mit RNAscope-Duplex-Färbung gezeigt, 

dass die Expression von XCL1 und XCR1 in den Inseln von RIP-GP und NOD-

Mäusen in verschiedenen Stufen der Pathogenese hochreguliert ist. Außerdem 

konnte ich zeigen, dass XCR1 in den Inseln von Autoantikörper-positiven 

Personen und T1D-Patienten exprimiert ist, was auf eine mögliche Beteiligung 

der XCL1/XCR1-Achse an der T1D-Pathogenese beim Menschen hindeutet. 

Daher habe ich die Rolle dieser Achse weiter untersucht, indem ich zunächst 

XCL1-defiziente Mäuse verwendete. Durch IHC-Färbung und 

durchflusszytometrische Analyse konnte ich zeigen, dass bei solchen Mäusen 

die cDC1-Migration zu den Inseln reduziert ist. Zusätzlich konnte ich auch eine 

Verringerung der T-Zellen und insbesondere der Inselautoantigen-spezifischen 

T-Zellen in den Inseln zeigen. Weiter habe ich RIP-GP x XCR1Venus/Venus-Mäuse 

verwendet, welche das fluoreszierende Venus-Protein anstelle von XCR1 

exprimieren. So konnten mit einer Immunfluoreszenzfärbung die cDC1 direkt 

sichtbar gemacht werden. Trotzdem konnten cDC1 auch ohne XCR1 zu den 

Inseln wandern, aber eine durchflusszytometrische Analyse hat ergeben, dass 

die eingewanderten cDC1 ihre Fähigkeit verlieren, T-Zellen effektiv zu primen. 

Interessanterweise war in beiden knock-out Mauslinien ein Anstieg der Treg-Zell-

Frequenzen zu beobachten. Zusammen mit der Verringerung der 

autoaggressiven T-Zellen führt dies zu einer Verschiebung des 

Immungleichgewichts in Richtung eines regulatorischen Milieus. Dies hatte zur 

Folge, dass tatsächlich sowohl XCL1- als auch XCR1-defiziente Mäuse im 

Vergleich zu regulären RIP-GP-Mäusen eine deutlich geringere T1D-Inzidenz 

aufwiesen. Dies konnte ich auch mittels IHC von Pankreasschnitten, welche noch 

intakte Inseln aufwiesen, belegen. Darüber hinaus bestätigte eine 3D-Färbung 

des gesamten Pankreas mit einem Anti-Insulin-Antikörper, dass sowohl bei 

XCL1- als auch bei XCR1-defizienten Mäusen das verbleibende β-Zell Volumen 

nach 8-12 Wochen nach der Infektion noch ausreicht, um eine Normoglykämie 

aufrechtzuerhalten. Zusammenfassend lässt sich sagen, dass die XCL1/XCR1-

Achse eine wichtige Rolle bei der Pathogenese von T1D spielt und daher ein 

vielversprechendes Ziel für deine Immunmodulation von T1D sein könnte. Ein 

kleines Molekül oder ein Antikörper, der in diese Achse eingreift, sollte allein oder 

in einer Kombinationstherapie getestet werden. 
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3. Introduction 

3.1 Autoimmunity 

The immune system can distinguish between self- and non-self-components. In 

a physiological state, the lymphocytes that are generated in the bone marrow 

migrate to the thymus where they go through a process of negative and positive 

selection, called central tolerance. If they are considered to be self-reactive, they 

get a negative signal that leads to their death or inactivation. Otherwise, they 

reach the secondary lymphoid organs where they are further controlled by 

peripheral tolerance mechanisms: in case of self-reactivity, they can be made 

anergic or suppressed by regulatory T cells.1 In case one or more of these 

checkpoints fail, lymphocytes start to react against one or more organs and this 

leads to the outbreak of autoimmune diseases.  

Nowadays, nearly 100 different autoimmune diseases have been identified and 

they affect at least 5% of the population, with type 1 diabetes (T1D), rheumatoid 

arthritis, and autoimmune thyroiditis being among the most common.1,2 

Autoimmune diseases differ for severity, involved tissues, and mechanisms. They 

are classified according to their target: some are organ-specific and therefore 

specific for only one organ, for example the central nervous system in multiple 

sclerosis and the pancreas in type 1 diabetes; and some are systemic, affecting 

many tissues, for example systemic lupus erythematosus and rheumatoid 

arthritis. Another way to classify them is to focus on the main cell population 

involved in their pathogenesis, either B cells or effector T cells.2 

The causes of these diseases have not been fully understood yet. The breakdown 

of central tolerance does not derive only from a failure of the immune system but 

several factors contribute to the onset of autoimmunity. Among these factors, 

several studies have underlined the importance of a genetic predisposition, 

involving mainly the Human Leukocytes Antigen (HLA) gene. Moreover, also 

environmental factors can play a role in the pathogenesis of these diseases. For 

instance, low levels of vitamin D seem to be correlated with an augmented risk of 

developing an autoimmune disease. Infections can also rise the probability of 

autoimmune development with a mechanism called “molecular mimicry”: the 

immune system starts to react against the pathogen epitope and then cross-
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reacts with a very similar self-molecule, breaking the tolerance. Some other 

factors which can play a role in the development of an autoimmune disease are 

diet, microbiome, stress, smoking, and exposure to pollution.1–3 

 

3.2 Diabetes 

Diabetes affects 537 million people worldwide.4 Diabetes is a group of metabolic 

disorders characterized by loss of β-cell function and/or mass that leads to 

hyperglycaemia.5,6 As a matter of fact, the pancreas consists of an endocrine and 

an exocrine part. In case of diabetes, the endocrine function is affected. The 

endocrine part is composed by millions of islets of Langerhans. Each of these 

islets contains α-cells which produce glucagon, β-cells that secrete insulin, and 

δ-cells for somatostatin generation. The main function of the islets of Langerhans 

is to regulate the blood glucose (BG) homeostasis reacting to the physiological 

changes, given by the food uptake but also external factors like stress. 7 

When the β-cell function is reduced like in diabetes, insulin secretion is altered 

and hyperglycaemia is the immediate consequence. Therefore, diabetes is 

diagnosed when the fasting BG level is higher than 7 mmol/l (126 mg/dl) and BG 

is more than 11.1 mmol/l (200 mg/dl) at any time. Another parameter is the 

glycated haemoglobin (HbA1C), that is pathologic at concentrations higher than 

6.5%. HbA1C gives information about the mean BG concentration in the previous 

three months.8 The main symptoms of the disease are polyuria, polydipsia, 

weight loss, polyphagia, and blurred vision. Diabetes can have long-term 

complications on a microvascular level such as nephropathy, retinopathy, 

neuropathy, and on a macrovascular level in case of cardiovascular diseases.9,10 

Diabetes is divided in subtypes. T1D is an autoimmune disease which results 

from the progressive destruction of the β-cells in the islets of Langerhans. 

Usually, the first symptoms start during childhood or adolescence and patients 

need daily injections of insulin to survive, since there is yet no cure available. 

Type 2 diabetes is the most predominant form (75-80% of the cases) and it is 

caused by insulin resistance and inadequate compensatory response of insulin 

secretion. In this case, the risk is increased by age, obesity, and lack of physical 

activity. People affected by this form of diabetes do not need insulin treatment, 



Introduction 

7 

 

but some antidiabetic oral drugs are available to maintain their BG concentration 

under control.11 

 

3.3 Type 1 diabetes 

Type 1 diabetes affects 10% of all the patients with diabetes.12 It is also called 

insulin-dependent diabetes mellitus (IDDM) and it is divided in two subgroups: 

type 1A, the autoimmune form, which represents the 70-90% of the cases and 

type 1B, an idiopathic form.13 Type 1A diabetes (T1D) is an organ-specific 

autoimmune disease, characterized by the destruction of the β-cells in the islets 

of Langerhans performed by autoreactive T cells, which leads to a reduced insulin 

production.6,13 T1D is divided in three main stages: at stage 1 two or more islet 

cell autoantibodies (ICA) are present in the blood, but the glycaemia values are 

still normal; at stage 2 the glucose intolerance starts, and at stage 3 the clinical 

manifestation with all the signs and symptoms appear.9,14 

The precise immunologic events which start the process are not completely 

understood. A failure of the immune system causes the infiltration of dendritic 

cells in the islets of Langerhans. At the same time or immediately after, T cells 

start to migrate to the islets (peri-insulitis). This causes the expansion of 

autoreactive CD4 and CD8 T cells, the production of autoantibodies by the B 

cells, and the following activation of the innate immune system. Other cells are 

then involved in the inflammation process like natural killer (NK) cells and 

monocytes. CD8 T cells with the release of cytolytic granules containing perforin 

and granzyme B and with Fas/Fas ligand dependent interactions inducing 

apoptosis cause the destruction of the β-cells.10,11,13 

T1D signs appear only when approximately 80% of the β-cells are destroyed. 

Before this point, the patients undergo a pre-diabetes/subclinical phase in which 

they have one to three ICA. The ICA do not seem to have a direct role in the 

disease but they are important markers to predict diabetes development, 

especially in children. Autoantibodies in T1D are predominantly directed against 

insulin (IAA), glutamic acid decarboxylase 65 (GAD65, GADA), insulinoma 

antigen 2 (IA-2A), and zinc transporter 8 (ZnT8A).15–17 

Besides the screening for autoantibodies to try to predict T1D also the genome 

can be screened for risk factors, since T1D is correlated with several genetic 
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predispositions. In particular, T1D has a strong correlation with the HLA gene on 

chromosome 6p21. Some haplotypes of the HLA class II gene strongly increase 

the risk of developing T1D such as the DR3/4-DQ8 heterozygous haplotype (DR3 

is DRB1*03-DQB1*0201, DR4 is DRB1*04-DQB1*0302, DQ8 is DQA1*0301, 

DQB1*0302); whereas some others can be protective against T1D, like the 

DRB1*1501-DQA1*0102-DQB1*0602 haplotype. Other genes that have been 

correlated with an increased risk of developing T1D are: the insulin gene on 

chromosome 11p5.5, cytotoxic T-lymphocyte antigen 4 (CTLA-4) gene on 

chromosome 2p33, protein tyrosine phosphatase non-receptor type 22 (PTPN22) 

gene which encodes the lymphoid protein-tyrosine phosphatase (LYP), and the 

interleukin (IL)-2 receptor-α gene (IL2RA).11,18 

Genetic predisposition alone is not enough to start autoimmunity. Therefore, 

some external factors have been considered as triggers for this disease that 

might also explain the huge geographical variation. Among these factors, viral 

infections have been extensively studied. Viruses can induce anti-viral responses 

in several ways, for example expressing proteins which stimulate particular 

subtypes of T cells, upregulating pro-inflammatory cytokines, breaking self-

tolerance and starting an epitope spreading process, or by molecular mimicry of 

host structures. The principal viral candidates are enteroviruses, in particular 

coxsackievirus and rotavirus, that have been correlated to T1D. However, there 

is still a controversial debate if they indeed start the disease, rather accelerate its 

course, or are just present by coincidence.3,19,20 

Other environmental factors which have been associated with an increased risk 

of developing T1D are diet of the infants, toxins (N-nitroso derivatives), low levels 

of vitamin D, vaccine administration, and stress.10,21 

 

3.4 T1D therapies 

Patients with T1D are treated with daily subcutaneous injections of endogenous 

insulin to maintain glucose homeostasis. In 1922 the administration of insulin was 

life-changing for people diagnosed with T1D. Over the years, the treatment has 

been optimized: the dose of insulin has been increased, the pharmacokinetics 

improved, and the number of administrations decreased. Another important step 

was the switch from the isolation from animals to bacterial insulin cloning, which 
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allowed a scale up in the production. Nowadays, pumps are used to deliver insulin 

with an automatic dosing based on continuous glucose reading through a 

sensor.22 Not only patients constantly need to be careful about hyperglycaemia, 

but the problem of insulin administration is also hypoglycaemia, especially the 

unawareness of a hypoglycaemic event. In this case, patients show symptoms 

like dizziness, fast heart beating, shaking, and can have short term problems or 

even mild cognitive impairments.  

Whole pancreas transplantation followed by life-long immunosuppression is used 

in case of severe hypoglycaemia unawareness, of recurrent ketoacidosis, or of 

simultaneous kidney transplantation, but it can induce alloimmunity and 

autoimmunity can be evoked again because of the presence of memory T cells. 

Moreover, donors are limited.10,12 Therefore, isolated pancreatic islet 

transplantation is also used with success with the application of the ‘Edmonton 

protocol’, introduced by Shapiro et al.23 After islet transplantation, patients have 

at least one year of independence by insulin and their production of endogenous 

insulin is restored.23 In this case, again, the therapy cannot be applied to many 

patients. Another approach is to induce pluripotent stem cell-derived β-cells, but 

the process cannot be performed in large scale and these cells are currently not 

able to restore also the α-cell function.24 

Several studies and different approaches have been performed in the last three 

decades to try to find a cure which blocks the disease status, expand the 

regulatory T cell (Treg) subset, or succeed in regeneration of β-cell mass.11 

The first drug which has been tested was Cyclosporine A in the 1980s. It inhibits 

calcineurin, which is involved in IL-2 transcription and is able to reduce the 

number of effector T cells and, at the same time, to increase the regulatory T 

(Treg) cells. The administration of this drug was however very dangerous for the 

patients, because it increased the risk for cancer and caused severe 

nephrotoxicity.25,26 

Anti-thymocyte globulin (ATG) is also studied for its ability to suppress T cells and 

their precursors in the thymus. It is used in case of acute rejection of organ 

transplantation. In T1D, it was tested with prednisone, giving some positive 

results but the general immunosuppression derived from the treatment was too 

high.13,27 
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Another approach is to try to hit B cells: anti-CD20 antibody (Rituximab) was 

administrated to T1D patients even if B cells seem not to be implicated in the 

disease pathogenesis. The efficacy was limited and the effects did not last long.28 

The attention has also been paid to costimulatory molecules such as CTLA-4. 

Abatacept is a CTLA-4-immoglobulin that interferes with the co-stimulation of the 

T cells via cluster of differentiation (CD) 28 and B7 interaction and it is used to 

treat patients with psoriasis or rheumatoid arthritis. It does not reduce effector T 

cells but can act on the Treg cell number. This however did not give promising 

results.29–31 

Several cytokines have also been examined as targets. For example, interleukin-

1 receptor antagonist (IL-1RA) was used in mice and reduced T1D incidence. 

Further, anti-tumor necrosis factor α (TNFα) therapy improved the insulin 

production, reducing the need for insulin; treatment with IL-2 increased Treg cell 

repertoire and decreased T1D incidence in mice, but not in humans.11,32 

Cell-based therapy is also studied: phase I trial of isolated Treg cell infusion gave 

promising results, as well as the phase I trial with administration of autologous 

tolerogenic dendritic cells.33,34 

Another idea was an antigen-based immunotherapy with administration of T1D 

antigens, for example oral and intranasal insulin, but the response was not 

successful, or GAD65 formulated with alum but the phase III trial results were not 

promising.35,36 

 

3.4.1 Teplizumab 

Since the main players of T1D are T cells, one of the main approaches in the 

research for T1D cure is to act against them. Therefore, a murine anti-CD3 

antibody, OKT3, was studied. OKT3 was first approved as drug for acute graft 

rejection in 1985 by Food and Drug Administration (FDA). OKT3 is studied in T1D 

since 1993, as it showed remission of T1D in non-obese diabetic (NOD) mice: 

the effect was long-lasting, the T cell depletion was partial and transient, and the 

clinical remission was maintained.37 However, OKT3 showed two main side 

effects: an important cytokine release syndrome soon after the first injection and 

immunogenicity with the insurgence of antibodies against OKT3 itself.38,39 

Therefore, two humanized monoclonal antibodies without Fc region started to be 
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studied: Teplizumab, hOKT3y1(Ala/Ala), and Otelizumab, ChAglyCD3. 

Otelizumab reached phase III clinical trial. It can slow down the loss of 

functionality of β-cells in recent onset T1D patients but it has still side effects, like 

increased Epstein Barr virus reactivation in treated patients.40,41 

Teplizumab is the first drug approved for T1D by the FDA in the United States in 

November 2022. Teplizumab (TZIELDTM) is indicated for patients older than 8 

years old with stage 2 T1D, meaning with two or more autoantibodies, 

dysglyceamia and no type 2 diabetes. The treatment consists in daily intravenous 

injections for 14 days.42 Teplizumab binds to CD3 on CD4 and CD8 T cells and 

afterwards, the CD3/TCR complex is internalized. This has two effects: the direct 

action on effector T cells, reducing their number and their activation, and the 

induction of an immunomodulatory effect, through which Treg cells are expanded 

via transforming growth factor β (TGFβ).42–44 This ensues a preserved β-cell 

functionality and a reduced need for insulin for at least two years after the 

treatment.45,46 The problem is that some patients do not respond to the therapy. 

In contrast to the responders, the non-responders are usually individuals with a 

late disease onset and a sub-optimal glycaemic control at the beginning of the 

treatment.27,45 

The approval of Teplizumab is only a starting point and since it showed to delay 

the onset of T1D, it also offers opportunities for combination therapies. For 

example, it has been tested in combination with anti-CXCL10 antibody in two 

mouse models and in both cases, the incidence of remission was higher with the 

combination therapy rather than with only Teplizumab.47 In the same direction 

went the combination study of an antagonist for CXCR3 with Teplizumab, that 

showed an improved outcome in two different mouse models.48 Moreover, a 

combination therapy with anti-CD3 and anti-CD20 antibodies was tested in NOD 

mice: diabetes was prevented and reverted with a Treg subset expansion.49 Anti-

CD3 was also tested in combination with antigen administration: for example both 

with the exedin-4, that mimes glucagon-like peptide 1 (GLP-1), and with nasal 

insulin the percentage of mice in remission was increased.50,51 

Thus, there is still need for novel therapies focusing on new targets for 

immunotherapies, which can be used alone or in combination with anti-CD3. One 

group of target molecules are chemokines and their receptors that are 

orchestrating the migration of immune cells to the site of inflammation. 
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Chemokine receptors can be neutralized with antibodies and modified 

chemokines or small molecules can be used as antagonists.52 Some elements 

which need to be considered in a chemokine therapy are type of administration 

and timing.53 Moreover, another problem is the redundancy of the immune 

system: the blockade of one chemokine axis might have a small impact on the 

general immune system.54 Therefore the target validation is critical and in this 

context the use of knock mice is important.52 

 

3.5 Chemokines 

Chemokines are small molecules characterized by a molecular weight usually 

between 8 and 12 kDa and are secreted by different cell types, like immune cells, 

endothelial cells, and cells involved in the immune response.55 More than 50 

different chemokines have been identified until now and they have been classified 

according to their structure. They are related by a conserved motif of four cysteine 

residues at the amino terminus. According to this, four different classes have 

been identified: CC chemokines with two consecutive cysteines at the N-

terminus, for example CCL5 (or RANTES, regulated on activation, normal T cell 

expressed and secreted); CXC, which have the two cysteines separated by one 

amino acid, for example CXCL10 (or IP10, interferon gamma-induced protein 10); 

CX3C, that is composed only by CX3CL1 (or fraktaline), a chemokine with a 

domain fused with mucin-like branch; and C chemokine family, whose only 

representatives are XCL1 and XCL2, that lack 2 out of 4 cysteine residues.56,57 

Chemokines are a subgroup of cytokines which act as chemoattractants. They 

attract leukocytes from the bloodstream to the site of inflammation in the so-called 

‘leukocyte homing’ process. The chemokines direct the leukocyte migration by 

forming a gradient via binding to the glycosaminoglycans on the endothelium of 

the vessels. Once bound, they are not washed away by the bloodstream and they 

can interact with their receptors on the leukocytes. The leukocytes in the 

meantime start to slow down and roll along the vessel whereby the chemokine 

ligand-receptor interaction results in the expression of integrins at the surface of 

the leukocytes. In this way, the leukocytes can extravasate into the inflamed 

tissue.58,59 
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Chemokines are the first players of the innate immunity. They attract neutrophils, 

monocytes, NK cells, and immature dendritic cells. These cells then release 

further chemokines to attract T cells.58 Chemokines also play an important role in 

T cell development, differentiation, and migration to secondary lymphoid organs. 

They can be involved in angiogenesis, fibrosis, proliferation, and apoptosis.59,60 

According to their function, chemokines can be classified either as constitutive or 

homeostatic, or as inducible. Homeostatic chemokines, like CXCL12, are 

produced in healthy conditions in lymphoid organs to maintain the physiological 

traffic of the cells. Inducible chemokines, like CCL5 and CXCL10, are produced 

during acute and/or chronic inflammation in the target organ by both resident and 

infiltrating cells. There are also chemokines which might act in both states, called 

dual-function chemokines.52,58,61 

Chemokine receptors are classified according to chemokines that bind to them 

(CCR, CXCR, and so on).62 Currently there are more than 20 identified receptors 

and they can recognize several chemokines belonging to the same family. At the 

same time, many chemokines can bind to several receptors.56,61 These receptors 

are seven-transmembrane structures coupled to G-proteins. They are composed 

by one chain which has three extracellular and three intracellular loops. The 

external amino-terminal region binds the ligand and the more conserved internal 

carboxy domain transfers the signal to the cell.57,59 The signalling cascade leads 

to an increase of calcium concentration in the cell and to a following activation of 

protein kinases. The cell undergoes then processes of rearrangement, change of 

shape, and cytokine production.57 

 

3.6 Chemokines in T1D 

Chemokines play an important role during the infiltration process by immune cells 

in the islets of Langerhans.54 T1D is a disease driven by interferon γ (IFNγ) 

production and many chemokines are produced after cell stimulation by this 

cytokine. T cells get activated in the pancreatic draining lymph nodes (PDLN) and 

then they extravasate to the islets where the inflammation increases and 

therefore, more chemokines are produced.63 For example, CCL2 and CCL5 are 

involved in the recruitment of monocytes, dendritic cells, and mononuclear cells; 
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CCL19, CCL21, CXCL9, CXCL10, and CXCL11 recruit T cells in the lymph 

nodes; and CXCL13 plays a role in the recruitment of B cells.63 

In the process, T cells become polarized according to the cytokines they get 

stimulated by. CD4 T cells can be distinguished in T helper 1 (Th1), Th2, Th17 

and Treg cells (see paragraph 3.8). It has been shown in mice that an imbalance 

between a Th1 and a Th2 response can accelerate the disease. Th1 cells are 

pro-diabetic and destroy the β-cells, whereas Th2 cells have a more regulatory 

function and produce suppressive factors when they are stimulated by the 

antigen. The shift towards a Th1 response is necessary to start the disease. This 

has been shown in the RIP-LCMV-GP mouse model (see paragraph 3.9). After 

the infection, the resident antigen-presenting cells (APC) start to produce IFNγ 

and TNFα. This induces the β-cells and the endothelium to produce Th1 

chemokines, such as CXCL10. At the same time, CXCR3 is upregulated on CD8 

T cells. In parallel with the virus elimination, the activation of auto-aggressive CD4 

and CD8T cells leads to the destruction of the β-cells.53 β-cells themselves can 

produce CXCL10 and CXCL9 and attract CXCR3+ cells to the islets. These 

CXCR3+ cells are cytotoxic T cells that produce IFNγ.62,64 CXCL10 appeared 

elevated in the serum of children which were newly diagnosed with T1D but after 

16 months from the first observation, these levels decreased.65 

Several studies have also been carried out on humans: in 2010, Chatzigeorgiou 

et al. found out that CCL2, CCL3, CCL4, and CCL5 are elevated in the serum of 

T1D patients and they could correlate this increase with the stage of the disease. 

In particular, the Th1 response and the CCL2 production were higher at the 

diagnosis than in the chronic stage.66 Also Pan et al. saw an increase of CCL5 in 

the serum of T1D patients and could associate it with an increase of CCR5 in the 

islets.67 

Studies have shown that mouse and human islets stimulated with IFNγ or TNFα 

produce high levels of CCL1, CCL4, CCL5, CXCL10, CX3CL1, and XCL1.54,68,69 

It seems that also the CXCR6/CXCL16 axis might play an important role since 

CXCR6 is located in the IDDM22 T1D risk locus in human and CXCL16 is 

expressed by dendritic cells (DC).63 
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3.6.1 XCL1 and its receptor XCR1 

XCL1, also called lymphotactin or activation-induced T cell-derived and 

chemokine related molecule (ATAC) or single C mortif-1 (SCM-1), is a chemokine 

which has been discovered in 1994-1995 by several groups at the same time.70–

72 XCL1 is composed by 93 amino acids and it is located on the chromosome 

1q23.71,73 XCL1 is the only member of the C class of chemokines, having only 2 

cysteine residues out of four.70 

According to the temperature and the salt concentration, XCL1 can assume two 

different conformations. The first conformation is a monomeric structure that is 

very similar to the normal chemokine fold. It is able to bind to its receptor and to 

activate it, but it cannot bind to the glycosaminoglycans that are on the surface of 

the vessels. The second conformation is an atypical β-sandwich dimer which 

cannot interact with the receptor but binds to glycosaminoglycans and forms a 

gradient that can chemoattract the cells. Therefore, XCL1 is defined as a 

metamorphic protein. In physiological conditions both conformations can be 

found and this complicates the design of XCL1 antagonists.74,75 

XCL1 is secreted mainly by activated CD8 T cells, CD4 T cells, γδ T cells,  NK 

and NKT cells ,and thymic medullary epithelial cells (mTEC).73 It is considered to 

promote differentiation towards a type 1 response in T cells. As a matter of fact, 

it is associated with the release of type 1 cytokines and chemokines like IFNγ, 

CCL2, CCL3, and CCL5.76–78 

It has been shown that XCL1 production is elevated in both viral and bacterial 

infections but also in autoimmune diseases like rheumatoid arthritis and Crohn’s 

disease.79 Human XCL1 has a homologue in the mouse, which shares 60% of 

the aminoacidic sequence. In contrast to mice, humans also express XCL2 that 

differs from XCL1 only for 2 amino acids at the N-terminus and they have similar 

activation profiles.79,80 

XCL1 has a chemotactic activity for cells bearing XC receptor 1 (XCR1) on their 

surface. XCR1 is a G protein coupled receptor that has been identified in 1998. 

81 XCR1 is expressed by conventional dendritic cells type 1 (cDC1). In mice such 

XCR1+ cDC1 express either CD8α or CD103, whereas in humans they express 

CD141.82 XCR1 can be found also on thymic DC and the XCL1/XCR1 axis is 

implied in the accumulation of thymic DC in the medullary area, where they can 
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contribute to the formation of self-tolerance.83 XCR1 has two binding sites for 

XCL1 as most of the chemokine receptors. As a first contact, the N-terminus 

recognizes one region of XCL1. The second site, the main one, is an orthosteric 

pocket and is located in the transmembrane domain. After the first binding, the 

pocket changes conformation, in order to allow the second link with the N-

terminus part of XCL1.80 When this is completed, there is an increased calcium 

flux in the cytosol of the cell and a subsequent chemotactic response of the cell. 

IL12 and IFNγ are released by XCR1 DC and activated DC stimulate a type 1 

differentiation in T cells.70,82,83 Further, the XCL1/XCR1 axis seems to be 

important in the cross-presentation process (see paragraph 3.7.2). The 

XCL1/XCR1 axis is studied in formulating vaccines and gene therapies against 

cancer.80,84 

We have shown in the RIP-LCMV-GP mouse model for T1D (see paragraph 3.9) 

that both the chemokine and the receptor are upregulated after the disease 

infection (Figure 1). 
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Figure 1. Results of the gene microarray of the islet microenvironment. 

(A) Islets have been laser dissected from the pancreas of RIP-LCMV-GP mice at different time 

points after the infection. Gene expression profile of chemokines and their receptors from RIP-

LCMV-GP mice at day 1, 3, 7, 10, 14, 28 after infection in comparison to uninfected mice. XCL1 

and XCR1 have been highlighted in red and in blue, respectively. - (B) Graphs representing the 

quantification of XCL1 on the left and XCR1 on the right, obtained via quantitative PCR (bars) and 

via gene array (curves). Data are shown as mean ± SD.  

 

3.7 Dendritic cells  

DC are a heterogeneous family of APC that are involved in T cell responses and 

in tolerance.85 Their name derives from the Greek word ‘dendron’ that means 

tree, since they have a stellate shape with dendrites that can bend and facilitate 

their main functions.86 Their main function is to recognize the antigens and uptake 

them with different mechanisms, like phagocytosis, micropinocytosis, and 

adsorptive endocytosis. After this, DC mature upregulating major 
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histocompatibility complex class II (MHC-II), CD80, CD86, and CD40 and after 

processing the antigen, they transport it to the lymph nodes, where they can 

stimulate the T cell response.86,87 

DC can be generally identified by the expression of CD11c and MHC-II, but they 

can be further classified in subgroups using several markers.88 Plasmacytoid DC 

(pDC) are characterized by the expression of B220, plasmacytoid dendritic cell 

antigen-1 (PDCA-1), CD45RA, blood dendritic cell antigen 2 (BDCA-2) as well as 

toll-like receptor 7 (TLR7) and TLR9. They are similar to lymphoid cells and they 

express E2-2 (protein E2-2) and interferon regulatory factor 8 (IRF8) as 

transcription factors. They are activated during viral infections when they produce 

high amounts of type I IFN (IFNα and IFNβ). They have a unique mobility and are 

able to migrate to the viral site of infection. They can induce the activation of 

CD4+ CD25+ FoxP3+ regulatory T cells.89–91 

A second subgroup is called conventional dendritic cells (cDC) and it is 

characterized by the expression of CD45, CD11c, and MHC-II. They derive from 

a common DC progenitor in the bone marrow and, as pre-conventional DC, they 

migrate to the lymphoid organs. Pre-cDC are characterized by the expression of 

the chemokine receptors CCR2 and CX3CR1 that are important for their 

migration.85,87 

Another DC type is called Langerhans cells (LC). These cells are present in the 

skin, where the play a role in both tolerance and T cell activation. Monocyte-

derived DC (mDC) have been also identified. They are derived from the 

monocytes and are therefore different from other DC. Their main function is to 

facilitate CD4 T cell differentiation.87,92 

 

3.7.1 Conventional dendritic cells 

Conventional dendritic cells (cDC) can be found in two states: a resting state 

when they just circulate looking for antigens, and an activated state, after the 

recognition of the antigen, when they are able to interact with other cells and start 

to produce IL12, to activate CD8 T cells, or IL4 to activate CD4 T cells.86 cDC can 

act also in immune tolerance and are able to convert CD4 T cells in regulatory T 

cells.87 
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cDC can be further divided in two subgroups: cDC type 1 and cDC type 2 (Table 

1). cDC1 constitute 30% of DC in the periphery and 40% of DC in lymphoid 

organs. They differentiate when granulocyte-macrophage colony-stimulating 

factor (GM-CSF) and FMS-like tyrosine kinase 3 ligand (Flt-3L) are present.85,87,93 

In murine lymphoid organs, cDC1 can be divided in resident and migratory cells. 

The resident cells display MHC-IIlow and CD11chigh and can also express CD8α 

or CD11b. The migratory cDC1 roam through the lymph vessels and display 

MHC-IIhigh and CD11clow. They are characterized by the expression of CD103 and 

an upregulation of CD80 and CD86, as well as CCR7, which helps them in the 

migration process.82 CD8α negative cDC1 can also express CD4, or can also be 

CD4 negative and are then called double negative cDC1.88,94 Resident cDC1 can 

uptake antigens and present them locally to the T cells, whereas the migratory 

cDC1 uptake antigens in the periphery and bring them to the lymph nodes.73 

All cDC1 express XCR1, C-type lectin domain family 9 member A (CLEC9A), 

CD205, and CD207 and they have a low expression of CD11b, signal regulatory 

protein α (Sirpα) and several macrophage markers. They are further 

characterized by the presence of some transcription factors like IRF8, basic 

transcription factor 3 (BATF3), nuclear factors, interleukin 3 regulated (NFIL3), 

and DNA-binding protein inhibitor 2 (ID2).87 BATF3 is very important in the 

development of CD8α cDC1 and CD103 cDC1.95 cDC1 also display high levels 

of TLR3, that is important for cross-priming, as well as TLR11 and TLR12, that 

are involved in IL12 production.87 Once activated, cDC1 can also produce CXCL9 

and CXCL10, important chemokines in the recruitment of aggressive T cells to 

the inflammation site.96,97 

On the other hand, type 2 cDC (cDC2) are characterized in mice by the 

expression of CD11b and Sirpα and the absence of XCR1 and CLEC9A. Further, 

CD8α is absent and CD103 is present only on a small intestinal fraction. Their 

transcription factors are IRF4, IRF2, and tumour necrosis factor receptor-

associated factor 6 (TRAF6).87 

cDC1 and cDC2 can be found also in humans, where cDC1 are characterized by 

the expression of XCR1, CLEC9A, CD141, and the transcription factors BATF3 

and IRF8 as well as high levels of TLR3 expression. They can produce IL12 but 

also CXCL10 that attracts more CXCR3+ lymphocytes in the area, creating a 
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positive loop for the activation of NK and CD8 T cells. In humans, cDC2 are 

characterized by the presence of CD1c and SIRPα.87,98,99 

 

Table 1. Summary of the main characteristics of mouse and human cDC 

subtypes. 

 
cDC Markers TLR 

Transcription 

factors 

Mouse Type 1 

XCR1, CLEC9A, CD205, CD207 

Resident: MHC-IIlow, CD11chigh, 

CD8α or CD11b, CD4 (not always) 

Migratory: MHC-IIlow, CD11chigh, 

CD103, CCR7, CD80high, CD86high 

TLR3, 

TLR11, 

TLR12 

IRF8, BATF3, 

NFIL3, 

ID2 

 Type 2 
CD11c, MHC-II, CD11b, Sirpα, 

CD103 (only in the intestine) 
 

IRF4, IRF2, 

TRAF6 

Human 
Type 1 XCR1, CLEC9A, CD141 TLR3 BATF3, IRF8 

Type 2 CD1c, Sirpα   

 

3.7.2 Dendritic cell function and cross-presentation 

The main function of DC is to uptake antigens and present them to T cells. In 

particular, endogenous proteins are presented via the MHC-I pathway to CD8 T 

cells and exogenous proteins are associated to MHC-II and therefore activate 

CD4 T cells. However, also exogenous antigens, like proteins, immune 

complexes, parasites, and cellular antigens, can be presented to CD8 T cells via 

MHC-I in a process called cross-priming.100 The process is not completely 

understood yet, but one hypothesis is that the phagosomes containing the 

antigen fuse with the endoplasmic reticulum vesicles that contain the newly 

synthetized MHC-I. Upon antigen degradation in the phagosome antigen 

peptides are loaded into the MHC-I.88 Moreover, it seems that CD4 T cells have 

an important role in cross-priming since they build a bridge between DC and CD8 

T cells.100,101 Plasmacytoid DC can as well contribute to cross-presentation, since 

they migrate to CD8 T cell during a cross-priming event in a CCR5-dependent 

manner and promote the cross-presentation by colocalization with XCR1 DC.89 

Resident CD8α cDC1 and their migratory counterpart CD103 cDC1, both 
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expressing XCR1 on their surface, are the most efficient cells in cross-priming. 

However, there are also other cells which are able to cross-present, such as B 

cells, endothelial cells, and macrophages.88,100 For example, it has been shown 

that endothelial cells in the islets of Langerhans are able to cross-present the 

insulin antigen in T1D resulting in the attraction of insulin-specific CD8 T cells to 

the islets.102 

 

3.8 T cells 

Among the hemopoietic cells which arise from the bone marrow, there are also 

lymphocytes. The two main subgroups of lymphocytes are B and T cells. B cells 

are characterized by the presence of the B cell receptor on their surface and they 

are among the main players of the humoral immune response. Once activated, 

they proliferate and differentiate in plasma cells, that are cells able to produce 

large amounts of antibodies. T cells are characterized by the expression of the T 

cell receptor (TCR) and upon encountering the antigen they proliferate and 

differentiate. Naïve T cells can circulate between the different secondary 

lymphoid organs, searching for their cognate antigen on APC. After the encounter 

they undergo different phases. First, they start to expand and proliferate in the T 

cell zone in the secondary lymphoid organs. Then the antigen specific CD8 and 

CD4 T cells leave the lymph nodes and migrate to the inflammation site where 

they kill the pathogens. CD4 T cells which help B cell activation will move to the 

B cell zone in the secondary lymphoid organs. After 7-10 days from the beginning 

of the inflammation process, the contraction phase starts and 90% of the 

activated cells undergo apoptosis. The 5-10% of cells which remain alive 

constitute the memory T cell subset that keep on circulating. Such memory T cells 

ensure a much faster reaction in case of a second encounter with the same 

antigen.103–105 

The interaction between T cells and DC forms the so-called immunological 

synapse (IS), which consists in three different signal types that have to be present 

to transmit the signal. The first signal is the interaction between the peptide-MHC 

complex and the antigen-specific TCR with CD4 or CD8 as co-receptor. The 

second signal is usually given by co-stimulatory molecules, such as CD80 and 

CD86, that are both members of the B7 family, and are expressed on DC. They 
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deliver the co-stimulation via CD28 on T cells to ensure an optimal clonal 

expansion. Other proliferative stimuli can derive from the interactions between 

CD137L and CD137, CD70 and CD27, and CD40 and CD40L. The interactions 

of B7 molecules on DC and CTLA-4 on T cells as well as PD-1 and PD-1L on 

hemopoietic cells or PD-2L on activated T cells inhibit T cell activation. The third 

signal is given by cytokines for example IL12 and type I IFN that are secreted by 

activated DC and are important for T cell survival.105,106 

The main classes of T cells are cytotoxic T cells, helper T cells, and Treg cells. T 

cells orchestrate cell-immune mediated responses and are characterized by the 

presence of the co-receptor CD8 or CD4. CD8 is present on cytotoxic T cells and 

reacts with MHC-I that is expressed by most immune and tissue cells, usually in 

response to virus infections. CD4 is present on T helper cells and respond to 

antigens presented via MHC-II by APC. CD4 T cells can differentiate into different 

subtypes. T helper (Th) 1 cells, the aggressive phenotype, clear intracellular 

pathogens and act against bacterial infections. Th1 cells are stimulated by IL12 

and produce IFNγ, TNFα, and IL2. They further express the chemokine receptors 

CXCR3 and CCR5. They are characterized by the expression of the transcription 

factor T-box expressed in T cells (T-bet). Th2 cells protect the tissue from parasite 

invasion and are involved in allergic reactions. They also counteract Th1 cell 

actions. Th2 cells are stimulated by IL4, IL25, and IL33 and produce IL4, IL5, IL6, 

IL10, and IL13. They express the chemokine receptors CCR3 and CCR4 and are 

characterized by the expression of signal transducer and activator of transcription 

5  (STAT5) and STAT6, as well as the transcription factor GATA binding protein 

3 (GATA-3).107–109 

Th17 cells are stimulated by IL6 and TGFβ and express the chemokine receptor 

CCR6. They produce IL17A and IL17F, but also IL21. The transcription factor 

RAR-related orphan receptor gamma isoform t (RORγt) is characterizing this cell 

subtype. Their role is to act in case of extracellular bacteria or fungi infections or 

infections at mucosal surface.110 

According to this classification, CD8 T cells have been also divided in the same 

way. Cytotoxic T cells 1 (Tc1 cells) are stimulated by the presence of IL12 that 

leads to the production of IFNγ, TNFα, and lymphotoxin. CD8 T cells can also 

differentiate to Tc2 cells that have a Th2-like profile, so they are stimulated by IL4 

and produce mainly IL4 and IL5.111,112 
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Cytotoxic T cells can exploit their function in different ways. They can kill the 

infected cells by inducing apoptosis via the Fas/Fas ligand pathway, or in a 

calcium-dependent way, or they can release cytotoxic granules, containing 

perforin and granzymes (in humans also granulysin).113 T cells can also be 

exhausted when exposure to the antigen is too strong in affinity and/or 

duration.105 

Regulatory T cells are characterized by the expression of the transcription factor 

forkhead box protein 3 (FoxP3). They can express both CD4 or CD8 and can be 

subgrouped in natural Treg cells (nTreg) generated in response to self-antigens 

in the thymus and induced Treg cells (iTreg) in response to foreign- or self-

antigens in the periphery. The latter are induced by TGFβ and are usually 

identified as a subset of CD4 T cells. IL2 is important for their homeostasis and 

for exploiting their functions. Treg cells are important to maintain the self-

tolerance.114 They act releasing anti-inflammatory cytokines for example IL10 and 

TGFβ. IL10 induces the downregulation of MHC-II, CD80, and CD86 on APC and 

decreases the release of proinflammatory cytokines by mast cells and 

macrophages. Some other mechanisms of suppression have been studied in 

vitro: for example, inhibition of perforin and granzyme B release, delivery of 

negative activation signals, physical impairment of the encounter between T cells 

and DC in a lymphocyte function-associated antigen 1 (LFA-1) dependent way, 

and alteration of CD80/CD86 expression in a CTLA-4 dependent way.113,115,116 

T cells play an important role in type 1 diabetes. In humans, autoreactive CD8 T 

cells are the most predominant population in the infiltrates and also autoreactive 

CD4 T cells are involved in the pathogenesis of T1D.117 CD4 T cells are important 

in maintaining the CD8 T cell effector function and are especially fundamental in 

the secondary cytotoxic T lymphocyte (CTL) expansion.53,118 

 

3.9 Mouse models 

There are several mouse models for T1D.119 Widely used is the NOD mouse 

model. These mice were established in the Shionogi Research Lab in Japan in 

1980 by Makino et al.120 NOD mice spontaneously develop T1D usually between 

10 and 30 weeks of age, with an incidence of 50-90% in the females and only 

20% in the males.10 They have many characteristics in common with humans, so 
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they allow an intensive study of T1D. For example, they show the main symptoms 

of T1D (polyuria, polydipsia, glucosuria, hyperglycaemia), with β-cell destruction 

and decreased insulin production.120 Both insulin and GAD65 autoantibodies 

were found in NOD mice before the start of the disease. Through NOD mice, it 

was also possible to study the HLA-associated risk because also in NOD mice 

some MHC haplotypes are associated with higher risk to develop T1D.121,122 The 

mechanism of pathogenesis of the disease is slightly different from the humans. 

Around the third week of age of the mice, dendritic cells, macrophages, and 

neutrophils start to infiltrate the islets of Langerhans, after a swelling of the blood 

vessels. At week 5-7 of age, both CD4 and CD8 T cells are also attracted to the 

islet microenvironment where they are the main players of β-cell destruction. If 

the infiltration is very intense, tertiary lymphoid structure may start to form. The 

disease seems to be more aggressive than in humans.11,17,123 NOD mice are still 

a powerful tool to study T1D, but they have some limitations, for example the 

unknown starting point of the disease or the infiltration pattern which is different 

from the one found in the pancreas of T1D patients. Further, NOD mice display 

additional diseases, such as a Sjögren’s syndrome-like disease. 

Another model which is often used is the RIP-LCMV-GP inducible mouse model. 

Here, the mice express the glycoprotein (GP) of the lymphocytic choriomeningitis 

virus (LCMV) under the control of the rat insulin promoter (RIP) on the β-cells in 

the islets of Langerhans. This transgenic mouse model was developed by 

Oldstone et al.124 in 1991, in parallel with a similar model called RIP-LCMV-NP. 

These mice express the nucleoprotein (NP) of the LCMV on the β-cells but also 

in the thymus.124,125 RIP-LCMV mice have a viral gene (either GP or NP) that was 

inserted at the oocyte stage in the mice, so it is present in the islets as self-gene 

and the expressed self-protein is tolerated by the immune system. The model is 

based on the idea of molecular identity/mimicry, in which an environmental factor 

and a host component share one or more identical/similar antigen-epitopes.126 

This means that the mice do not develop T1D until they are infected with LCMV. 

With the infection, the immune system starts to react against the virus and 

subsequently also against the β-cells, since they both express the same GP or 

NP (Figure 2).124,127 At this point, the mice start to show the first signs of T1D. 

The virus is usually cleared between 7 and 14 days after the infection.124 There 
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are several advantages in using this mouse model, such as the known onset of 

the disease and the well-defined autoantigens and epitopes.119 

The main difference between the two lines is that the RIP-LCMV-GP mice 

become diabetic between 7-14 days after the infection, whereas the RIP-LCMV-

NP mice need 3 to 6 months.125 Moreover, the GP mice have higher affinity for 

the H-2Db-GP33 complex compared to H-2Ld-NP118 complex.126 Another 

difference is that in the NP model, both CD4 and CD8 T cells are required for the 

onset of the disease, whereas in the GP mouse model, CD8 T cells are the main 

players of the process.125 

 

 
Figure 2: Schematic representation of the RIP-LCMV-GP mouse model.  

(1) RIP-LCMV-GP transgenic mice do not show signs of T1D and are normoglycemic. The β-cells 

in the pancreas express the GP of the LCMV under the control of the RIP. T cells do not react 

towards the β-cells as long as the tolerance is still intact. - (2) As soon as LCMV is injected in the 

mice, the inflammation process starts and the cells are attracted towards the pancreas. - (3) The 

virus is eliminated by T cells in an LCMV-GP-specific adaptive response. - (4) The expansion of 

LCMV-GP-specific T cells causes the destruction of the β-cells as well. When most of the islets 

are destroyed, the mice turn diabetic, which occurs usually in between 10 and 14 days after the 

infection. 
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4. Aims of the study 

Even if Teplizumab has recently been approved as a drug for T1D, the pathway 

to find a cure for this disease is still long. That is why this study is mainly focused 

on finding a new target for an immunotherapy for T1D or for a combination 

therapy with an anti-CD3 antibody or an anti-CXCL10 antibody. 

It has previously been shown in our lab by Christine Bender that chemokine 

ligands and their receptors are upregulated during T1D pathogenesis. Among 

these, our attention focused on the following chemokine axes: CXCL10/CXCR3, 

CCL5/CCR5, CXCL16/CXCR6, CX3CL1/CX3CR1, and XCL1/XCR1. A particular 

focus was on the XCL1/XCR1 axis that has already been studied in other 

diseases, for example as a target in melanoma therapy.128,129 Further, it was also 

found to be elevated in the serum of T1D patients,68,69 but to date it has never 

been considered as a target in this context. 

 
 

 

Therefore, the main goal of this work is to study 

the role of the XCL1/XCR1 axis in T1D pathogenesis. 

 

In particular, the aims are:         

   

1) localize several chemokine-receptor axes in mouse pancreas sections. 

 

2) localize XCL1 and XCR1 in the islets of patients with T1D, individuals with 

islet-autoantibodies, RIP-GP mice, and NOD mice, and confirm their 

upregulation during T1D pathogenesis.  

 

3) study the effects of an absence of XCL1 or XCR1 on a cellular level and 

on T1D incidence and severity in mice. 

 

4) study if an absence of XCL1 combined with an absence of CXCL10 further 

improves the positive effects of a CXCL10-deficiency in mice. 
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Aim 1: Localization of several chemokine-receptor axes in mouse pancreas 

sections. 

The localization of CXCL10/CXCR3, CCL5/CCR5, CXCL16/CXCR6, and 

CX3CL1/ CX3CR1 will be done on murine pancreatic tissue with RNAscope in situ 

hybridization technique and immunohistochemistry (IHC). Slides of pancreas 

isolated at different time points after the infection will be used. Incidence studies 

interfering with these axes will be performed in our lab. 

 

Aim 2: Localization of XCL1 and XCR1 and confirmation of their upregulation 

during T1D pathogenesis. 

The localization of XCL1 and XCR1 will be done with RNAscope in situ 

hybridization technique since there is no reliable antibody for mouse XCR1 

available for IHC. Sections of human pancreas from patients at different disease 

stages will be stained to see if XCL1 and XCR1 are upregulated during human 

T1D pathogenesis. Sections of pancreata obtained at different time points from 

infected RIP-GP mice will be used to confirm the gene array data. NOD mice will 

be used to verify that the upregulation is also occurring in a second mouse model 

for T1D.  

 

Aim 3: Study of the effects of an absence of XCL1 or XCR1 on a cellular level 

and on T1D incidence and severity in mice. 

RIP-GP mice will be crossed with XCL1-/- mice and with XCR1Venus/Venus mice 

(referred to as XCR1-/- mice) and the mice will be infected with LCMV to study the 

effects of an XCL1- or XCR1-deficiency on different cell populations. Moreover, I 

will study if XCL1- or XCR1-deficiency has an impact on T1D incidence and 

severity. Our hypothesis is that XCL1 and XCR1 are involved in the pathogenesis 

of T1D. The idea is that upon stress, infection, or insulitis, the β-cells start to 

release CXCL10, as previously demonstrated.62 This chemokine attracts T cells, 

bearing CXCR3 on their surface. These T cells start to infiltrate the islets and to 

produce XCL1, which in turn attracts XCR1+ cDC1. These cells act on T cells in 

two ways. They attract even more CXCR3+ T cells to the islet microenvironment, 

being able to release CXCL10. Moreover, they are the most potent population of 

antigen-presenting cells able to prime T cells. The activated T cells initiate β-cell 

destruction resulting in T1D over time (Figure 3). Taken this in account, I would 
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like to see the impact of an interference with XCL1/XCR1 axis on the T1D 

pathogenesis.  

  

Aim 4: Studying if an absence of XCL1 combined with an absence of CXCL10 

further improves the positive effects of a CXCL10-deficiency in mice. 

It has been shown that CXCL10-deficiency reduces T1D incidence in RIP-GP 

mice.47 Moreover, it is known that DC and in particular cDC1 can produce 

CXCL10, contributing to the attraction of T cells to the islet microenvironment.96–

98 To improve further CXCL10-deficiency positive outcome, RIP-GP x XCL1-/- 

mice will be crossed with RIP-GP x CXCL10-/- mice. The idea is to act 

concomitantly on T cells and on DC to see if the blocked attraction of both cell 

types to the islet microenvironment can reduce T1D incidence and severity even 

more. 
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Figure 3. Schematic representation of the working hypothesis. 

(A) Upon stress, infection, or insulitis the β-cells in the islets of Langerhans start to release 

CXCL10. - (B) CXCR3+ T cells are attracted to the islets and start to produce chemokines, such 

as XCL1. - (C) XCL1 attracts cDC1 expressing XCR1 to the islets. - (D) cDC1 start to produce 

cytokines and chemokines among which CXCL10 that attracts more T cells to the islets. They 

also activate T cells to cytotoxic T cells, which will start to release perforin and granzyme B. - (E) 

These effector molecules contribute to β-cell killing. When a critical mass of β-cells is destroyed 

(approximately 80-90%), BG homeostasis cannot be maintained anymore and T1D ensues. Note 

that to make the representation easier, other cells that compose the islets are not shown. 
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5. Materials and Methods 

5.1 Materials  

5.1.1 Antibodies 

Table 2: Antibodies used for FACS-staining. 

 

Table 3: Primary antibodies for immunohistochemistry and immunofluorescence. 

Antibody Company 

CD103 APC BD Pharmingen; 562772 

CD11b Alexa488 BioLegend; 101217 

CD11b APCCy7 BioLegend; 101226 

CD11c PeCy7 BioLegend; 117318 

CD16/CD32 BioLegend; 101302 

CD4 PeCy7 BD Pharmingen; 552775 

CD8a APCCy7 BD Pharmingen; 557654 

CD8a PerCp5.5  BioLegend; 100734 

CD8b V510 BioLegend; 126631 

FoxP3 PE Invitrogen; 12-5773-82 

Granzyme B PE eBioscience; 12-8898-82 

IFNγ V450 BD Pharmingen; 560661 

IL12 PE R&D; IC2191P 

KLRG1 PerCp5.5 BioLegend; 138418 

MHC-II V450 Invitrogen; 48-5321-82 

PD-1 APCCy7 BioLegend; 135224 

Perforin APC BioLegend; 154304 

XCR1 V510 BioLegend; 148218 

Antibody Company 

Biotinylated Armenian hamster anti-

mouse CD11c  
Invitrogen; 13-0114-82 

Goat anti-mouse CD103  R&D; AF1990 

Rabbit anti-mouse insulin  Abcam; ab181547 
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Table 4: Secondary antibodies for immunohistochemistry and 

immunofluorescence. 

 

Table 5: Antibodies for plaque assay. 

 

5.1.2 Chemicals  

Table 6: Chemicals. 

Chemical  Company  

10x buffer PCR Peqlab 

3,3′-Diaminobenzidine (DAB) powder Roth; 231-018-9 

Rabbit anti-mouse CXCL10 PeproTech; 500-P129 

Rabbit anti-mouse CXCR3 Zymed 

Rabbit anti-mouse CX3CL1 Abcam; ab25088 

Rabbit anti-mouse CXCL16 Bioss; bs-1441R 

Rabbit anti-GFP Acris Antibodies; SP3005P 

Goat anti-mouse CCL5 R&D Systems; AF478 

Armenian hamster anti-mouse CCR5 BioLegend; 107008 

Antibody Company 

Biotinylated anti-Armenian hamster eBioscience; 13-4113-85 

Biotinylated anti-goat Vector; BA-5000 

Biotinylated anti-rabbit Vector; BA-1000 

Donkey anti-goat Cy3 
Jackson ImmunoResearch; 705-165-

147 

Goat anti-rabbit Cy3  
Jackson ImmunoResearch; 111-165-

003 

Streptavidin FITC BioLegend; 405201 

Antibody Company 

Peroxidase – conjugate affiniPure 

goat anti-rat IgG (H+L) secondary 

antibody 1:400 

Jackson ImmunoResearch 

Laboratories, Inc.112-035-033 

VL-4 rat anti-LCMV (2 mg/ml) In-house 
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4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich; 28718-90-3 

Acetic acid Sigma-Aldrich; 33209-1L 

Acetone  Sigma-Aldrich Chemie GmbH; 32201  

Agarose Universal VWR; 35-1020 

Ammonium chloride  Sigma Aldrich; 213330  

Ammonium sulphate  Fluka; 09980  

Aquamount  Merck Chemicals KGaA; 1.08562  

Bovine serum albumin (BSA) Roth; T844.2 

Brefeldin A  Sigma Aldrich Chemie GmbH; B6542  

Bromophenol blue Roth; A512.1 

Carboxyfluorescein succinimidyl ester 

(CFSE) 

Thermo Fisher; 65-0850-84 

CD45 MicroBeads mouse Miltenyi Biotec; 130-052-301 

Chloroform  Fisher Scientific; C144960 

Deoxycholic acid Sigma; D6750 

Dibenzyl ether (DBE) Sigma Aldrich; 108014 

Dichloromethane (DCM) Sigma Aldrich; 270997 

Dimethyl sulfoxide (DMSO)  Sigma Aldrich Chemie GmbH; D5879  

Dipotassium hydrogen phosphate 

trihydrate 

Merck; 1.05099.1000 

Disodium hydrogen phosphate  VWR; 28029.292 

DMEM + GlutaMax I  Gibco; 61965  

DMEM powder Gibco; 52100-021 

dNTP for PCR Roth 

Donkey serum Biorad; C06SB 

Ethanol (EtOH) absolute  Sigma-Aldrich; 32221 

Ethylenediamintetraacetic acid 

(EDTA)  

AppliChem; A1103.1000  

Fetal calf serum (FCS) heat 

inactivated  

Sigma Aldrich; F7524 

Ficoll-Paque PLUS Cytiva; 17144003 

Fluoromount G Invitrogen; 00-4958-02 

Formaldehyde  Roth; 6749-2  
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Gel Red Biozum; 41003 

Glycine Sigma; G7126-1KG 

Glycerol Roth; 3783.1 

Heparin Sigma; H3149-25KU 

Hydrochloric acid min. 37% Kmf; KMF.08-721 

Hydrogen peroxide  Roth; 8070.1  

Isoflurane  Abbott; B506  

L-Lysine monohydrochloride Sigma; L5626-100G 

MACS Quant calibration beads Miltenyi Biotec; 130-093-607 

MACSQuant Running buffer Milteny Biotec; 130-092-747 

MACSQuant Washing solution  Milteny Biotec; 130-092-749  

MACSQuant/MACSima Storage 

solution 

Milteny Biotec; 130-092-748  

Mayer’s Hematoxylin solution for 

clinical diagnosis 

AppliChem A4840.1000  

Methanol (MeOH) Sigma-Aldrich; 32213 

Methocel MC (methylcellulose) Fluka; 64620 

NP40 Sigma-Aldrich; 9016-45-9 

NuSieve Agarose - low melting 

agarose 

FCM Bio Products; 50080 

OCT solution (Tissue-Tek)  Sakura; 4583  

Paraformaldehyde  Merck; 1.04005.1000  

PBS  Gibco; 14190-094 

Penicillin-Streptomycin (P/S) Gibco; 15140  

Peroxidase substrate  Vector; SK-4100  

Potassium acetate Sigma Aldrich; 25059 

Potassium chloride Roth; 6781.1 

Potassium dihydrogen phosphate Roth; 3904.1 

Primers (PCR) Biomers 

Proteinase K Roth 

RPMI 1640 + GlutaMax I  Gibco; 61870  

Saponin  Sigma Aldrich Chemie GmbH; S7900  

SDS Ultrapure AppliChem; A1112,0500 
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Sodium (meta)periodate  Sigma; S1878-25G 

Sodium azide  AppliChem; A1430  

Sodium chloride  Sigma Aldrich Chemie GmbH; 31434  

Sodium hydrogen carbonate  Merck; 1.06329.0500 

Sodium hydroxide – pellet Fisher Scientific; S/4920/60 

Surgipath- Paarplast Plus (paraffin)  Leica; 39602004 

Taq Polimerase Paqlab 

Triton X-100  Sigma; T8787  

Trizma® base (Tris)  Sigma; T1503  

Trypan Blue Sigma; T8154 

Trypsin Sigma Aldrich; T3924 

TWEEN 20 (Polyethylen-Sorbitan-  

Monolaureat)  

Sigma Aldrich Chemie GmbH; P7949  

VectaMount Permanent Mounting 

Medium 

Vector Labs; H-5000 

Xylol Fisher Scientific; X/0200/17 

 

5.1.3 Laboratory equipment and consumables  

Table 7: Laboratory equipment and consumables. 

Equipment or material  Company  

70 μm / 100 μm nylon cell strainer  BD Falcon; 352350; 352360  

96-well V-bottom plates LifeScience Products; 781601 

ACD EZ-Batch™ Slide Rack (20 slide 

capacity) 

ACD Bio; 310017 

Anesthesia unit 1200  Univentor  

Autoclave v-150  Systec  

Balance, CP 153 Sartorius 

Capillary (Heparin coated)  Fisher scientific; 02-668-10  

Cell culture flasks (25, 75, 175 cm2)  Cellstar  

Cell scraper  Sarstedt; 83.1830  

Cellstar cell culture dishes 60 x 15 

mm  

Greiner Bio-One; 628160 
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Centrifuge Biofuge fresco Heraeus Thermo Fisher Scientific 

Centrifuge Multifuge 3 S-R Thermo Fisher Scientific 

Centrifuge, 5804  Eppendorf  

CO2 Incubator, Heraeus BBD6220 Thermo Fisher Scientific 

Confocal Microscope LSM 510 META  Zeiss  

Corning®Costar®Stripette®serologic

al pipettes (5 ml, 10 ml, 25 ml, 50 ml)  

Sigma-Aldrich Co  

Coverslips (24x40 mm)  Carl Roth  

Cryomolds (15 x 15 mm) Thermo Fisher Scientific  

Cryostat CM1850 UV  Leica 

Cryotubes, Cryo pure (2 ml)  Sarstedt; 72.379.002  

Electrophoresis apparatus Biorad 

Eppendorf tubes (0.5 ml, 1.5 ml, 2 ml)  Eppendorf  

FACS (Fluorescence-activated cell 

sorting) tubes 

Sarsted; 55.476.005 

Falcon tubes (15, 50 ml)  Greiner Bio-One  

Flowcytometer, MACS Quant 

Analyser 10 

Miltenyi Biotec 

Glassware Schott AG 

Gloves, Vasco Nitrile white Braun 

Glucometer SD Codefree SD Biosensor 

HybEZ™ Humidifying Paper ACD Bio; 310015 

HybEZ™ Humidity Control Tray (with 

lid) 

ACD Bio; 310012 

HybEZ™ Oven (110 VAC)  ACD Bio; 310010 

ImmEdge™ Hydrophobic Barrier Pen  Vector Laboratory; H-4000 

Incubator, Hybaid Shake’n’Stack Thermo Fisher Scientific 

Keyence fluorescence microscope 

BZ-9000 

Keyence 

Light-sheet microscope Olympus 

MVX10 

LaVisionBiotec 

Liquid Blocker Pap-Pen  Daido Sangyo Co  

Microscope Axioscope 2  Zeiss  
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Microscope Axiovert 25C  Zeiss  

Microscope Slides FischerbrandTM 

SuperfrostTM Plus  

Fisher Scientific; J1800AMN  

Microtome Leica; RM2235 

MS columns Miltenyi Biotec; 130-042-201 

Multichannel pipette, 12 channels 

(50-300 μL) 

Labsystems Diagnostics Oy  

Multichannel pipette, 8 channels (20-

200 μL) 

Gilson Inc. 

Needles (23G, 27G, 30G)  Braun Melsungen AG  

Omni Tissue Homogenizer Omni International, Inc 

Parafilm “M” Laboratory Film Bemis  

Pasteur pipettes Mainz 

PCR machine Biorad 

PCR markers Roth; X902.1 

PCR tubes Life Science; 781340 

pH-Meter XS Instruments  

Pipette tips (10 μl, 20 μl, 200 μl, 1000 

μl)  

Sarstedt AG & Co  

Pipetting aid unit, Pipetboy acu Integra Bioscience 

Plastic Pasteur pipettes VWR; 8112-1665 

Plastic pipettes (5 mL, 10 mL, 25 

mL), Costar 

Corning 

Pre-separation filters Miltenyi Biotec; 130-041-407 

Software BZ-II Analyzer Keyence 

Software FlowLogic Inivai Technologies 

Software Prism 5 GraphPad Software, Inc. 

Sterile 96- well U- and V-bottom 

plates  

Greiner; 650161 and 651161  

Sterile Filter (50, 250, 500 ml)  Millipore  

Stripes for glucometer SD Codefree SD Biosensor 

Surgical scissors Roboz; RS-5913 
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5.1.4 Enzymes, proteins, and peptides 

Table 8: Enzymes, proteins, and peptides. 

Protein  Company  

Collagenase P Sigma-Aldrich; 11213865001 

LCMV-GP33 KAVYNFATM 1 mg/mL GenScript Corp. 

LCMV-GP61 

GLKGPDIYKGVYQFKSVEFD  

1 mg/mL 

GenScript Corp. 

 

5.1.5 Buffers, solutions, and culture media  

Table 9: Composition of buffers, solutions, and culture media. 

Solution  Composition  

1% Triton X-100 1% Triton X-100 

PBS 

10x Phosphate buffered saline (PBS) 140 mM NaCl 

10 mM KCl 

6.4 mM Na2HPO4 

Surgical forceps  Roboz; RS-5240 

Syringe with needle, Omnican 100 (1 

mL) 

Braun 

Syringes (0.5, 1, 3, 5, 10, 20 ml)  Braun  

Tissue culture plates (6, 12, 24, 48, 

96 wells)  

Cellstar  

Tissue Tek Cryomolds (10 x 10 mm) Sakura; 4565 

TP 1020 Tissue Processor Laica  

Transilluminator for agarose gel Biorad 

Vortex unit, MS2 Minishaker IKA-Werke 

Water bath, Isotemp 215  Fisher Scientific  

Water Purification system Merck 

Whatman paper  Whatman International Ltd.  
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2 mM KH2PO4 

ddH2O 

pH 7.5 

2% Methylcellulose 2% Methylcellulose 

ddH2O 

20x SSC 3.0 M NaCl  

0.3 M Sodium citrate 

ddH2O 

2x DMEM 2.64% DMEM powder 

0.74% NaHCO3 

ddH2O  

pH 6.8 

ABC reagent solution (Peroxidase 

Substrate Kit DAB)  

2 drops of buffer  

4 drops of DAB stock solution  

2 drops of hydrogen peroxide solution 

5 ml ddH2O   

Blocking buffer – whole pancreas 

staining 

0.2% Triton X 100 

10% DMSO 

6% Donkey serum  

PBS 

Sterile filtered 

Buffered PFA 4% 4% Paraformaldehyde 

80 mM K2HPO4 

20 mM KH2PO 

ddH2O 

pH = 7.3-7.4 

DAB (plaque assay) 50 mg DAB powder  

75 µl 37% HCl  

5 ml ddH2O  

DAB substrate for 3 plates (plaque 

assay) 

0.6 ml aliquot of DAB in water  

0.75 ml Tris (1M pH 7,5) 

5.1 µL H2O2 (30 %) 

one drop of Nickel  
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ddH2O (final volume 15 ml) 

DMEM (1x) + GlutaMAX-I  DMEM 

2% FCS 

1% Penicillin/Streptomycin 

Erythrocyte lysis buffer for blood 0.74% NH4Cl  

ddH2O  

sterile filtered 

Erythrocyte lysis buffer for spleen 0.83% NH4Cl  

ddH2O  

sterile filtered  

FACS buffer  1% FCS  

0.1% NaN3  

PBS  

pH 7.5 

FACS/PFA buffer 1% FCS  

0.1% NaN3  

1% PFA  

PBS  

pH 7.5  

FACS/saponin buffer  1% FCS  

0.1% NaN3  

0.1% Saponin  

PBS  

First antibody buffer (whole pancreas 

staining) 

5% DMSO 

3% Donkey serum 

0.2% Tween 20 

10 µg/ml heparin  

PBS 

Sterile filtered  

Loading gel buffer 30% Glycerol  

70% ddH2O 

Bromophenol blue 
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Lysine HCl 0.1 M 0.2 M Lysine HCl in ddH2O 

pH 7.4 with Na2HPO4 1M 

Lysine to 0.1 M with 0.1 M sodium 

phosphate buffer 

MACS buffer 0.5% BSA 

1 mM EDTA  

PBS 

pH 7.2 

MC57 culture medium 7% FCS 

1% Penicillin/Streptomycin  

RPMI 1640 (1x) + GlutaMAX-I 

Mouse tail buffer 20% SDS 

4 M NaCl 

1 M Tris PH 8.0 

ddH2O 

NaN3-H2O2 solution 

 

0.3% H2O2 

0.1% NaN3 

PBS 

Permeabilization buffer – whole 

pancreas staining 

0.2% Tween 20 

5% DMSO 

2.3% glycine 

0.01% NaN3 

PBS 

PFA/saponin buffer  0.1% saponin  

4% PFA  

PBS 

pH 7.5  

PLP (PFA, Lysine, Periodate) buffer 1 part 8% PFA 

3 parts Lysine HCl 0.1M 

0.01 M NaIO4 

Pre-treatment buffer 1 – whole 

pancreas staining 

0.2% Triton X 

20% DMSO  

0.01% NaN3  
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PBS 

Pre-treatment buffer 2 – whole 

pancreas staining  

0.1% Triton X 

0.1% Deoxycholate 

0.1% NP40 

20% DMSO  

0.01% NaN3 

PBS 

Proteinase K stock 10 mg/ml Proteinase K  

10 mM Tris-HCl  

ddH2O 

pH 7.5   

RPMI 1640 + GlutaMax I complete  1% Penicillin/Streptomycin (100u/ml)  

10% FCS  

RPMI 1640 (+Glutamax-I)  

Secondary antibody buffer (whole 

pancreas staining) 

3% Donkey serum 

0.2% Tween 20  

10 µg/ml heparin  

PBS 

Sterile filtered 

Sodium phosphate buffer 1M 77.4 ml Na2HPO4 1M 

22.6 ml NaH2PO4 1M 

pH 7.4 

TAE 50x 2 M Tris base 

1 M Acetic acid 

0.05 M EDTA 

pH 8.2 - 8.4  

TE buffer 10 mM Tris pH 7,5 

1 mM EDTA 

ddH2O 

Wash buffer (PTwH, whole pancreas 

staining) 

0.2% Tween 20 

10 µg/ml heparin  

PBS 

Sterile filtered 
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5.1.6 Kits  

Table 10: Kits. 

Kit  Company  

ABC-Kit  Vector; PK-7100  

Avidin/Biotin blocking kit  Vector; SP-2001  

Peroxidase Substrate Kit DAB  Vector; SK-4100  

RNAscope® H2O2 & Protease Plus 

reagents 

ACD Bio; 322330 

RNAscope® Target Retrieval 

Reagents 

ACD Bio; 322000 

RNAscope® 2.5 HD duplex detection 

kit 

ACD Bio; 322500 

Wash buffer kit  ACD Bio; 310091 

 

5.1.7 RNAscope probes 

Table 11: RNAscope probes. 

Probes Company 

RNAscope® 2.5 Duplex positive 

control probe – Hs 

ACD Bio; 321641 

RNAscope® 2.5 Duplex positive 

control probe – Mm 

ACD Bio; 321651 

RNAscope® 2-plex Negative control 

probe 

ACD Bio; 320751 

RNAscope® Probe Hs-Xcl1-C2 ACD Bio; 562471-C2 

RNAscope® Probe Hs-Xrc1-XMne ACD Bio; 542041 

RNAscope® Probe Mm-Ccl5-C2 ACD Bio; 469601-C2 

RNAscope® Probe Mm-Ccr5 ACD Bio; 438651 

RNAscope® Probe Mm-Cx3cl1 ACD Bio; 426211 

RNAscope® Probe Mm-Cx3cr1-C2 ACD Bio; 314221-C2 

RNAscope® Probe Mm-Cxcl10-C2 ACD Bio; 408921-C2 

RNAscope® Probe Mm-Cxcl16-C2 ACD Bio; 466681-C2 
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RNAscope® Probe Mm-Cxcr3 ACD Bio; 402511 

RNAscope® Probe Mm-Cxcr6 ACD Bio; 871991 

RNAscope® Probe Mm-Xcl1-C2 ACD Bio; 507791-C2 

RNAscope® Probe Mm-Xrc1 ACD Bio; 562371 

 

5.1.8 Cell lines 

Table 12: Cell lines. 

Probes Company  

MC57 Supplied by Dr. von Herrath 

 

5.2 Methods 

5.2.1 Mice and virus 

H-2b RIP-LCMV-GP (shortly, RIP-GP) transgenic mice were generated and 

screened by PCR as previously described.124,125 XCL1-/- mice were generated as 

previously described by Dorner et al.73 These mice have been backcrossed to 

C57BL/6 mice for more than 10 years and then crossed with H-2b RIP-LCMV-GP 

to obtain RIP-LCMV-GP x XCL1-/- mice (shortly, RIP-GP x XCL1-/-).  

XCR1Venus/Venus mice were generated as described82 and crossed with the H-2b 

RIP-LCMV-GP mice to get RIP-LCMV-GP x XCR1Venus/Venus mice (referred to as 

RIP-GP x XCR1-/- mice).  

CXCL10-/- mice were generated as previously described130 and were crossed with 

the H-2b RIP-LCMV-GP mice to obtain RIP-LCMV-GP x CXCL10-/- mice. The 

latter were crossed with RIP-LCMV-GP x XCL1-/- mice to get RIP-LCMV-GP x 

CXCL10-/- x XCL1-/- mice (shortly, RIP-GP x CXCL10-/- x XCL1-/-).  

LCMV Armstrong clone 53b was produced as described previously.125 Mice were 

infected with a concentration of 104 plaque-forming units (pfu) LCMV. 

NOD (Non-obese diabetic) mice were purchased from The Jackson Laboratory.  

Experiments were carried out with animals kept under specific pathogen free 

conditions, in accordance with German regulations. All animal experiments were 

conducted according to the protocols approved by the local Ethics Animal Review 

Board (Darmstadt, Germany). 
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5.2.2 T1D incidence study  

Mice of different lines were intraperitoneally infected with 104 pfu of LCMV on day 

0. Blood glucose (BG) concentration of the mice was measured with a SD 

Codefree glucometer on day 7, 10, 12, 14, 17, 21, and then on weekly intervals 

for three months. Mice were considered hyperglycaemic with a BG concentration 

higher than 200 mg/dl and diabetic with more than 300 mg/dl. Mice with BG 

concentration higher than 600 mg/dl for three weeks in a row were killed, 

according to the animal protocol. 

 

5.2.3 Human samples 

Human pancreas paraffin slides were provided by Prof. Dr. Michael Betts, who is 

a participant of the Human Islet Research Network (HIRN), which includes the 

Human Pancreas Analysis Program (HPAP). These samples were obtained by 

donors with different disease stages, in particular five of them were healthy 

donors (non-diabetic, ND), five of them were classified as islet autoantibodies 

(Aab+) positive since one or more islet autoantibodies could be found in their 

blood but HbA1c and C-Peptide (C-Pep.) values were normal, and five of them 

were affected by T1D. Detailed information about organ donors are reported in 

Table 13. 
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Table 13. Detailed information about organ donors, obtained through the HPAP 

programme. 

Donor 
Pancreas 

region 
State Age Sex 

Disease 

Duration 
HbA1c 

C-

Pep. 
Aabs 

HPAP-
012 

Body ND 18 F  4.5 4.1 - 

HPAP-

034 
Tail ND 13 M  5.2 12.7 - 

HPAP-

095 
Tail ND 23 F  4.9 4.13 - 

HPAP-

099 
Tail ND 28 F  5 6.62 - 

HPAP-

110 
Tail ND 31 M   7.75 - 

HPAP-

016 
Tail AAb+ 30 M  5 4.49 

GAD, 

IA-2 

HPAP-

019 
Tail AAb+ 22 M  5.2 8.82 GAD 

HPAP-

072 
Tail AAb+ 19 M  5.6 4.37 GAD 

HPAP-

107 
Tail AAb+ 15 M  5.3 5.49 

GAD, 

IA-2, 

ZnT8 

HPAP-

114 
Tail AAb+ 21 F  5.3 

11.4

5 
GAD 

HPAP-

020 
Body T1D 14 M 1 13.2 0.37 

GAD, 

IA-2, 

IAA, 

ZnT8 

HPAP-

087 
Tail T1D 15 F 8 10.4 0.02 IAA 

HPAP-
102 

Tail T1D 18 M 6 6.7 0.07 IAA 

HPAP-

123 
Tail T1D 25 M 3 9.7 0.07 

GAD, 

IAA, 

ZnT8 

HPAP-

135 
Body T1D 18 M 3 14.7 0.25 - 
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5.2.4 RNAscope in situ hybridization 

Regular RIP-GP, RIP-GP x XCL1-/-, and RIP-GP x XCR1-/- mice were infected 

and sacrificed at different time points after the infection (d0, d7, d10, d14, d28). 

NOD mice were sacrificed at determined age (week 6, 12, 22, 26). Mice were 

anesthetised with isoflurane and killed by cervical dislocation. Pancreata were 

dissected from the mice, with the pancreatic draining lymph nodes (PDLN), and, 

at once, immerged in a solution of 4% buffered paraformaldehyde (PFA). 

Samples were incubated overnight at room temperature (RT) on a horizontal 

shaker. The following day, the samples were dehydrated using Leica TP 1020 

Tissue Processor and then embedded in paraffin. 4 µm slices were cut from the 

paraffin-embedded blocks of mouse pancreas. ACDBio RNAscope 2.5 HD 

Duplex Manual Assay kit was used on the obtained mouse sections and on the 

received human slides, following the company protocol. The time of “target 

retrieval” and “protease plus” incubations for mouse pancreas had to be reduced 

to 11 minutes and 15 minutes, respectively. For the human pancreas, the time of 

“target retrieval” incubation was 15 minutes and for the “protease plus” incubation 

was 30 minutes. The different probes could be detected in channel 1 (C1) through 

an enzymatic reaction via horseradish peroxidase (HRP) to develop a blue colour 

and in channel 2 (C2) through an alkaline phosphatase (AP) reaction, developing 

a red colour. The probes used on mouse samples are CCL5 (Cat No. 469601-

C2, red) and CCR5 (Cat No. 438651, blue); CX3CL1 (Cat No. 426211, blue) and 

CX3CR1 (Cat No. 314221-C2, red); CXCL10 (Cat No. 408921-C2, red) and 

CXCR3 (Cat No. 402511, blue); CXCL16 (Cat No. 466681-C2, red) and CXCR6 

(Cat No. 871991, blue); XCL1 (Cat No. 507791-C2, red) and XCR1 (Cat No. 

562371, blue). For human samples, XCL1 (Cat No. 562471-C2, red) and XCR1 

(Cat No. 542041, blue) were used. Images were acquired using a Axioscope 2 

microscope (Zeiss) with a 40x and 63x oil objective. 

 

5.2.5 Immunohistochemistry  

After killing the mice as described before, the dissected pancreata were at once 

immerged in Tissue-Tek OCT and quick-frozen on dry ice. 7 µm tissue sections 

were cut, then fixed in ethanol (EtOH) or ethanol/acetone (1:1) at -20°C for 15 
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minutes. After removing the Tissue-Tek OCT, circles were drawn around the 

tissues with a wax pen. The slides were then washed two times for 2 minutes in 

PBS and incubated at RT for 10 minutes with 0.3% H2O2/0.1% Na-azide in PBS. 

The tissues were washed two times for 2 minutes in PBS and few drops of avidin 

(Avidin/Biotin Blocking Kit) were applied on them for 10 minutes at RT. After two 

washing steps, an incubation with few drops of biotin (Avidin/Biotin Blocking Kit) 

was performed for 10 minutes at RT. The tissues were then washed with PBS 

and blocked with FCS 10% in PBS for 30 minutes at RT. Without washing, a 

primary antibody (goat anti-CD103 antibody 1:300, rabbit anti-insulin antibody 

1:4000, rabbit anti-CXCL10 1:100, rabbit anti-CXCR3 1:100, rabbit anti-CX3CR1 

1:100, rabbit anti-CXCL16 1:100, rabbit anti-GFP 1:100, goat anti-CCL5 1:200, 

Armenian hamster anti-CCR5 1:100) diluted in 10% FCS/PBS was applied on the 

slides for 2 hours at RT or overnight at 4°C in a humidified chamber. After tapping 

off the primary antibody, the samples were washed three times for 4 minutes and 

then incubated with the proper secondary antibody (biotinylated anti-goat 

antibody 1:400, biotinylated anti-rabbit antibody 1:500, biotinylated goat anti-

Armenian hamster 1:400) for one hour at RT diluted in 10% FCS/PBS. The 

pancreata were then washed again three times for 4 minutes and incubated with 

ABC Reagent for 30 minutes at RT. After washing the slides, few drops of DAB 

solution (DAB kit) were added on the sections for 5 minutes at RT in the dark. 

The reaction was stopped by washing with PBS. The nuclei were counterstained 

with hematoxylin for 4 minutes, followed by two washing steps with PBS. One 

drop of Aquamount was added on the section and a coverslip was mounted on 

the slide. Slides were left to dry overnight. Images of pancreas sections were 

acquired with an Axioscope 2 microscope with a 40x objective (Zeiss). The 

software BZII Analyzer by Keyence was used for the quantification of the IHC 

pictures (Figure 4). Sections were also scanned with NanoZoomer S360 Digital 

slide scanner. 
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Figure 4. Example of staining quantification.  

(A) Immunohistochemical staining with anti-CD103 antibody of one islet of Langerhans in one 

section of pancreas. - (B) Quantification of the CD103+ area (brown signal) in the islet with the 

Hue function of the BZII Analyzer software by Keyence. - (C) Islet area quantification with main 

function of the BZII Analyzer software by Keyence. The result is then expressed as percentage 

of positive CD103 area (B) per islet area (C). 

 

5.2.6 Insulitis score 

Insulitis quantification was done using pancreas sections stained for insulin as 

described above and scored according to the following system: Score 0: Very 

minor or no insulitis, only very few infiltrating cells; score 1: mild to moderate 

insulitis, 25-50% infiltrations, large parts with intact β-cells; score 2: considerable 

insulitis, 50-75% infiltrates, still some parts with intact β-cells; score 3: massive 

insulitis, 75-100% infiltrates, only few remaining β-cells producing insulin, islet 

scar.  

 

5.2.7 Immunofluorescence  

The pancreata were processed as described for immunohistochemistry. The 

sections of pancreas were fixed in EtOH or ethanol/acetone (1:1) at -20°C for 15 

minutes. After removing the OCT, circles were drawn around the tissues with a 

wax pen. The slides were then washed two times for 2 minutes in PBS and 

incubated at RT for 10 minutes with 0.3% H2O2/0.1% Na-azide in PBS. The 

tissues were then washed and blocked with 10% FCS/PBS for 30 minutes at RT. 

Without washing, primary antibodies (goat anti-CD103 antibody 1:100 and 

Armenian-hamster anti-CD11c antibody 1:200) were diluted in 10% FCS/PBS 

and applied on the slides overnight at 4°C in a humidified chamber. After tapping 

off the primary antibodies, the samples were washed three times for 4 minutes in 

PBS and then incubated with the secondary antibodies (anti-goat Cy3 1:50, 
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biotinylated anti-Armenian hamster antibody 1:400) for one hour at RT diluted in 

10% FCS/PBS, adding DAPI (1:5000) to stain for the nuclei. After washing the 

slides three times for 4 minutes in PBS, streptavidin-FITC was diluted 1:500 in 

10% FCS/PBS and applied on the slides for 30 minutes. The slides were washed 

again 3 times for 4 minutes and one drop of Fluoromount G was added on each 

tissue and a coverslip was put on top. The sides of the coverslip were sealed off 

with some nail polisher. The slides were kept in the dark at 4°C and the images 

were acquired as soon as possible. Images of pancreas sections were acquired 

with confocal microscope LSM510 (Zeiss). The software BZII Analyzer by 

Keyence was used for the quantification of the immunofluorescent pictures with 

fluorescence function, as described in the previous paragraph.  

 

5.2.8 Immunofluorescence – Venus signal 

Once the pancreas was dissected from the mouse, it was immediately post-fixed 

in PFA, Lysine, Periodate (PLP) buffer for at least 3 hours, shaking at 4°C. It was 

then incubated first in sucrose 15% in water for 12 hours and then in sucrose 

30% in water to dehydrate the sample. Finally, it was embedded in Tissue-Tek 

OCT and quick frozen on dry ice. The OCT blocks were stored at -80°C as well 

as the 7 µm slides once cut. The slides were fixed with EtOH 100% at -20°C for 

15 minutes. OCT was removed, and a circle was drawn around each tissue with 

a wax pen. After washing two times for 2 minutes with PBS at RT, the unspecific 

reactions were blocked with 10% FCS/PBS for 30 minutes at RT. The samples 

were then incubated for 1 hour at room temperature with DAPI (1:5000) in 10% 

FCS/PBS. At the end, the slides were washed three times in PBS for 4 minutes 

and then one drop of Fluoromount G was added on the tissue. The coverslip was 

lied on top, and the sides were sealed off with some nail polisher. The images 

were acquired with confocal microscope LSM510 (Zeiss). BZII Analyzer by 

Keyence was used for the quantification of the immunofluorescent pictures, as 

previously described.  
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5.2.9 Whole pancreas 3D-staining  

This protocol is a modified version of the iDISCO+ protocol.131 The mouse was 

anesthetized with isoflurane and perfused through the heart with 10 ml 4% 

buffered PFA. The pancreas was then removed and incubated shaking for two 

hours at RT in 5 ml 4% buffered PFA. The sample was then washed with 

PBS/0.2% Tween-20 two times for one hour and incubated shaking overnight 

with the pre-treatment buffer 1 (PBS/0.2% Triton X/20% DMSO) at 37°C. The 

next day, the solution was changed to pre-treatment buffer 2 (PBS/0.1% Triton 

X/0.1% Deoxycholate/0.1% NP40/20% DMSO) for another overnight incubation, 

again shaking at 37°C. The pancreas was washed two times for one hour with 

PBS/0.2% Tween-20 and incubated with a permeabilization buffer (PBS/0.2% 

Tween 20/5% DMSO/2.3% glycine/0.02% NaN3) for two days at 37°C shaking. 

Blocking was performed with a filtered blocking solution (PBS/0.2% Triton X-

100/10% DMSO/6% donkey serum) for two days at 37°C shaking. Following this, 

the incubation with rabbit anti-insulin as first antibody started. The antibody was 

diluted in first antibody buffer (PBS/5% DMSO/3% donkey serum/0.2% Tween 20 

with 10 µg/ml heparin) and the antibody concentration was increased every day 

(1:3200, 1:2000, 1:1600, 1:800). The sample was incubated shacking at 37°C 

during the day and centrifuged at 600 x g at RT overnight. The pancreas was 

then washed four times for one hour and one time overnight with PBS/0.2% 

Tween-20 with 10 µg/ml heparin (PTwH). The secondary antibody incubation was 

performed in the same way as the first one using an anti-rabbit Cy3 antibody at 

increased concentration of 1:800, 1:600, 1:400, 1:200 in secondary antibody 

buffer (PBS/3% donkey serum/0.2% Tween 20 with 10 µg/ml heparin). After 

washing again with PTwH as described above, the pancreas was embedded in a 

1.3% low-melting agarose/H2O solution. After the gel solidification, the sample 

was dehydrated, by incubating with tetrahydrofuran at increasing concentration 

in water, shaking: 50% overnight at 4°C, 70% two hours at RT, 80% two hours at 

RT, 100% two hours at RT, and 100% overnight at 4°C. The lipids were removed 

from the sample with dichloromethane with an incubation of 30 minutes at RT, 

shaking. The sample was then cleared with dibenzyl ether, overnight shaking and 

then stored in the same buffer until acquisition. 
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5.2.10 Whole pancreas acquisition and quantification 

The whole stained pancreas was acquired in dibenzyl ether with the 

ultramicroscope Olympus MVX10, from LaVisionBiotec, with SuperKExtreme 

from NKTPhotonics as lasers and Neo 5.5 Coms as camera. The programme 

used for the acquisition is Imspector Pro. Once scanned, the images were 

analysed and quantified with Imaris 9.8.2. (Figure 5). 

 

 

Figure 5. Example of quantification of 3D-pancreas staining with anti-insulin antibody. 

(A) Example of a 3D-staining of a healthy, uninfected murine pancreas with anti-insulin antibody 

(red) and the autofluorescence of the pancreas (green). - (B) Quantification of the insulin 

producing cell volume, reported in a colour code according to the islet volume size with Imaris 

9.8.2 software. - (C) Total volume of the pancreas, quantified using the autofluorescence given 

by the pancreas with Imaris 9.8.2 software.  

 

5.2.11 Isolation of islet infiltrating cells  

Islets were isolated as previously described.132 Briefly, pancreas was isolated, 

the PDLN were removed, and the pancreas was transferred to a falcon containing 

5 ml RPMI. These 5 ml were then removed and the pancreas was injected with 

1.2 U/ml collagenase P in 3 ml of RPMI and 7 ml of warm RPMI were added. The 

sample was digested for 30 minutes at 37°C. Digestion was stopped by removing 

the warm RPMI and adding 10 ml of cold RPMI. Pancreas was disaggregated by 

shaking the tube for 1 minute and then squeezing it through a kitchen sieve. After 

spinning down the sample for 2 minutes at 220 x g at RT, the pellet was 

resuspended in 10 ml of pre-warmed Ficoll-Paque and was overlayed by 5 ml of 

pre-warmed RPMI. The gradient was then centrifuged at 860 x g for 13 minutes 

at RT with both acceleration and break set at 1. Islets were isolated combining 
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the interface with the hand-picked islets from the pellet. Then they were 

centrifuged at 860 x g for 5 minutes at 4°C and resuspended with a tip to break 

them and get the cells in suspension. To avoid the exocrine part of the pancreas 

and isolate only the islet infiltrating cells, CD45 Microbeads (Miltenyi Biotec) were 

applied, following the company protocol. At the end, the cells were resuspended 

in FACS buffer for surface marker staining or in RPMI complete for intracellular 

cytokine staining (ICCS, see below). 

 

5.2.12 Isolation of splenocytes 

Spleen was isolated and collected in a 15 ml falcon tube with 5 ml RPMI complete. 

The spleen was then squeezed through a 70 µm strainer placed on a petri dish 

containing medium. The solution was washed 2-3 times through the strainer. The 

cell suspension was centrifuged at 550 x g for 5 minutes at 4°C and the 

supernatant was discarded. Erythrocyte lysis was performed adding 2 ml of 

0.83% NH4Cl/H2O for 2 minutes. The lysis was stopped by filling the tube with 

ice-cold RPMI. The supernatant was transferred to new tubes avoiding the lysed 

cells. The sample was centrifuged at 550 x g for 5 minutes at 4°C. The 

supernatant was aspirated, the cells were resuspended and washed with 10 ml 

RPMI. The cell suspension was transferred to a new tube pipetting slowly with a 

10 ml pipette kept horizontally, to avoid aggregated debris. The cells were 

centrifuged again with the same settings and were resuspended in the final 

volume of FACS buffer or RPMI complete according to the pellet size and to the 

assay that was following. 

 

5.2.13 Isolation of leukocytes from pancreatic draining lymph nodes 

PDLN were isolated while removing the pancreas. They were collected in a 15 

ml falcon tube with 5 ml RPMI complete. The PDLN were then squeezed through 

a 70 µm strainer placed on a petri dish containing medium. The solution was 

washed 2-3 times through the strainer to remove any fat tissue left. The cells 

were centrifuged at 550 x g for 5 minutes at 4°C and the supernatant was 

discarded. The cells were resuspended in the final volume of FACS buffer or 

RPMI complete according to the assay that was following. 
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5.2.14 Surface marker staining for flow cytometry 

Single-cell suspensions of islet infiltrating cells, PDLN cells, and splenocytes 

were plated in V-bottom plates and washed two times with FACS buffer. They 

were blocked with 10 µl/well of anti-CD16/CD32 diluted 1:10 in FACS buffer for 

at least 15 minutes at 4°C. Afterwards, cells were stained for surface expression: 

50 µl/well of the different antibody mixes were applied for at least 30 minutes at 

4°C. The plates were then washed with FACS buffer two times at 550 x g for 3 

minutes at 4°C. Finally, the samples were fixed with FACS/PFA adding 200 

µl/well and transferred to FACS tubes. Samples were acquired with a 

MACSQuant Analyzer 10 and the data were analysed with FlowLogic 7.3 (Inivai 

Technologies Pty Ltd.). 

 

5.2.15 Intracellular cytokine staining (ICCS) 

Single-cell suspensions of islet infiltrating cells, PDLN cells, and splenocytes 

were plated in U-bottom plates and stimulated overnight with the 

immunodominant LCMV peptides GP33 (10 µg/mL) for CD8 T cells and GP61 

(10 µg/ml) for CD4 T cells in the presence of Brefeldin A (1 µg/mL) at 37°C with 

5% CO2. The day after, cells were first transferred to V-bottom plates and then 

washed two times with FACS buffer. They were blocked with 10 µl/well of anti-

CD16/CD32 antibodies diluted 1:10 in FACS buffer for at least 15 minutes at 4°C. 

Afterwards, cells were stained for surface expression: 50 µl/well of the different 

antibody mixes were applied for at least 30 minutes at 4°C. The samples were 

then permeabilized with 100 µl/well of PFA/saponin for 10 minutes at RT in the 

dark. The plates were centrifuged at 550 x g for 6 minutes at 4°C and the 

supernatant was discarded. They were then washed two times with 

FACS/saponin and centrifuged at the same conditions. The cells were stained for 

intracellular cytokines, adding 50 µl/well of the mixture of antibodies and 

incubating for at least 30 minutes at 4°C. After adding 100 µl/well of 

FACS/saponin buffer, the plates were centrifuged at 550 x g for 5 minutes at 4°C. 

The plates were then washed two times with FACS/saponin and one time with 

FACS buffer. Finally, the samples were fixed adding 200 µl/well of FACS/PFA 

and transferred to FACS tubes. Samples were acquired with a MACSQuant 
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Analyzer 10 and the data were analysed with FlowLogic 7.3 (Inivai Technologies 

Pty Ltd.). 

 

5.2.16 Cell culture 

MC57 is a fibrosarcoma cell line established from a tumour arising in a C57BL/6 

mouse after treatment with methylcholanthrene. This cell line is useful in the 

plaque assay because it can be quickly infected. Cells were kept in liquid nitrogen 

and thawed at least two weeks before the assay. Cells were cultivated with RPMI 

with 7% FCS and 1% penicillin/streptomycin (P/S). After taking them out from the 

liquid nitrogen, they were transferred to a falcon tube and spun down at 180 x g 

per 5 minutes. The cells were resuspended in their medium and split in 75 cm2 

flasks. Cells were cultured in the incubator at 37°C with 5% CO2. Cells were split 

twice a week using RPMI with 7% FCS and 1% P/S. 

 

5.2.17 Plaque assay 

Plaque assay was performed as previously described.133  

Spleens: 

Spleens of different lines (RIP-GP, RIP-GP x XCL1-/-, RIP-GP x XCR1-/-, and RIP-

GP x CXCL10-/- x XCL1-/- mice) were dissected from the mice at different time 

points (day 3 and day 7) after infection. The spleens were weighted and 

immediately frozen in liquid nitrogen. They were stored at -80°C until the day of 

the experiment. Spleens were then homogenized adding 1 ml of DMEM/2% FCS 

per 0.1 g of tissue. They were centrifuged at 300 x g for 5 minutes at 4°C. Then 

the supernatant was used for virus calculation. A round-bottom 96-well-plate was 

prepared by adding 130 µL of DMEM/1% P/S/2% FCS from column 2-11. 200 µL 

of each homogenized spleen sample were added to the first column of the plate. 

To obtain duplicates, each sample was added into four wells. Dilutions of the 

samples were performed with a multichannel pipette by taking 60 µL from the first 

column to the second and so on. In this way, in every third column the samples 

were diluted 10 times more.  
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MC57 cells: 

In parallel, MC57 cells were removed from the flasks and centrifuged at 180 x g 

for 5 minutes at 4°C. Cells were resuspended in 10 ml of RPMI/7% FCS/1% P/S. 

They were stored on ice, while counting them with trypan blue. Cells were diluted 

to the concentration of 8 x 105 cells/ml with RPMI/7% FCS/1% P/S. Using a multi-

channel pipette, 200 µL of MC57 cells were added to each well of a 24-well-plate 

and 200 µl of the diluted spleens were added to the cells, using only column 11, 

9, 7, 5, 3, to have serial dilutions. To two wells per plate LCMV was added in two 

different dilutions as a positive control. To two wells per plate only medium was 

added as negative control.  

Incubation and overlay: 

After mixing the cells and the samples, the plates were placed in the incubator at 

37°C with 5% CO2 and 95% humidity for 4 hours, until the cells formed a 

monolayer. The cells were then overlayed using a 10 ml plastic pipette with four 

drops of a mix of DMEM 2x/2% P/S/20% FCS and 2% methylcellulose 1:1. The 

plates were incubated for 2 days at 37°C with 5% CO2 and 95% humidity.  

Staining: 

After checking if the cells had formed a confluent monolayer, a staining of the 

plaques was performed. Once the supernatant was removed, 1.5 ml of 4% 

buffered PFA were added to each well to fix the cells and kill the virus and 

incubated for 30 minutes at RT. After PFA removal, 240 µL 1% Triton X-100 

solution were applied for 20 minutes at RT. Triton X-100 was aspirated, and then 

240 µL of a blocking solution (10% FCS/PBS) were added to each well for one 

hour at RT. The first antibody VL-4 rat anti-LCMV was diluted 1:2 in 1% FCS/PBS 

and incubated for 1 hour at RT. After washing 2 times for 5 minutes with 0.5 ml 

PBS per well, the secondary antibody peroxidase–conjugate AffiniPure goat anti-

rat IgG (H+L) was added (240 µL per well; 1:400 in 1% FCS/PBS) for 1 hour at 

RT. The wells were washed again as described and 400 µL of DAB substrate 

were added and the plates were incubated for 5 minutes at RT in the dark. The 

DAB substrate for three plates was prepared using 0.6 ml aliquot of DAB in water 

(final volume 15 ml), adding 0.75 ml Tris (1M pH 7.5), 5.1 µL H2O2 (30%), one 

drop of Nickel (from the DAB kit by Vector Laboratories). DAB was flicked off and 

the plates were washed with water and let them dry. 

The plaques were then counted, and this formula was applied: 
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𝑇𝑖𝑡𝑒𝑟 =  
(ℎ∗10)+𝑙

2
∗ (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑙𝑜𝑤𝑒𝑟 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛) ∗ 5 [𝑝𝑓𝑢/𝑚𝑙]  

Where “h” is the number of foci with the higher dilution (less foci); “l” is the number 

of foci with the lower dilution (more foci); x 5 =200 µl were added→ /200 x 1000 

 

5.2.18 In vivo cytotoxic T lymphocyte (CTL) assay  

Here carboxyfluorescein succinimidyl ester (CFSE)-loaded target cells were 

injected into uninfected RIP-GP, infected RIP-GP, and RIP-GP x XCL1-/- recipient 

mice at day 28 post-infection.  

Target cells: 

On the day before the experiment, the spleens of the donor mice were collected 

and three of them were transferred to 15 ml falcon tubes with 10 ml of RPMI 

complete. Splenocytes were isolated as described above (see paragraph 5.2.12). 

After the lysis, the cells were resuspended in 20 ml of RPMI complete and 

counted with MACSQuant Analyzer 10, after diluting them 1:10 with FACS buffer. 

Cells were diluted to 5 x 106 cells/ml with RPMI complete. They were then split in 

two groups: one was labelled with GP33 at a concentration of 2 µg/ml (GP33+ 

fraction) and the other one was not labelled (GP33- fraction). The cells where 

then plated in big petri dishes in 10-11 ml/dish. They were placed overnight in the 

incubator at 37°C with 5% CO2. On the day of the experiment, the cells were 

harvested, using a cell scraper and they were centrifuged at 550 x g for 5 minutes 

at 4°C. After discarding the supernatant, the cells were resuspended in 20 ml 

RPMI without FCS because it might interfere with the binding of CFSE. The cells 

were counted again with MACSQuant Analyzer 10 and diluted to a concentration 

of 5 x 106 cells/ml with RPMI. CFSE was added in a concentration of 5 µM to the 

GP33- cells (CFSEhi) and of 0.5 µM to the GP33+ cells (CFSElo) and incubated 

for 10 minutes in the dark at RT. Tubes were filled with RPMI complete and 

centrifuged at 550 x g for 5 minutes at 4°C. After discarding the supernatant, cells 

were washed with 20 ml of RPMI complete and centrifuged at the same 

conditions than before. This washing step was repeated. Cells were counted and 

diluted to 5 x 107 cells/ml with RPMI without FCS since they needed to be 

injected. 
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Injection into recipient mice and flow cytometry: 

The GP33+ and the GP33- fractions were mixed and 200 µl of this mixture were 

intravenously (i.v.) injected to each of the uninfected RIP-GP, infected RIP-GP, 

and infected RIP-GP x XCL1-/- recipient mice (0.5 x 107 cells GP33+ and 0.5 x 

107 cells GP33-). Blood was collected after 10 minutes, 1 hour, 4 hours, 24 hours, 

and 48 hours after the injection and directly added to 10 ml of 0.74% NH4Cl/H2O 

in a 50 ml falcon. Cells were kept on ice up to 2 hours and the tubes were filled 

with cold RPMI to stop the lysis. The samples were then centrifuged at 550 x g 

for 5 minutes at 4°C. The supernatant was discarded, and the cells were 

resuspended in 200 µl of FACS/PFA. They were acquired with MACSQuant 

Analyzer 10 and the ratio between the % of CFSE low and high after 10 minutes 

after injection was used to normalize the data. All the consecutive points were 

calculated as % of this ratio. 

 

5.2.19 Mouse genotyping: DNA extraction  

The ear tag from the mouse was added with 550 µL of mouse tail buffer 

supplemented with Proteinase K (10 mg/ml stock) 1:100 diluted in the buffer, and 

it was incubated overnight at 55°C. The morning after, the tube was quickly spun 

down and the content was transferred to a safe-lock tube. 75 µl 8 M kalium 

acetate were added to the sample and after mixing, also 500 µL of chloroform 

were added. The sample was moved to a box, shaken, and put in the box at            

-80°C for at least 15 minutes. It was then taken out and spun at 16000 x g for 10 

minutes at 4°C in a microcentrifuge. The supernatant was transferred to a non-

safe lock tube and 1 ml 100% EtOH was added at RT. The sample was put in the 

fridge overnight and the following day, it was spun at 16000 x g for 10 minutes at 

4°C. The supernatant was roughly removed with a blue tip without touching the 

pellet. 1 ml of 70% EtOH was added at RT and the tube was gently mixed and 

spun at 16000 x g for 10 minutes at 4°C. The supernatant was removed as much 

as possible, first using a blue tip and then a yellow tip, and the tube was left open, 

so that the pellet could dry. The DNA was resuspended in 200 µL TE buffer and 

stored at 4°C for short-term storage or -20°C for long-term storage. 
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5.2.20 Mouse genotyping: RIP-GP PCR 

The PCR was used to amplify the expression of the RIP-GP gene in order to 

genotype the mice. 1 µl of extracted DNA was added to the master mix reported 

in Table 14.  

 

Table 14: Master mix composition for one sample. 

 
1 x 

 
Aqua dest. 15.5 µl 

10 x Buffer 2.0 µl 

10 mM dNTP - Mix 0.5 µl 

10 µM GP - 3' - Primer 0.5 µl 

10 µM GP - 5' - Primer 0.5 µl 

TAQ -Polymerase 0.1 µl 

DNA 1.0 µl 

 20.1 µl 

 

 

C57BL/6 DNA was used as a negative control, whereas confirmed RIP-GP DNA 

was used as a positive control. The samples prepared as described were then 

put a PCR cycler. After the initialization phase (3 minutes at 94°C), 35 cycles 

were performed as following: 

- Denaturation phase: 45 seconds at 94°C 

- Annealing step: 45 seconds at 55°C 

- Elongation phase: 1 minute at 72°C 

At the end of the process, the samples were kept at 4°C. 

 

Primer Sequences: 

    
GP - GP 3': 5' GGG  AAA  GCA  GAA  TCC  TGG  AC  3' 

GP - GP 5': 5' GCA  ATC  TGA  CCT  CTG  CCT  TC  3' 
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5.2.21 Mouse genotyping: DNA agarose gel electrophoresis 

Agarose 1% in TAE buffer was prepared and put in in the microwave until it was 

dissolved. 6 µL of Gel Red were added into the bottle of agarose. The chamber 

for the gel was prepared and the combs were inserted. The agarose was slowly 

poured into the chamber and left there at least one hour to solidify. The samples 

were prepared, adding 6 µL of Loading Gel buffer 6x to each of them. The gel 

was moved in the running system, covered with TAE 1x buffer and the combs 

were removed. In the first well, the marker solution was loaded, followed by all 

the samples. The gel was run with a voltage of 100 volt for at least 15 minutes. 

The image was acquired using a 300 nm transilluminator. 

 

5.2.22 Statistical evaluations 

The statistical analysis of the experiments was done using Mann Whitney t test, 

with the exception of BG mean values comparison that were analysed with 2way 

Anova with Bonferroni as post-test (Prismsoftware version 5.02 and version 10; 

GraphPad). 
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6. Results 

In the present work, I first assessed the presence and the upregulation of selected 

chemokine ligands and their receptors in the islets of LCMV-infected RIP-GP 

mice to confirm the data that have been obtained earlier in our lab. These initial 

data had been generated via laser dissection of the islet microenvironment 

followed by expression analysis on gene arrays by Christine Bender. I used the 

RNAscope technology to localize upregulated chemokine axes in pancreas 

sections. Afterwards, I focused my attention on the main part of my PhD thesis, 

namely the investigation of the role of the XCL1/XCR1 chemokine axis, which 

was highly and persistently upregulated in T1D. To achieve my goal, I first 

evaluated the XCL1 and XCR1 expression in human pancreas sections obtained 

from individuals at different disease stages. Once determined the importance of 

this axis, I used either XCL1-deficient or XCR1-deficient RIP-GP mice to further 

investigate the role of this axis. Finally, I investigated the development of T1D in 

the RIP-GP x CXCL10-/- x XCL1-/- mice to see if a potential combination blockade 

of these two important chemokine axes might be beneficial as treatment for T1D. 

 

6.1 Localization of several chemokine axes in RIP-GP mice islets 

As already mentioned, a laser dissection of the islet microenvironment followed 

by gene array was performed by Christine Bender in our lab. The mice had been 

infected with 104 pfu of LCMV and the islets were analysed at day 1, 3, 7, 10, 14, 

and 28. The results can be visualized via volcano blots (Figure 6). The first 

element to highlight is that most of the genes were upregulated rather than 

downregulated during T1D progress in RIP-GP mice. These genes can be 

grouped in different ways, in this case the attention was focused on the 

expression kinetics of chemokine ligands and receptors. Almost all chemokine 

ligands and receptors were upregulated during T1D development. Most 

chemokines had a similar kinetics, with a peak of expression around day 7-10 

after LCMV-infection. The expression of their receptors was slightly delayed. 

Importantly, some chemokines stayed elevated until day 28, meaning that they 

are important during the chronic phase of T1D. The focus was first moved on four 

different chemokine-receptor axes: CCL5/CCR1,3,5, CXCL10/CXCR3, 
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CXCL16/CXCR6, and CX3CL1/CX3CR1 (Figure 6A). Their expression was 

assessed by quantitative real-time PCR (qPCR), which confirmed the pattern 

seen with the gene array analysis (Figure 6B).  

 

 

Figure 6. Expression of different chemokine axes in the islet microenvironment after 

LCMV-infection. 

(A) Volcano blots of gene expression of chemokine ligands and receptors in the islet 

microenvironment of LCMV-infected mice at days 1, 3, 7, 10, 14, and 28 in comparison to 

uninfected mice. The chemokine axes CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and 

CX3CL1/CX3CR1 are highlighted in colour. Note that starting at day 7 post-infection the vast 

majority of chemokine ligands and receptors are upregulated and remain highly expressed during 

the chronic phase of T1D. - (B) Confirmation of the expression of the selected chemokine axes 

CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and CX3CL1/CX3CR1 by quantitative real-time 

PCR of the same islet microenvironment RNA that has been used for gene array analysis. 
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I performed then the duplex RNAscope technique to visualize both the 

chemokines and the receptors in the tissue. Finally, their expression was further 

assessed via IHC, which I contributed to perform. The duplex RNAscope in situ 

hybridization technique allows to stain for mRNA producing cells and it was used 

on pancreas slides of RIP-GP mice at day 0, day 10, and day 28 after infection 

(Figure 7). All four chemokine ligand/receptor pairs were stained. No or just a 

weak signal was detected at day 0, in uninfected mice. In contrast, at day 10 and 

day 28 all chemokines and receptors were localized in the islets. The kinetics 

confirmed the data obtained in the gene array analysis. In particular, CCL5 was 

highly upregulated at day 10 in the islets, both in the gene array and in the 

RNAscope staining. Moreover, the slow but persistent expression of CX3CL1 and 

the upregulation of CXCL16 were evident in the stained tissue (Figure 7). 

 

 

Figure 7. CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and CX3CL1/CX3CR1 are 

expressed in the RIP-GP islets upon infection. 

Duplex RNAscope assay for CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and 

CX3CL1/CX3CR1 of tissue sections of pancreata of RIP-GP mice obtained at days 0, 10, and 28 

after LCMV-infection. Note that the colours of the chemokine and the receptor are indicated and 

change among the different pairs. Original magnification 63x oil. Scale bar 20 µm. 

 

In order to further confirm the expression on the protein level, IHC was performed 

with pancreas sections obtained at day 28 post-infection (Figure 8). CXCL10 was 

mainly localized in the β-cell region, confirming previous findings that β-cells 
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themselves can produce CXCL10.62 In contrast, CCL5, CXCL16, and CX3CL1, 

and all their receptors were expressed by infiltrating cells (Figure 8). Since it was 

not possible to find a good antibody for CXCR6, RIP-GP x CXCR6gfp/+ mice were 

used. For IHC, an anti-GFP antibody was used. 

 

 

Figure 8. Localization of chemokine/receptor pairs on a protein level. 

Immunohistochemistry for CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and 

CX3CL1/CX3CR1 protein expression on RIP-GP pancreas sections at day 28 post LCMV-

infection. Note that due to the lack of an appropriate antibody, the expression of CXCR6 was 

demonstrated in RIP-GP x CXCR6gfp/+ mice using an anti-GFP antibody. 

 

To sum up the results obtained from these preliminary data that I contributed to 

obtain: 

• The role of CXCL10/CXCR3 axis was already investigated by our group 

and described as important in the T1D pathogenesis. These new findings 

confirm its role. Moreover, it has been shown that the CXCL10/CXCR3 

axis can be a useful target in establishing a therapy against T1D.47,48,132 

• Surprisingly, the absence of CCL5 was not affecting T1D incidence in RIP-

GP and RIP-NP mice.  

• Both CXCR6- and CX3CR1-deficient mice showed a decreased T1D 

incidence both in the RIP-GP and in the RIP-NP mouse model. Moreover, 

the CX3CR1-deficient mice showed also reduced insulitis. 

The submitted paper with these results can be found in the Appendix (see 

paragraph 10.4).  
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6.2 Localization of XCL1 and XCR1 

6.2.1 XCL1 and XCR1 are upregulated in the islets of infected RIP-GP mice 

and pre-diabetic NOD mice 

Among all the chemokines and receptors that are upregulated after LCMV-

infection, another pair turned out to be particularly interesting. The data obtained 

from the gene array demonstrated that the chemokine XCL1 and its receptor 

XCR1 are increased from day 7 after infection and remain upregulated also at 

day 28 when the disease is already chronic. The peak of the expression of XCL1 

is between day 7 and day 10 and of XCR1 at day 10 (Figure 1). To visualize and 

confirm that both XCL1 and XCR1 are in the islets of the RIP-GP mice, RNAscope 

in situ hybridization technique was used to stain the pancreas sections for XCL1 

in red and XCR1 in blue (Figure 9). At day 0, neither XCL1 nor XCR1 mRNA 

producing cells were present in the islets. They started to appear at day 7, with 

an increasing production between day 10 and day 14. At day 28, the presence of 

both the ligand and the receptor was decreased but they were both still present 

in the islets. Importantly, they were produced by cells localizing among the 

infiltrating cells that migrated to the islets during T1D pathogenesis. 

 

 
Figure 9. XCL1 and XCR1 are upregulated in the islets of RIP-GP mice upon infection.  

Duplex RNAscope in situ hybridization of XCL1 (red) and XCR1 (blue) on pancreas tissue slices 

from RIP-GP mice at day 0, 7, 10, 14, 28 after infection. Representative images are displayed per 

each time point. Original magnification 63x (oil). Scale bars represent 20 μm. 

 

Sections of NOD mice were also stained with RNAscope in situ hybridization 

technique to demonstrate that XCL1 and XCR1 are also present in another 

mouse model of T1D, independently from virus infection. Representative images 
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of islets at different ages and stages of disease of NOD mice are shown (Figure 

10). At week 6, when the mice were still young and not a lot of immune cells were 

infiltrating in the islets, only few cells produced XCR1 mRNA. At week 12, even 

when the mice were not diabetic, many infiltrating cells started to appear in the 

islets and, among these, both XCR1 and XCL1 mRNA producing cells were 

present. Some of them were also in close proximity to each other, which might 

indicate a possible interaction. Pancreata were then obtained from NOD mice at 

week 22, when they started to become diabetic. The comparison between 

diabetic and non-diabetic mice showed that in the islets of non-diabetic mice there 

were cells producing both XCL1 and XCR1 mRNA, whereas in diabetic mice, the 

infiltrating cells were mainly expressing XCR1.  

 

 
Figure 10. XCL1 and XCR1 are present in the islets of pre-diabetic and diabetic NOD mice. 

Duplex RNAscope in situ hybridization for XCL1 (red) and XCR1 (blue) of pancreas tissue slices 

from NOD mice obtained at different age and disease stage. Mice were considered diabetic with 

BG levels of >300 mg/dl. Original magnification 40x. Scale bars represent 25 μm. 

 

6.2.2 XCL1 and XCR1 expression in human pancreas 

Sections of human pancreas from individuals at different disease stages obtained 

through the HPAP programme were stained with RNAscope duplex technique for 

XCL1 and XCR1 producing cells. Pancreata from non-diabetic (ND), 

autoantibody-positive (Aab+), and patients with diagnosed T1D (T1D) were 

analysed (detailed information about the organ donors can be found in paragraph 

5.2.3). Representative pictures of this staining are reported in Figure 11. Since 

the cells did show extensive signals, XCR1-expressing cells have been 

highlighted with an arrow. Tissue sections from Aab+ and T1D individuals 
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contained clearly more cells producing XCR1 mRNA compared to the pancreas 

of healthy controls. Interestingly these XCR1-positive cells were mostly found in 

or around the islets (black line). The XCL1-expressing cells have not been 

highlighted because only very few cells expressing XCL1 could be found in the 

analysed samples. 

 

 

Figure 11. Representative pictures of XCL1 and XCR1 expression in human pancreas at 

different disease stage. 

Duplex RNAscope in situ hybridization for XCL1 (red) and XCR1 (blue) of pancreas tissue slices 

from humans obtained through the HPAP programme. Human individuals were divided in non-

diabetic (ND), autoantibody positive (Aab+), and diabetic (T1D) (see paragraph 5.2.3). XCR1-

expressing cells are indicated with black arrows. Note that XCL1 expression is not indicated 

because only very few cells were found to be positive. In the square below the pictures, a zoom 

in for a positive cell is shown. The islets have been highlighted by the black line. Original 

magnification 63x. Scale bars represent 20 μm. 

 

The XCR1-expressing cells were quantified, counting the positive cells in the 

islets and in the surrounding area. The mean for each tissue has been plotted 

and the results are shown in Figure 12A. Even though not significant due to the 

high variation of XCR1 cell numbers, in both Aab+ and T1D pancreata there were 

more XCR1+ cells per islet compared to ND control tissue. Moreover, in Aab+ 

and T1D patients most of the analysed islets had at least one cell expressing 

XCR1, contrary to the ND sections where the majority of islets do not contain any 

XCR1-positive cell at all. Surprisingly, almost no XCL1-positive cells were present 

in any pancreas, independently from the disease stage. This could be explained 
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both by a possible low number of CD8 T cells in the islets or by the transient RNA 

expression for the production of a chemokine. Therefore, the timing of the staining 

might be crucial to visualize the chemokine. In addition, the RNA stability over 

time in the collected tissue samples might also play a role, since I found that the 

expression of other chemokines, such as CXCL10, was clearly reduced in older 

samples. 

 

 
Figure 12. More cells express XCR1 in the islets of autoantibodies positive (Aab+) and T1D 

human samples. 

Analysis of the RNAscope duplex staining. Human patients were divided in non-diabetic (ND), 

autoantibody positive (Aab+), and diabetic (T1D) (see paragraph 5.2.3). Number of islets 

analysed per section is 6-16. The mean for each patient is represented by each dot and the bars 

represent the mean ± SEM. (A) – Mean of XCR1-expressing cells per islet, including the 

surrounding area. (B) - Percentage of islets that show at least one cell expressing XCR1 per 

section. Note that one of the ND patients had to be excluded because of unclear designation of 

the disease stage. 

 

6.2.3 XCL1 and XCR1 expression in XCL1- and XCR1-deficient mice 

To investigate if the XCL1/XCR1 axis is important for the pathogenesis of T1D,  

XCL1-deficient RIP-GP mice were generated by crossing RIP-GP mice with 

XCL1-/- mice73 and XCR1-deficient RIP-GP mice by crossing RIP-GP mice with 

XCR1Venus/Venus mice.82 RIP-GP x XCR1Venus/Venus are here indicated as RIP-GP x 

XCR1-/- mice. To evaluate whether RIP-GP x XCL1-/- mice and RIP-GP x XCR1-/- 

mice were generally immunosuppressed, an LCMV plaque assay was performed. 

Spleens from regular RIP-GP mice and from both XCL1- and XCR1-deficient RIP-

GP mice were isolated at day 3 and day 7 post-infection and after processing 

them, they were incubated with MC57 cells. After staining with anti-LCMV 

antibody, virus plaques were counted. The elimination of LCMV after infection 

was not altered neither in XCL1- nor in XCR1-deficient RIP-GP mice in 
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comparison with regular RIP-GP mice (Figure 13). These data also confirmed 

that the RIP-GP model as such is not influenced by an aberrant virus elimination 

neither in RIP-GP x XCL1-/- mice nor in RIP-GP x XCR1-/- mice. Note that at day 

7 most of the virus was eliminated and in all the mouse lines the virus titre left 

was below the limit of detection of the assay. 

 

 

Figure 13. No differences in the virus elimination efficacy among the different mouse lines. 

Virus titre expressed in pfu/ml of LCMV left in spleens obtained via plaque assay. Spleens were 

collected from different mouse lines (RIP-GP, RIP-GP x XCL1-/-, and RIP-GP x XCR1-/- mice) at 

day 3 and at day 7 after the infection. Results are displayed as mean ± SEM. Red dot line 

represents the limit of detection of this technique. Numbers of mice are indicated in brackets. 

 

To further demonstrate the knock-out status of the RIP-GP x XCL1-/- and RIP-GP 

x XCR1-/- mice a duplex RNAscope in situ hybridization was performed, staining 

for both the chemokine and the receptor. In XCL1-deficient mice, the results 

showed that the chemokine was indeed not expressed in the islets, but that XCR1 

was still expressed in the islets of the RIP-GP x XCL1-/- mice, starting from day 7 

after infection (Figure 14). This indicates that XCR1+ infiltrating cells are also 

attracted to the islets in absence of XCL1.  
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Figure 14. XCR1-expressing cells infiltrate the islets in absence of XCL1. 

Duplex RNAscope in situ hybridization for XCL1 (red) and XCR1 (blue) of pancreas tissue 

sections obtained from RIP-GP x XCL1-/- mice at different time points after infection. Original 

magnification 63x (oil). Scale bar represents 20 μm. 

 

In contrast, in XCR1-deficient mice it was possible to visualize the expression of 

XCL1, but not XCR1, in the islets. In fact, both XCL1- and XCR1-expressing cells 

were absent at day 0, before the infection. Once the mice had been infected, 

XCL1-expressing cells were present among the infiltrating cells, but there were 

no cells producing XCR1 mRNA (Figure 15).  

 

 
Figure 15. XCL1-expressing cells are present in the islets in absence of XCR1. 

Duplex RNAscope in situ hybridization for XCL1 (red) and XCR1 (blue) of pancreas tissue 

sections obtained from RIP-GP x XCR1-/- mice at different time points after LCMV-infection. 

Original magnification 63x (oil). Scale bar represents 20 μm. 
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6.3 XCL1 absence 

6.3.1 XCL1-deficient mice show reduced number of cDC1 in the islet 

microenvironment 

XCR1 is expressed only on conventional dendritic cells type 1 (cDC1).87 As 

mentioned, no good anti-XCR1 antibody is available for immunohistochemistry, 

therefore other markers for cDC1 were considered. In particular, pancreas 

sections obtained from RIP-GP and RIP-GP x XCL1-/- mice at day 7, 14, and 28 

after infection were stained via IHC using anti-CD103 antibody. Quantification of 

the area of the positive signal per islet area was performed (Figure 16A, B). The 

results showed that, interestingly, at day 14 there were less CD103+ cells in the 

RIP-GP x XCL1-/- islets compared to regular RIP-GP.  
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Figure 16. CD103+ cells are reduced in the islets of XCL1-deficient mice at day 14. 

(A) Representative images of immunohistochemical staining with anti-CD103 antibody of quick-

frozen pancreas sections at different time points after LCMV-infection, comparing RIP-GP with 

RIP-GP x XCL1-/- mice. Original magnification 40x. Scale bar represents 25 μm. - (B) 

Quantification of the CD103 stained area, expressed as percentage of the area of CD103+ signal 

per area of the islet. Numbers of mice per group are indicated. Data are shown as mean ± SEM. 

 

However, since CD103 can also be expressed by a subset of T cells, an 

immunofluorescent double-staining using anti-CD103 and anti-CD11c antibodies 

was carried out to distinguish between T cells and DC. CD11c was used as a 

general marker for DC. I quantified the CD103+ CD11c+ double positive area per 

CD11c+ area (Figure 17A, B). These double positive cells tended to decrease at 

all time points. In particular, at day 14 they were reduced by 44% in the XCL1-

deficient mice compared to the RIP-GP mice (p=0.022) (Figure 17B). 



Results 

72 

 

 

Figure 17. CD103+ CD11c+ cells are reduced in the islets of XCL1-deficient mice. 

(A) Representative images of immunofluorescent double-staining for CD11c (green) and CD103 

(red) of quick-frozen pancreas sections obtained at different time points after LCMV-infection, 

comparing RIP-GP with RIP-GP x XCL1-/- mice. Nuclei are stained with DAPI (blue). White arrows 

indicate the double positive cells (cDC1). Original magnification 40x. Scale bar represents 20 μm. 

- (B) Quantification of the CD103/CD11c double-staining shown in (A), expressed as percentage 

of the area of CD103/CD11c double-positive cells per CD11c positive area. Numbers of mice per 

group are indicated. Data are shown as mean ± SEM. 

 

In order to confirm these data and to better investigate the consequences of 

XCL1-deficiency, flow-cytometric analysis was performed on splenocytes, cells 

isolated from PDLN, and islet infiltrating cells isolated from pancreas. The 

attention was focused on two time points after LCMV-infection: day 7, when the 

initial inflammation is still ongoing and the β-cells start to be destroyed, and day 
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28, when the disease is chronic. Total cell number per organ of RIP-GP mice and 

RIP-GP x XCL1-/- mice was calculated. First, CD11c+ MHC-II+ cells were 

identified as cDC, then a gate was set for XCR1+ CD11b- to pick out the cDC1. 

Finally, these were characterized for their expression of CD103, marker for 

migratory cDC1, and for their production of IL12, cytokine released once cDC1 

are activated (Figure 18).  

 

 

Figure 18. Gating strategy of DC in spleen, PDLN, and islet infiltrating cells (islets). 

Representative DC analysis of dot plots obtained via flow cytometry. The analysis is shown for a 

RIP-GP mouse at day 7 post LCMV-infection. 

 

At day 7, CD11c+ MHC-II+ cells did not show significant difference between the 

two lines in the spleen, but in the PDLN there were interestingly more CD11c+ 

MHC-II+ cells in the RIP-GP x XCL1-/- mice than in the regular RIP-GP mice 

(p=0.002). However, the opposite was observed in the pancreatic islets, where 

only one fourth of the cells was present in XCL1-deficient RIP-GP mice compared 

to regular RIP-GP mice (p=0.011). As described, the following step was to look at 
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cDC1 (CD11c+, MHC-II+, XCR1+, CD11b- cells). Here, a significant accumulation 

of cDC1 in the PDLN (p=0.021) corresponded to only a slight reduction of cells in 

the islets of XCL1-deficient RIP-GP mice. Therefore, migratory CD103+ cDC1 

were analysed. As for total cDC, in the spleen there was not a detectable 

difference among the two lines and in the PDLN, there were more CD103+ cDC1 

in the RIP-GP x XCL1-/- mice. In contrast, in the pancreatic islets, there were 

significantly less cells of this specific cell subtype in the RIP-GP x XCL1-/- mice 

(p=0.026). Finally, IL12 production of cDC1 was also evaluated. Again, in the 

XCL1-deficient PDLN there were more IL12 producing cDC1 (p=0.029) and, at 

the same time, among the islet infiltrating cells there were less cDC1 that produce 

IL12 (Figure 19). 

 

 

Figure 19. At day 7 cDC1 tend to accumulate in the PDLN of XCL1-deficient mice and not 

to migrate to the islets. 

Absolute numbers of different DC subtypes per organ (spleen, PDLN, and islet infiltrating cells 

(islets)) obtained via flow cytometric analysis at day 7 after infection, comparing RIP-GP mice with 

RIP-GP x XCL1-/- mice. DC were first identified as CD11c+ MHC-II+ cells and then quantified for 

the entire organ and then the analysis was focused on cDC1 (XCR1+ CD11c+ cells). Finally, these 

were assessed for the peripheral subset (CD103+ XCR1+ CD11c+ cells) and for their activity 

(IL12+ XCR1+ CD11c+). Values are displayed as mean ± SEM and significant p-values are 

indicated (n=6-9, IL12+ XCR1+CD11c+ n=3-4). 
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At day 28, the tendency was similar to day 7. For all the investigated DC subsets 

the cell trend was to accumulate in the PDLN and to not migrate to the islets of 

RIP-GP x XCL1-/- mice as efficiently as in regular RIP-GP mice. However, the 

detected differences between RIP-GP x XCL1-/- and regular RIP-GP mice were 

not significant. IL12 producing cDC1 tended to be reduced in the islets of the 

XCL1-deficient RIP-GP mice, but it did not correspond to an accumulation in the 

PDLN (Figure 20). 

 

 

Figure 20. DC do not migrate to the islets of the XCL1-deficient mice at day 28. 

Absolute numbers of different DC subtypes per organ (spleen, PDLN, and islet isolated cells 

(islets)) obtained via flow cytometric analysis at day 28 after infection, comparing RIP-GP mice 

with RIP-GP x XCL1-/- mice. DC were first identified as CD11c+ MHC-II+ cells and quantified for 

the entire organ and then the analysis was focused on cDC1 (XCR1+ CD11c+ cells). Finally, the 

cDC1 were assessed for the peripheral subset (CD103+ XCR1+ CD11c+ cells) and for their 

activity (IL12+ XCR1+ CD11c+ cells). Values are displayed as mean ± SEM and significant p-

values are indicated (n=7-9). 

 

6.3.2 In absence of XCL1 islet autoantigen-specific CD8 T cells are 

diminished  

A similar approach was followed for T cells, performing flow cytometric analysis 

of leukocytes isolated from spleen, PDLN, and islets isolated from pancreata. 
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CD8b was used as a marker for T cells and islet autoantigen-specific T cells were 

identified through an intracellular staining for IFNγ after stimulation of the isolated 

cells with the immunodominant LCMV-GP epitope 33 peptide (Figure 21).  

 

 

Figure 21. Gating strategy of T cells in spleen, PDLN, and islet infiltrating cells (islets). 

Representative T cell analysis of dot plots obtained via flow cytometry. The analysis is shown for 

a RIP-GP mouse at day 7 after LCMV-infection. 

 

At day 7 after LCMV-infection, the CD8 T cell number did not differ in the spleen 

between the two mouse lines, but it was increased in the PDLN and decreased 

in the islets of the RIP-GP x XCL1-/- mice compared to the regular RIP-GP mice 

(p=0.013). Autoantigen-specific T cells behaved similarly in that. Indeed, there 

was an increased number of aggressive T cells in the PDLN and a significant 

reduction of IFNγ-producing cells in the islets of RIP-GP x XCL1-/- mice (p=0.029). 

At day 28 after infection, CD8 T cells were still increased in number in the PDLN 
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and also still decreased among the islet infiltrating cells of the RIP-GP x XCL1-/- 

mice. Importantly, the autoantigen-specific T cells in the RIP-GP x XCL1-/- mice 

were reduced to almost one fifth of the cells present in the islets of RIP-GP mice 

(p=0.091) (Figure 22).  

 

 

Figure 22. T cells show reduced migration to the islets of the XCL1-deficient mice. 

Absolute numbers of different subtypes of T cells per organ (spleen, PDLN, and islet infiltrating 

cells (islets)) obtained via flow cytometric analysis at day 7 and day 28 after infection, comparing 

RIP-GP mice with RIP-GP x XCL1-/- mice. CD8 T cells were identified as CD8b+ cells and 

autoantigen-specific CD8 T cells as IFNγ-producing CD8 T cells upon stimulation with LCMV-

specific peptides. Values are displayed as mean ± SEM and significant p-values are indicated 

(n=6-9). 

 

6.3.3 Overall fitness of autoantigen-specific CD8 T cells is reduced in XCL1-

deficient mice 

Since the absence of XCL1 resulted in less cDC1 and less T cells, the focus was 

then moved to assess T cell activity and functionality, staining for perforin (Perf) 

and granzyme B (GrB), important factors in T cell killing activity, as well as 

programmed cell death protein-1 (PD-1) as a marker for T cell exhaustion and 

killer cell lectin-like receptor subfamily G member 1 (KLRG1) as a marker for T 
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cell senescence. These markers have been evaluated for both total CD8 T cells 

and islet autoantigen-specific CD8 T cells (Figure 23).   

 

 

Figure 23. Gating strategy of T cell activity for islet infiltrating cells.  

Dot plots representing perforin (perf), granzyme B (GrB), PD-1, and KLRG1 analysis both of total 

CD8 T cells and LCMV-GP-specific T cells isolated from the islets of a RIP-GP mouse at day 7 

after infection. 
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The results are expressed as frequencies of these different cell subtypes on the 

total CD8 T cells and IFNγ-producing GP33-specific CD8 T cells (Figure 24), 

comparing the islet infiltrating cells isolated from pancreata of RIP-GP and XCL1-

deficient RIP-GP mice both at day 7 and at day 28. Neither perforin producing 

cells nor KLRG1+ cells did significantly differ between the two lines. The main 

differences were visible at day 28: RIP-GP x XCL1-/- mice showed less GrB+ 

CD8+ T cells (p=0.040) and increased exhausted PD-1+ CD8+ T cells in the islets 

(p=0.001). In the case of IFNγ-producing GP33-specific T cells, at day 28 GrB+ 

islet autoantigen-specific CD8 T cells showed a tendency towards a lower 

frequency in the XCL1-deficient RIP-GP mice. At day 28 PD-1+ and KLRG1+ islet 

autoantigen-specific CD8 T cells were significantly higher in the islets of RIP-GP 

x XCL1-/- mice compared to RIP-GP mice (respectively, p=0.012 and p=0.031) 

(Figure 24). 



Results 

80 

 

 

Figure 24. CD8 T cell activity is slightly decreased in XCL1-deficient mice.  

Frequencies of CD8 T cells expressing perforin (Perf), granzyme B (GrB), PD-1, or KLRG1 of 

total CD8 T cells or LCMV-GP33-specific CD8 T cells. Data were obtained via flow cytometric 

analysis of islet infiltrating cells of RIP-GP mice and RIP-GP x XCL1-/- mice at day 7 and day 28 

after infection. Results are shown as mean ± SEM and p-values are indicated when significant 

(n=7-9). 
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To further study the cytotoxicity of the islet autoantigen-specific T cells in 

presence or absence of XCL1, an in vivo CTL assay was carried out. Splenocytes 

were isolated from donor mice and were then split in two groups. Half of the cells 

were incubated with GP33 peptide and half of them were incubated without. The 

day after, these two groups were differently labelled with different concentrations 

of CFSE. GP33-loaded splenocytes were labelled with a low concentration of 

CFSE (CFSElo) and unloaded splenocytes were labelled with a high 

concentration of CFSE (CFSEhi). These two groups were mixed at a 1:1 ratio and 

then i.v. injected into RIP-GP and RIP-GP x XCL1-/- recipient mice at day 28 after 

LCMV-infection. Uninfected RIP-GP were used as negative control. As expected, 

in the uninfected mice no specific killing of the GP33-loaded cells occurred. In 

both other groups, the GP33-loaded cells were specifically killed (Figure 25A). 

However, comparing the half-life of target cell elimination a slight delay in XCL1-

deficient mice was detected (Figure 25B). 
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Figure 25. Slightly reduced in vivo cytotoxicity in XCL1-deficient mice.  

(A) In vivo cytotoxic T lymphocyte (CTL) assay, comparing RIP-GP uninfected mice (d0) to RIP-

GP and RIP-GP x XCL1-/- mice at day 28 after infection. CFSE differently labelled GP33-loaded 

and unloaded target splenocytes were i.v. injected at a 1:1 ratio. At 10 minutes and 1, 4, 24, and 

48 hours after injection blood was taken and the ratio of GP33-loaded and unloaded target cells 

was determined by flow cytometry. The obtained data were normalized against the ratio at 10 

minutes after the injection (baseline). - (B) Calculated half-life of GP33-loaded target cell turnover. 

Values are shown as mean ± SEM. Number of mice used is displayed in brackets. 

 

6.3.4 Shift to a regulatory milieu in the islets of XCL1-deficient mice 

Via flow cytometric analysis of the islet infiltrating cells, FoxP3 was also assessed 

as a marker for regulatory T cells both at day 7 and day 28 post-infection (Figure 

26). 
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Figure 26. Gating strategy of regulatory T cells for islet infiltrating cells (islets).  

FoxP3 cells dot plot analysis of a RIP-GP mouse at day 7 after the infection. 

 

Interestingly, in contrast to total and IFNγ-producing islet autoantigen-specific 

CD8 T cells, more FoxP3+ T cells were detected among the islet infiltrating cells 

in the RIP-GP x XCL1-/- mice at both time points (Figure 27A). The ratio between 

the total FoxP3+ T cells (CD4 and CD8 Treg cells) and the total IFNγ-producing 

islet autoantigen-specific cells was calculated. Importantly, at day 28 the ratio was 

3-fold higher in the islets of RIP-GP x XCL1-/- mice compared to the RIP-GP mice 

(p=0.005) (Figure 27B). These data indicate that in absence of a sufficient 

number of cDC1, the T cell balance is tipped towards a more regulatory 

phenotype. 

 

 

Figure 27. Switch to a regulatory T cell milieu in the islets of XCL1-deficient mice.  

(A) Frequencies of FoxP3+ cells among all the lymphocytes obtained via flow cytometric analysis 

of islet infiltrating cells of RIP-GP and RIP-GP x XCL1-/- mice at day 7 and day 28 after infection. 

- (B) Ratio of total FoxP3+ T cells and total auto-aggressive (IFNγ+) T cells. Results are displayed 

as mean ± SEM. Numbers of mice and significant p-values are indicated. 

 



Results 

84 

 

6.3.5 XCL1-deficient mice have a reduced T1D incidence 

XCL1-deficiency generates differences locally in the pancreas with a reduction of 

both cDC1 and aggressive T cells and, at the same time, an increase of Treg 

cells. Therefore, to see if this local immune shift has an impact on the overall 

disease, a T1D incidence study was conducted. After LCMV-infection of RIP-GP 

mice and RIP-GP x XCL1-/- mice, the BG concentration was measured at weekly 

intervals for 12 weeks. Mice with BG levels higher than 300 mg/dl were 

considered diabetic. Whereas, 80% of RIP-GP mice became diabetic, only 30% 

of RIP-GP x XCL1-/- mice was diabetic at day 17. Importantly, most of the XCL1-

diabetic mice that became diabetic reverted their glycaemia to values lower than 

300 mg/dl already 5-10 days after turning diabetic, indicating a milder form of 

T1D. Considering such remitting mice, at the end of the study only one out of 

twenty RIP-GP x XCL1-/- mice was still diabetic (Figure 28A). The mean BG 

concentration reflected the differences already visible in the percentage of mice 

that turned diabetic. The mean BG levels of RIP-GP mice were higher than 300 

mg/dl already at day 14. XCL1-deficient mice always displayed a mean glycaemia 

below the non-diabetic value of 200 mg/dl, except between day 14-21 when there 

was a limited elevation (Figure 28B). 

 

 

Figure 28. XCL1-deficient mice have reduced T1D incidence. 

(A) T1D incidence study results, expressed as percentage of diabetic mice at each time point 

after infection. Mice with BG levels of >300 mg/dl were considered diabetic. Note that some mice 

reverted from a diabetic to a non-diabetic state over time. - (B) Mean BG levels over time ± SEM. 

Significant differences (* = p<0.05, ** = p<0.01, *** = p<0.001) and numbers of mice are indicated. 
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6.3.6 XCL1-deficient mice display largely intact islets in pancreas tissue 

sections 

Immunohistochemical staining with anti-insulin antibody was performed on 

pancreas sections isolated from RIP-GP and RIP-GP x XCL1-/- mice at different 

time points after the infection. From the representative pictures (Figure 29), it is 

already possible to appreciate some differences. The RIP-GP islets were 

destroyed at day 28, completely infiltrated by immune cells with only few cells still 

producing insulin. Note that it was not possible to stain the regular RIP-GP mice 

at week 12 (endpoint of the incidence study), since they had to be killed before 

the end of the study due to animal welfare regulations. On the contrary, islets of 

RIP-GP x XCL1-/- mice showed only few infiltrating cell clusters and maintained 

insulin production throughout the whole observation time.  

 

 

Figure 29. XCL1-deficient mice have more intact islets (representative pictures). 

Representative images of immunohistochemical staining for insulin of quick-frozen pancreas 

sections of RIP-GP and RIP-GP x XCL1-/- mice at days 7, 14, and 28 as well as week 12 after 

infection. Original magnification 40x; scale bar represents 25 μm. Note that for RIP-GP mice it 

was not possible to acquire an image at week 12 (not done; n.d.), since all the mice had to be 

sacrificed earlier due to severe T1D. 

 

To quantify the insulitis, a score was assigned to the islets according to the 

amount of infiltrated cells and the insulin producing β-cells left in the islet. More 

precisely, the score 0 is assigned when infiltrations are visible, score 1 when there 

is mild peri-insulitis, score 2 in presence of a moderate infiltrations, and score 3 

in case of massive infiltrations with only islet scars left. At day 14 post-infection, 

there were more islets with moderate to massive infiltrations in the RIP-GP mice 

compared to RIP-GP x XCL1-/- mice. The same trend was maintained also at day 



Results 

86 

 

28. At week 12 after infection, it was not possible to quantify the islets of the RIP-

GP mice since they had to be killed before. In contrast, in the RIP-GP x XCL1-/- 

mice most of the islets were still capable to produce insulin (Figure 30). However, 

this kind of analysis does not give complete information about the β-cell content 

in the entire pancreas since only one section of the pancreas is analysed. 

Moreover, in very diabetic mice where most of the islets are destroyed it is even 

more difficult to have an overview, since the insulin producing cells might not be 

evenly distributed throughout the pancreas. Therefore, 3D-staining of whole 

pancreas was performed with an antibody against insulin (see paragraph 6.5).  

 

 
Figure 30. XCL1-deficient mice show reduced islet destruction. 

Mean insulitis scores determined from the staining with anti-insulin antibody shown in Figure 29. 

Islets were scored as described in Materials and Methods. Insulitis in RIP-GP and RIP-GP x  

XCL1-/- mice was compared at days 7, 14, 28, and at week 12 after infection. Number of mice is 

displayed in brackets. 

 

6.4 XCR1 absence 

6.4.1 cDC are localized in the islets in absence of XCR1 

To test if also the absence of XCR1 has an effect on T1D, RIP-GP x XCR1-/- mice 

were used. These mice are characterized by the insertion of the gene encoding 

for the Venus fluorescent protein in the XCR1 locus.82 Therefore, RIP-GP x 

XCR1+/- mice which are heterozygotes express both XCR1 and Venus protein, 

whereas RIP-GP x XCR1-/- mice express the Venus protein instead of the 

receptor. These mice can be used to track the receptor on a protein level, since 

there is no reliable anti-XCR1 antibody available for IHC. RIP-GP x XCR1+/- and 
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RIP-GP x XCR1-/- mice have been therefore infected with LCMV and sacrificed at 

different time points (day 7, 14, 28, and week 12). After isolating the pancreata, 

the organs were processed by immerging them in PLP buffer, as described in the 

Materials and Methods section (See paragraph 5.2.8). After cutting some slides, 

the sections were just stained with DAPI to highlight the nuclei and localize the 

Venus protein. From the representative pictures (Figure 31A), it is visible that 

Venus positive cDC1 (in green) started to appear in the islets already at day 7 

and they increased over time in both mouse lines. Importantly, this DC subtype 

remained in the islet until week 12 after the infection. The cDC1 were still attracted 

to the islets even though XCR1 was partially or completely missing (Figure 31A), 

indicating that other factors are also involved in the attraction of cDC1 to the islets. 

The area of Venus signal per total islet area was quantified and surprisingly, for 

most of the time points there were no differences among the two lines, except at 

week 12 when there was an even higher Venus signal in the islets of XCR1-

deficient mice (p=0.012). Thus, in absence of the receptor Venus+ cells migrate 

in a similar way than when the receptor is only partially depleted. Note that these 

results should be considered with caution since the quantification is performed by 

measuring the area of the positive (green) signal rather than counting the number 

of green cells. Thus, in RIP-GP x XCR1-/- mice that contain the Venus gene in 

both alleles the green fluorescence turns out to be brighter than in the 

heterozygous RIP-GP x XCR1+/- mice. Subsequently, also the “green area” 

around the Venus+ signal might be larger in RIP-GP x XCR1-/- than RIP-GP x 

XCR1+/- mice leading to an overrepresentation of the signal in RIP-GP x XCR1-/- 

mice (Figure 31B). 

 



Results 

88 

 

 

Figure 31. Venus+ cells infiltrate in the islets of XCR1-deficient mice. 

(A) Representative pictures of RIP-GP x XCR1+/- and RIP-GP x XCR1-/- pancreatic islets at day 7, 

14, 28, and week 12 after LCMV-infection. Tissues were treated with PLP buffer before embedding 

them in Tissue-Tek OCT. The Venus signal (green) is expressed in cDC1, since its gene is inserted 

in the locus for XCR1. DAPI was used to stain the nuclei. Original magnification 20x. Scale bars 

are 25 µm. - (B) Quantification of the Venus signal area per islet area of the staining in (A) 

comparing RIP-GP x XCR1+/- mice with RIP-GP x XCR1-/- mice. Values are displayed as mean ± 

SEM (n=4-5 at each time point, n=10 at week 12). P-values are indicated. Note that the increased 

signal in the RIP-GP x XCR1-/- mice could also be derived from the brighter signal given by the 

expression of the protein on both alleles. 

 

6.4.2 XCR1-deficient mice do not show altered DC migration to the islets 

To better investigate the effect of the absence of XCR1 on a cellular level and to 

quantify the Venus signal in the whole pancreas, cells were isolated from spleen, 

PDLN, and pancreatic islets and were analysed by flow cytometry. The attention 

was focused again on two time points: day 7, when the inflammation is still 

ongoing, and week 12, endpoint of the incidence study and chronic stage of the 

disease. RIP-GP x XCR1+/- mice were compared to RIP-GP x XCR1-/- mice. Here, 

the DC analysis was performed in a slightly different way. Since the XCR1-
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deficient mice express the Venus protein in the XCR1 locus, the signal is visible 

in the green channel (B1 in MACSQuant). This means that Venus+ cells identify 

cDC1, since XCR1 and therefore Venus, is expressed only on cDC1. Thus, the 

gating strategy started with identifying directly Venus+ cells followed by selecting 

CD103+ Venus+ cells as peripheral cDC1 to see if there were some differences 

in the DC migration from the PDLN to the pancreas (Figure 32). 

 

 

Figure 32. Gating strategy of DC in spleen, PDLN, and islet infiltrating cells (islets) in 

presence of the Venus signal. 

Representative DC analysis of dot plots obtained via flow cytometry. The analysis is shown for a 

RIP-GP x XCR1+/- mouse at day 7 after LCMV-infection. 
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The absolute numbers per organ of the DC subsets were calculated for spleen, 

PDLN, and islet infiltrating cells at day 7 and week 12 after infection (Figure 33). 

In general, there were no significant differences among total cDC1 and peripheral 

cDC1 in all three organs at day 7 and at week 12. This stands in contrast with the 

data obtained with the immunofluorescent quantification, where at week 12 there 

were more Venus+ cells in the islets of XCR1-deficient mice. However, this 

confirms the hypothesis that the quantification of the green area in the 

immunofluorescent staining of the pancreas sections was flawed. Regarding 

CD103+ Venus+ cells, there was a slight tendency to decrease in the spleen and 

in the islet infiltrating cells in XCR1-deficient mice. However, the tendency was 

opposite at week 12, with an increase in both PDLN and islets of this DC subtype 

in XCR1-deficient mice compared to RIP-GP x XCR1+/- mice.  

 

 

Figure 33. XCR1-deficient mice do not show altered migration of DC. 

Absolute numbers of different subtypes of DC per organ (spleen, PDLN, and islets) obtained via 

flow cytometric analysis at day 7 and week 12 after infection. RIP-GP x XCR1+/- mice were 

compared with RIP-GP x XCR1-/- mice at day 7 and at week 12. cDC1 were first identified as 

Venus+ cells per organ and then as peripheral cDC1 (CD103+ Venus+ cells) per organ. Values 

are displayed as mean ± SEM and significant p-values are indicated (n=4-5 at day 7, n=4-7 at 

week 12). 
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6.4.3 XCR1-deficient mice display reduced number and activation of 

autoantigen-specific T cells in the islets 

Analogous to the study with XCL1-deficient mice, the impact of the XCR1 

deficiency on T cells was analysed. Therefore, flow cytometric analysis of 

leukocytes isolated from spleen, PDLN, and pancreatic islets was performed 

comparing RIP-GP mice with RIP-GP x XCR1+/- mice and RIP-GP x XCR1-/- mice 

at day 7 as well as RIP-GP x XCR1+/- mice with RIP-GP x XCR1-/- mice at week 

12. T cells were analysed as previously described (see paragraph 6.3.2). CD8b 

was used to identify CD8 T cells, whereas islet autoantigen-specific T cells were 

identified as IFNγ-producing CD8 T cells, after overnight stimulation with the 

LCMV GP33 peptide. At day 7, the total number of CD8 T cells was lower in the 

spleen of XCR1-deficient mice compared to regular RIP-GP mice, but there were 

no differences in the other organs. Importantly, the total number of autoantigen-

specific IFNγ-producing T cells was diminished in the islets of RIP-GP x XCR1-/- 

mice compared to regular RIP-GP mice (p=0.032). At week 12, both CD8 T cells 

and autoaggressive T cells increased in number in the PDLN of RIP-GP x XCR1-

/- mice compared to RIP-GP x XCR1+/- mice. Similar to the number of cDC1 (as 

described in paragraph 6.4.2) there was no significant decrease of any of the 

CD8 T cell subsets in the pancreatic islets at week 12. However, week 12 

constitutes an endpoint of the disease, which most regular RIP-GP mice do not 

reach and at which meaningful changes that might lead to a different T1D 

pathogenesis might be long gone. Thus, from these data, it is not possible to 

conclude that the migration of T cells to the islets is not impaired in absence of 

XCR1. However, the reduced autoantigen-specific CD8 T cells might lead to 

reduced β-cell destruction (Figure 34). 
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Figure 34. Autoantigen-specific T cells are reduced in the islets of XCR1-deficient mice. 

Absolute numbers of CD8 T cells and autoantigen-specific CD8 T cells per organ (spleen, PDLN, 

and islets) obtained via flow cytometric analysis at day 7 and week 12 after infection, comparing 

RIP-GP mice with RIP-GP x XCR1+/- and RIP-GP x XCR1-/- mice at day 7 and only RIP-GP x 

XCR1+/- mice and RIP-GP x XCR1-/- mice at week 12. T cells were first gated for CD8 T cells and 

then focused on IFNγ-producing CD8 T cells, obtained after overnight stimulation with the LCMV 

GP33 peptide. Values are displayed as mean ± SEM and significant p-values are indicated (n=4-

5 at day 7, n=4-7 at week 12). 

 

Since there was a reduction of IFNγ-producing CD8 T cells in the islets of RIP-

GP x XCR1-/- mice at day 7 post-infection, the activation of T cells and of 

autoantigen-specific T cells was investigated, staining intracellularly for GrB and 

Perf, followed by flow cytometric analysis. Also, exhaustion with PD-1 and 

senescence with KLRG1 were assessed for both cell subsets. Here the gating 

strategy was applied as described in paragraph 6.3.3. Leukocytes were isolated 

from pancreatic islets of RIP-GP x XCR1+/- mice and RIP-GP x XCR1-/- mice at 

day 7 and at week 12 post-infection. Among CD8 T cells, there was a reduced 

frequency of GrB-producing cells in the islets of XCR1-deficient mice both at day 

7 (p=0.032) and at week 12 (p=0.042). At week 12, a decreased number of Perf-

producing cells was also detected (p=0.012). There were no significant 
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differences detected in the frequency of PD-1 and KLRG1 expressing cells.  

Importantly, at day 7 the frequency of islet autoantigen-specific CD8 T cells 

expressing Perf or GrB was also reduced in RIP-GP x XCR1-/- islets. Further, at 

week 12 the frequency of Perf-producing cells was significantly reduced in RIP-

GP x XCR1-/- compared to RIP-GP x XCR1+/- islets (p=0.012). As for total CD8 T 

cells, there were no significant differences regarding the expression of PD-1 and 

KLRG1 in islet autoantigen-specific CD8 T cells (Figure 35). All this taken 

together suggests that in absence of XCR1 the activation of both CD8 T cells and 

of autoantigen-specific CD8 T cells, rather than their total number, is reduced. 
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Figure 35. XCR1-deficient mice show reduced T cell activity in the islets. 

Frequencies of CD8 T cells expressing perforin (Perf), granzyme B (GrB), PD-1, or KLRG1 of 

total CD8 T cells or LCMV-GP33-specific CD8 T cells. Data were obtained via flow cytometric 

analysis of islet infiltrating cells of RIP-GP x XCR1+/- and RIP-GP x XCR1-/- mice at day 7 and at 

week 12 post-infection. Results are shown as mean ± SEM and p-values are indicated when 

significant (n=4-5 at day 7, n=4-7 at week 12). 
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6.4.4 XCR1-deficient mice have more regulatory T cells in the islets   

After finding differences in the T cell activity, flow cytometry of isolated cells from 

pancreatic islets was performed following an intracellular staining for FoxP3. 

Regulatory FoxP3+ cells were gated from the leukocyte gate as described in 

paragraph 6.3.4. RIP-GP, RIP-GP x XCR1+/-, and RIP-GP x XCR1-/- mice were 

compared at day 7, whereas only the last two lines were analysed at week 12. 

Interestingly at day 7 there were significantly more FoxP3+ cells in the islets of 

RIP-GP x XCR1-/- mice than in regular RIP-GP mice (p=0.032). An increase was 

also visible when comparing the RIP-GP x XCR1-/- mice to the RIP-GP x XCR1+/- 

mice. However, this tendency was not significant. Such a difference was not 

detectable at week 12 after infection (Figure 36A). The ratio between all FoxP3+ 

T cells (CD4 and CD8), namely the Treg cells, and the IFNγ-producing T cells, 

autoaggressive T cells, was calculated. At day 7 post-infection this ratio was 

extremely high in the islets of RIP-GP x XCR1-/- mice in comparison to both 

regular RIP-GP mice, 18 times higher (p=0.016), and RIP-GP x XCR1+/- mice, 

with a 5-fold difference (p=0.032). Again, such a difference was not detectable at 

week 12 (Figure 36B).  

 

 

Figure 36. The immune balance is shifted towards a regulatory milieu in XCR1-deficient 
mice. 
(A) Frequencies of FoxP3+ cells among all leukocytes isolated from islet infiltrating cells in the 
pancreas of RIP-GP mice, RIP-GP x XCR1+/- mice, and RIP-GP x XCR1-/- mice at day 7 and week 
12 after infection. - (B) Ratio calculated of FoxP3+ (regulatory) cells and IFNγ-producing 
(autoaggressive) cells. Results are shown as mean ± SEM and p-values are indicated when 
significant (n=4-5 at day 7, n=4-7 at week 12). 
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6.4.5 XCR1-deficient mice are partially protected from developing T1D 

To evaluate if the impaired T cell activation observed in XCR1-deficient mice had 

also a clinical impact on T1D, an incidence study was carried out comparing 

regular RIP-GP with RIP-GP x XCR1+/- and RIP-GP x XCR1-/- mice. Therefore, 

mice were infected with LCMV and BG concentration was measured at weekly 

intervals for 12 weeks. As already shown, 80% of RIP-GP mice developed T1D. 

The T1D incidence peaks in RIP-GP x XCR1+/- mice and RIP-GP x XCR1-/- mice 

were 60% and 50%, respectively. However, many mice reverted to a non-diabetic 

status and by the end of the study, there was a marked difference in T1D 

incidence between of RIP-GP x XCR1-/- mice (30%) and regular RIP-GP mice 

(65%) (Figure 37A). The mean BG levels reflected the data from the incidence 

study. The highest values were found in the group of regular RIP-GP mice, 

whereas the RIP-GP x XCR1-/- mice mainly had mean BG levels below 300 mg/dl 

(Figure 37B). These data indicate that XCR1-deficiency results in a lower T1D 

incidence and a milder form of the disease. 

 



Results 

97 

 

 

Figure 37. RIP-GP x XCR1-/- mice show reduced T1D incidence. 

Mice have been infected and BG levels have been measured for 12 weeks after the infection. - 

(A) Frequencies of mice that developed T1D after the infection. Mice are considered diabetic 

when BG is >300 mg/dl. - (B) Mean BG per each line ± SEM. Significance is reported in the graph, 

comparing each line to regular RIP-GP mice. * = p<0.05, ** = p<0.01, *** = p<0.001. Number of 

mice is indicated in brackets. RIP-GP mice results are the same as in Figure 28. 

 

6.4.6 XCR1-deficient mice have more intact islets   

To check the status of the pancreas, immunohistochemistry with anti-insulin 

antibody was performed on pancreas sections of RIP-GP mice, RIP-GP x XCR1+/- 

mice, and RIP-GP x XCR1-/- mice at week 12 post-infection, endpoint of the 

incidence study. Note that half of the RIP-GP mice had to be killed before the 

endpoint because they were too sick (5 to 12 weeks after the infection). They 

were anyway included in this quantification. From the representative pictures 

(Figure 38A), it is visible that both RIP-GP and RIP-GP x XCR1+/- mice had 

destroyed islets, where only few cells were able to produce insulin. Many islets in 

RIP-GP x XCR1-/- mice were still intact and β-cells were still producing insulin at 

week 12 after infection. Note that the morphology of the tissue looks somewhat 
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different from traditional immunohistochemistry because the organs had to be 

processed in PLP buffer before embedding in Tissue-Tek OCT. Insulitis was 

quantified as previously described, assigning a score according to the islet 

damage. RIP-GP x XCR1-/- mice had more intact islets (score 0 and score 1) 

compared to the other two groups of mice (Figure 38B). However, staining of only 

one section of pancreas does not give a comprehensive information about the 

whole pancreas. Therefore, 3D-staining of the whole pancreas was performed 

(see next paragraph).  

 

 

Figure 38. XCR1-deficient mice show less destroyed islets. 

(A) Representative pictures of insulin-stained pancreas sections of RIP-GP mice, RIP-GP x 

XCR1+/- mice, and RIP-GP x XCR1-/- mice at week 12 after infection (endpoint of incidence study). 

Note that most of the RIP-GP mice had to be killed before the endpoint, resulting in time range of 

5 to 12 weeks for this group. Note that the morphology of the tissue looks somewhat different 

from traditional immunohistochemistry because the tissue was treated with PLP buffer before 

embedding in OCT. Images were taken with Nanozoomer Digital Pathology after scanning them 

with NanoZoomer S360 Digital slide scanner. Digital magnification is 20x and scale bar is 50 µm. 

- (B) Islet damage score assigned to the islets. The score system is describe in Materials and 

Methods section. Number of mice is indicated in brackets. 
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6.5 XCL1- and XCR1-deficient mice have more functional islets 

compared to regular RIP-GP mice 

The quantification of the islet damage from only one slide of pancreas per mouse 

can be ambiguous. As a matter of fact, the location of the one slide used for IHC 

might be derived from a region of the pancreas that displays islets with more or 

less insulitis. Therefore, whole pancreas isolated from uninfected RIP-GP mice 

as control and RIP-GP, RIP-GP x XCL1-/-, and RIP-GP x XCR1-/- mice at the 

endpoint of their incidence study (week 8-12 accordingly to their disease stage) 

after LCMV-infection was stained with anti-insulin antibody. Shortly, after 

perfusing the whole mouse with buffered PFA and fixation of the isolated 

pancreas, some permeabilization steps were carried out. Unspecific signal was 

blocked with a blocking solution containing DMSO and donkey serum. As primary 

antibody an anti-insulin antibody was diluted in first antibody buffer and the 

pancreas was incubated in this solution for 4 days. Each day the concentration 

of the antibody was increased and the sample was incubated at 37°C shaking 

over the day and centrifuged at 600 x g overnight. After some washing steps, a 

fluorescent secondary antibody incubation followed using the same conditions as 

the first, but diluted in secondary antibody buffer. Finally, the pancreas was 

embedded in low-melting agarose 1.3%, dehydrated with tetrahydrofuran, and 

cleared with dibenzyl ether. The stained pancreas was acquired with an 

ultramicroscope Olympus MVX10, from LaVisionBiotec. For more detailed 

protocol, see Materials and Methods section. Representative pictures of the 

whole pancreas staining are shown in Figure 39.  
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Figure 39. Representative pictures of the 3D-fluorescent staining of the whole pancreas. 

3D pancreas representative pictures of uninfected, healthy RIP-GP pancreas and infected RIP-

GP, RIP-GP x XCL1-/-, and RIP-GP x XCR1-/- pancreata at week 8-12 after LCMV-infection. Insulin 

producing cells are stained in red with an antibody against insulin and the structure of the 

pancreas is given by its autofluorescent signal in green. The QR codes inserted next to the image 

titles are connected to YouTube videos showing the 3D movie of each pancreas. The insulin 

producing cell volume per pancreas volume is calculated and indicated for each pancreas. Scale 

bars indicate 200 µm.  
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With this technique, the quantification of the volume of insulin producing cells per 

pancreas volume was possible (Figure 40A). The uninfected, healthy RIP-GP 

mice had on average 2.33% of their entire pancreas volume occupied by insulin 

producing cells. In the infected RIP-GP mice, the volume of the remaining insulin 

producing cells was dramatically reduced to 0.29%. If only diabetic mice are 

considered (7 out of 8 in this case), the β-cell volume would even be decreased 

to 0.02%. In contrast, XCL1- and XCR1-deficient RIP-GP mice at the same time 

point showed a mean insulin-producing cell volume of respectively 0.91% and 

1.5% of the total volume (Figure 40A). The size of the individual islets was also 

analysed. Islets were divided in 4 groups according to their volume (fragments, 

<25 µm3; small, 25-100 µm3; intermediate, 100-500 µm3; and large, >500 µm3) 

(Figure 40B). In general, the total number of islets detected in infected RIP-GP 

mice was decreased compared to uninfected RIP-GP mice (Figure 40C). At the 

same time, there were more islets in the XCL1- and XCR1-deficient mice 

compared to uninfected regular RIP-GP mice. One reason for this might be that 

uninfected mice contain a higher proportion of large islets. As a matter of fact, an 

initially large islet that now contains large volumes of infiltrating cells after disease 

onset might be separated into several islet fractions that appear as two or more 

medium/small islets. As shown in Figure 40B and C, RIP-GP mice contained 

about 64% large islets (>500 µm3). Importantly, infected RIP-GP mice had not 

only reduced numbers of islets, but also only a small quantity of large islets (31%). 

In contrast, RIP-GP x XCL1-/- mice as well as RIP-GP x XCR1-/- mice presented 

many islets, and an intermediate fraction of islets with a large volume (41% for 

the XCL1-deficient mice and 37% for the XCR1-deficient mice). These data 

indicate that in absence of XCL1 or XCR1 the diabetogenic process is massively 

constrained resulting in a sustained content of functional islets. 
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Figure 40. XCL1- and XCR1-deficient mice show higher content of insulin compared to RIP-

GP mice. 

(A) Total β-cell content per pancreas of uninfected RIP-GP mice and infected RIP-GP, RIP-GP x 

XCL1-/-, and RIP-GP x XCR1-/- mice at week 8-12 after LCMV-infection, calculated as percentage 

of the insulin producing cell volume per pancreas total volume. Each dot indicates insulin content 

of one mouse. In red, diabetic mice have been highlighted. - (B) The islets have been grouped 

according to their volume size in fragments (<25 µm3), small (25-100 µm3), intermediate (100 -

500 µm3), and large (>500 µm3). - (C) The table shows the mean number of islets per mouse of 

each line. Results are displayed as mean ± SEM. Number of mice and p-values are indicated in 

the figure. 

 

6.6 CXCL10 and XCL1 deficiency 

6.6.1 RIP-GP x CXCL10-/- x XCL1-/- mice show reduced T1D incidence 

compared to CXCL10-deficient mice 

Since both the XCL1- and XCR1-deficient mice showed that the XCL1/XCR1 axis 

plays a role in the pathogenesis of the disease but their absence did not 

completely prevent T1D, we crossed the RIP-GP x XCL1-/- mice to the RIP-GP x 
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CXCL10-/- mice. CXCL10 was already identified as a good target and anti-

CXCL10 antibody seems to be a useful therapy for T1D134, especially in 

combination with anti-CD3 antibody.47 Further, CXCL10-deficient RIP-GP mice, 

similar to XCL1-deficient RIP-GP mice, were partially, but not completely 

protected from T1D.47 Moreover, CXCL10 is also produced by cDC1 once they 

are activated to attract more T cells to the inflammation site.96–98 Therefore, 

blocking CXCL10 acts both on the recruitment of T cells and on one of the 

functions of cDC1. 

First a plaque assay was performed to be sure that the double deficiency did not 

affect the virus elimination. Also in this case, no differences were detected among 

the regular RIP-GP mice, RIP-GP x CXCL10-/- x XCL1+/- mice, and RIP-GP x 

CXCL10-/- x XCL1-/- mice both at day 3 and at day 7 after infection (Figure 41). 

 

 

Figure 41. RIP-GP x CXCL10-/- x XCL1-/- mice do not show differences in virus elimination 

compared to regular RIP-GP mice. 

Virus titre expressed in pfu/ml of LCMV left in spleens obtained with plaque assay. Spleens were 

collected from different mouse lines (RIP-GP, RIP-GP x CXCL10-/- x XCL1+/-, and RIP-GP x 

CXCL10-/- x XCL1-/- mice) at day 3 and at day 7 after the infection. Results are shown as mean ± 

SEM. Red dot line represents the limit of detection of this technique. Number of mice is indicated 

in brackets. 
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A T1D incidence study was performed to find out if XCL1-deficiency would 

improve CXCL10-deficiency results. CXCL10-deficient mice were therefore 

compared with or without XCL1 expression. RIP-GP x CXCL10-/- x XCL1+/- and 

RIP-GP x CXCL10-/- x XCL1-/- mice were infected with LCMV and their BG levels 

were measured for 16 weeks in weekly intervals. RIP-GP x CXCL10-/- x XCL1+/- 

mice developed T1D in the 50% of the cases, but this was reduced to 15% by the 

end of the incidence study including some remitting mice. RIP-GP x CXCL10-/- x 

XCL1-/- mice had an incidence of 16.6% between day 17 and 21, and for the rest 

of the time was only 8.33%: only one mouse was diabetic for the whole study 

(Figure 42A). When comparing the mean BG values of these mice, no big 

differences were evident. The mean values of both lines were below 300 mg/dl at 

all time points and no significant difference was visible between the two groups 

(Figure 42B). 

 

 

Figure 42. RIP-GP x CXCL10-/- x XCL1-/- mice are more protected from developing T1D than 

CXCL10-deficient mice. 

(A) Percentage of mice that turned diabetic after LCMV-infection. The incidence study was 

performed for 16 weeks, comparing RIP-GP x CXCL10-/- x XCL1+/- mice with RIP-GP x CXCL10-

/- x XCL1-/- mice. Mice with BG > 300 mg/dl were considered diabetic. - (B) Mean BG levels of the 

mice in (A). Values are reported as mean ± SEM. Note that in both cases the average is below 

the threshold of 300 mg/dl at any time point.  
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6.6.2 CXCL10- and XCL1-deficient mice show reduced insulitis at the 

endpoint of the incidence study 

To see if RIP-GP x CXCL10-/- mice show a difference in the status of the pancreas 

in presence or absence of XCL1, quantification of the insulitis in the insulin-

stained pancreas sections was performed by Deborah Puppe during her 

internship under my supervision. Pancreas sections were stained at day 7, 14, 

28, and week 16 (endpoint of the incidence study) with anti-insulin antibody and 

then quantified as previously described. From the representative images, no 

obvious differences were visible at the different time points (Figure 43A). 

However, a careful quantification revealed a difference among the two lines at 

week 16 in that RIP-GP x CXCL10-/- x XCL1-/- mice had less insulitis compared to 

RIP-GP x CXCL10-/- x XCL1+/- mice (Figure 43B).  
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Figure 43. RIP-GP x CXCL10-/- x XCL1-/- mice show more intact islets at the endpoint of the 

incidence study. 

(A) Representative images of immunohistochemical staining of pancreas slides with anti-insulin 

antibody comparing RIP-GP x CXCL10-/- x XCL1+/- mice with RIP-GP x CXCL10-/- x XCL1-/- mice 

at day 7, 14, 28, and week 16 after infection. Original magnification 40x. Scale bar represents 25 

µm. - (B) Islet damage score applied to the staining with anti-insulin antibody. The score system 

is described in Materials and Methods section. Number of mice is indicated in brackets. Note that 

at day 14 most of the islets have moderate to massive infiltrations, and this is not the case at day 

28 and at week 16. The mice at day 14 were mostly diabetic mice. 
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7. Discussion 

In November 2022, the first drug for T1D has been approved by the FDA.42 

Teplizumab can be prescribed for stage 2 diabetic patients and can reduce the 

need for insulin up to at least 4 years. Unfortunately, an anti-CD3 therapy with 

Teplizumab can result in side effects, such as cytokine release syndrome and 

Epstein-Barr virus reactivation.135 Moreover, some patients do not respond to 

treatment for yet unknown reasons.27 Finally, treatment with anti-CD3 is an 

immunomodulation which delays the development of the disease but it is not a 

cure for T1D. That is why there is still urgent need for new targets to attack 

separately or in combination with Teplizumab. 

 

7.1 CXCL10/CXCR3, CCL5/CCR5, CX3CL1/CX3CR1, and 

CXCL16/CXCR6  

Chemokines have been studied in the context of T1D for a long time. They are 

among the major players in the disease pathogenesis. It has been demonstrated 

that CD8 T cell released chemokines have a role in T1D development and 

characterize not only the early stages of the disease,69 but also the later ones 

due to a chemokine release by memory T cells.68 However, such data have been 

often obtained by analysing patient sera or total pancreas homogenates in animal 

models. In order to better characterize their expression in the islets of Langerhans 

at several stages of the disease, in our lab Christine Bender performed a laser 

dissection of the islet microenvironment followed by a gene array analysis. She 

used the RIP-GP mouse model and dissected the islets at days 1, 3, 7, 10, 14, 

and 28 after LCMV-infection. Thereby, the focus was primarily on chemokine and 

receptor gene expression. Interestingly, almost all chemokines and receptors 

were upregulated after infection in comparison with healthy, uninfected controls. 

Among these, some chemokine-receptor pairs remained upregulated at least 

until day 28, when T1D became chronic in the RIP-GP mice (Figure 1). 

We first focused our attention on CXCL10 and its receptor CXCR3. They resulted 

upregulated around day 7-10 after the infection. CXCL10 has already been 

shown as an important factor in T1D pathogenesis. It was demonstrated to be 

released directly by β-cells upon stress or external stimuli 62 and its neutralization 
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in combination with anti-CD3 treatment reduced T1D incidence.47 With 

RNAscope in situ hybridization technique and with immunohistological staining 

using anti-CXCL10 antibody or anti-CXCR3 antibody, I was able to visualize that 

CXCL10 is expressed throughout the islet, also by β-cells, whereas CXCR3 

positive signal is mainly localized among the infiltrating cells (Figure 8). 

Our attention was then moved on CCL5/CCR5, CX3CL1/CX3CR1, and 

CXCL16/CXCR6. CCL5 is mainly expressed by T cells and monocytes and can 

bind to several protein-G coupled receptors, like CCR1, CCR3, and with highest 

affinity CCR5. Besides CCL5, CCR5 can also bind CCL3 and CCL4 and is 

expressed on T cells and smooth muscle endothelial cells.136 CCL5 is involved in 

many inflammatory processes, chronic diseases, and fibrosis. The CCL5/CCR5 

axis has been studied in the context of viral infections. As a matter of fact, anti-

CCR5 antibody is useful in particular in the treatment of HIV infections.137 CCL5 

is studied in the context of T1D and found to be higher in the serum of T1D 

patients in the initial phase of the disease.66 It has been shown that CCL5 

concentration is high at T1D diagnosis and decreases over time. Moreover, CCL5 

decreases in the serum of patients in remission.138 It was therefore not surprising 

to see the impressive upregulation of CCL5 and of its receptor, CCR5, in the gene 

array from RIP-GP mice between day 7 and day 10. However, when we studied 

T1D incidence in RIP-GP x CCL5-/- mice we could not see any difference in 

comparison to regular RIP-GP mice. This could be explained by the redundancy 

of the axis that could react to the absence of CCL5 by upregulating the other 

chemokines. 

CX3CL1 is the only chemokine of the CX3C family. It can be found as a soluble 

or a membrane-bound chemokine in neurons and in epithelial cells. Its receptor 

CX3CR1 is present on monocytes, NK cells, T cells, and muscle smooth cells.139 

CX3CL1 has been found to be expressed in human islet cultures and in some 

human pancreas sections, and it seems to be involved in T1D pathogenesis.140 

Thus, we generated CX3CL1-deficient mice and they showed a reduced T1D 

incidence both in RIP-GP and RIP-NP mice. 

CXCL16 is released by CD11c+ cells and its receptor CXCR6 is expressed by T 

cells.141 As shown in the gene array both are upregulated upon infection and they 

are found to be correlated with T1D since CXCR6 is located in the IDDM22 T1D 

risk locus in humans and CXCL16 was found on the Idd4 locus, which is 
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correlated with T1D in NOD mice.142,143 Also in this case, we used CXCR6-

deficient mice and we saw a reduction in T1D incidence compared to regular 

mice. 

 

7.2 XCL1/XCR1 axis 

The main part of my thesis focused on another chemokine/receptor pair which 

turned out to be upregulated between day 7 and day 10 and maintained at high 

levels at least up to day 28, when the disease is chronic. This is the XCL1/XCR1 

axis. XCL1 is the only chemokine belonging to the X-C family. It was discovered 

in the late 1990s70–72 and its only known receptor is XCR1.81 XCL1 is found to be 

produced in spleen, thymus, intestine, blood, lung, colon, and prostate gland. It 

is produced by CD8+ T cells, CD4- CD8- TCRαβ+ T cells, γδ T cells, CD4+ T 

cells, NK cells, and NK T cells.79 It is secreted by T cells in a dose-dependent 

manner 8-36 hours after encountering the antigen, presented by DC.73 Stievano 

et al.144 found that constitutive and activation-induced XCL1 are expressed in the 

blood of healthy patients mainly by CD8 T cells. In particular, CD8+ CD5- T cells 

and γδ T cells are the major sources for this chemokine.144 XCL1 has been 

described as a type 1 (Th1/Tc1) chemokine, since it is secreted together with 

CCL3, CCL4, CCL5, and IFNγ. T cells and NK cells are stimulated by IL2, IL12, 

IL15, and IL18 to produce this type of response. Type 1 chemokines work as 

chemoattractant, but also as coactivators of macrophages and they form a bridge 

between NK cells and T cells to close the gap between innate and adaptive 

immunity.77,78 Eberlein at al.69 and Davenport et al.68 demonstrated that both 

effector and memory CD8 T cells produce a high number of different chemokines. 

In particular, CCL3, CCL4, and CCL5 are produced by most CD8 T cells, whereas 

XCL1 is produced by a smaller fraction, followed by CCL1 and CCL9/10  which 

are generated only by few CD8 T cells.68,69 

XCL1 has only one receptor, XCR1. It is expressed only by cDC1, which are a 

particular subset of DC. cDC1 are characterized by the expression of CD11c, 

MHC-II, CD8α and/or CD103 in mice; by the presence of CD141 in humans.82,87 

Given the exclusivity of the receptor and the importance of cDC1 in priming T 

cells, the XCL1/XCR1 axis has been already studied in other diseases. Therapies 

that improve XCR1+ cell migration are studied related to melanoma. In particular, 



Discussion 

110 

 

XCL1 based treatments are used via injection within the dermis to increase T cell 

response against the tumour.128 XCL1-fusion vaccines against influenza virus are 

also studied to improve the immune response.129 

With the RNAscope in situ hybridization technique (Figure 9), we could 

demonstrate that prior infection neither XCL1- nor XCR1-expressing cells were 

present in the islets of RIP-GP mice. Once the mice were infected, both XCL1- 

and XCR1-producing cells were found in the islets, increasing over time and 

persisting to day 28. It is interesting to notice that these XCR1+ cells are localized 

among the infiltrating cells confirming that they are mainly part of leukocytes. The 

upregulation of XCL1 and XCR1 was also visible in the NOD mouse (Figure 10). 

Importantly, the highest expression was in the pre-diabetic stage indicating that 

XCL1- and XCR1-expressing cells are actively involved in the initiation of the 

autodestructive process. Once the NOD mice became diabetic, mainly XCR1-

expressing cells remained in the islets. Thus, the XCL1/XCR1 axis is particularly 

attractive, since the T cells play a dominant role in T1D pathogenesis and XCL1 

is involved in the Th1-type response.77,117 

To further investigate the importance of the XCL1/XCR1 axis, also some human 

pancreas sections obtained from individuals at different disease stage were 

assessed with RNAscope in situ hybridization. Interestingly, the number of cells 

producing XCR1 was increased in Aab+ and T1D pancreata in comparison to ND 

sections (Figure 12). Unfortunately, almost no cells producing XCL1 mRNA were 

detected in any section. This could be explained by the fact that not so many 

CD8+ cells might be present in the islets at the moment of investigation. Another 

possible explanation could be that since XCL1 is a chemokine, its production 

could be just transient and therefore difficult to see. Moreover, not only the XCL1 

signal was not present but also the XCR1 signal was quite weak. This could be 

that since the samples have been stored for more than one year, the mRNA signal 

got weaker. Anyhow, it is important for the purpose of this study that an increased 

number of XCR1-expressing cells is present in the islets of Aab+ and T1D 

patients. It is planned to further investigate the XCL1 and XCR1 expression in 

human pancreas samples in more detail with fresh samples that will be obtained 

via the Network for Pancreatic Organ Donors with Diabetes (nPOD).  



Discussion 

111 

 

Since it seems that the XCL1/XCR1 is involved in T1D pathogenesis, in order to 

closely study its role, we used both XCL1-deficient as well as XCR1-deficient 

mice that we crossed with the RIP-GP mice. 

 

7.3 XCL1 absence or XCR1 absence 

7.3.1 DC behaviour 

In absence of XCL1 or XCR1, we saw that some cDC1 still migrate to the 

pancreas. With RNAscope in situ hybridization we demonstrated that in XCL1-

deficient mice, there were still XCR1-expressing cells among the infiltrating cells 

(Figure 14). At the same time, using the XCR1-deficient mice which express the 

Venus gene instead of the XCR1 gene, Venus+/+ cells (cDC1) were still able to 

infiltrate the islets starting from day 7 and were still present at week 12 (Figure 

31). This migration behaviour of cDC1 in absence of a functional XCL1/XCR1 

axis might be explained by the presence of redundant migration factors. One of 

these could be CCR6, which is expressed by immature DC, that are attracted to 

the site of inflammation via CCL20. Upon their arrival, they can encounter the 

antigen and maturate into cDC1.145 Another possible pathway might be the 

CCL21/CCR7 axis. CCR7 is present on migratory CD103+ DC that have 

encountered the antigen. Following a CCL21 gradient, CCR7 allows cDC1 to 

migrate to the lymph nodes to prime CD8+ T cells.87,146 Further, to migrate to the 

tumour microenvironment, mature cDC1 follow CCL5 and XCL1 gradients, 

thanks to their expression of CCR5 and XCR1.96 In absence of one of the 

components of the XCL1/XCR1 axis, the CCL5/CCR5 axis might be responsible 

for the presence of some cDC1 in the pancreas.  

However, we could demonstrate via IHC and flow cytometry that even if still 

present, CD103+ cDC1 are reduced in the islets of XCL1-deficient mice (Figure 

16, Figure 17). At the same time such mice show an accumulation of this cell type 

in the pancreatic draining lymph nodes, suggesting that their migration to the 

islets is indeed reduced. In this context, it has been demonstrated that Batf3-

deficient NOD mice are protected from developing T1D.147 This is interesting 

because Batf3 is an important transcription factor that characterizes XCR1+ DC94 

and the lack of Batf3 has been correlated to a lower number of CD103+ DC and 
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a reduced number of effector T cells in the islets.147 However, it has been 

demonstrated that CD103 itself does not have a role in T1D pathogenesis. When 

RIP-GP mice have been used to demonstrate the impact of CD103 deficiency, 

this did not result in a beneficial effect in T1D effect, showing less importance for 

CD103 in T1D pathogenesis.148 CD103 is expressed not only on cDC. In the 

pancreas of healthy patients CD103 is expressed also by CD4 and CD8 T cells.149 

In this case the redundancy between adhesion molecules such as E-cadherin 

results in only a small impact on cDC1 and T cell migration in absence of CD103.  

On the contrary, XCR1-deficient mice did not show changes in the migration of 

cDC1 to their islets via flow cytometric analysis (Figure 33). Moreover, in the IHC 

quantification of the Venus signal XCR1-deficient mice seemed to show an even 

higher Venus+ signal/islet area compared to RIP-GP x XCR1+/- mice at week 12 

after the infection (Figure 31). However, here the measured fluorescent cell area 

might appear larger, due to the brighter green fluorescent signal in the XCR1-

deficient mice that express the Venus protein on both alleles, compared to the 

heterozygous mice, which contain the Venus gene on only one allele. 

 

7.3.2 T cell behaviour 

CD8 T cells have been demonstrated to be the major players in T1D 

pathogenesis in the RIP-LCMV-GP mouse model.125 IFNγ-producing cells, the 

so-called effector T cells, have an active role in killing β-cells and IFNγ itself is a 

very important cytokine in the development of the disease.150,151 LCMV-GP33 

peptide autoantigen-specific CD8 T cells can be stimulated overnight with GP33 

LCMV-specific protein to release IFNγ. After an intracellular cytokine staining, we 

identified these cells as autoantigen-specific CD8 T cells, the most aggressive 

CD8 T cell phenotype. 

Indeed, in XCL1-deficient mice a decreased amount of autoantigen-specific CD8 

T cells was found in the islets which corresponded to a diminished cDC1 number. 

In contrast with that, there was an increase of autoantigen-specific CD8 T cells in 

the PDLN (Figure 22). This result fits very well to the fact that cDC1 are the best 

cell-type in cross-presenting the exogenous antigen to CD8 T cells and starting 

the (auto)immune reaction.96 Thus, the reduced number of cDC1 could not 
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sufficiently prime CD8 T cells, explaining not only the decreased number of 

specific CD8 T cells, but also their reduced activity. 

XCR1-deficient mice also showed less IFNγ-producing cells among their 

infiltrating cells compared to regular RIP-GP mice, in particular at day 7. In 

contrast to XCL1-deficient mice, the increase of this cell subtype in the PDLN was 

not visible (Figure 34). A hypothesis might be that in absence of XCR1, T cells 

can still migrate to the islets but they are less active. In order to investigate this, 

we checked the aggressive phenotype of T cells for perforin and granzyme B 

production. Perforin and granzymes together are one of the main mechanisms 

which causes β-cell death.152 Perforin is required to create holes in the target cell 

membrane and thereby facilitate the entrance of the different granzymes in the 

cell to cause its death. It has been shown that perforin-deficient NOD mice and 

perforin-deficient RIP-GP mice had reduced T1D incidence but no reduced 

insulitis, meaning that perforin is important for cell death but not for cell infiltration 

in the islets.153–155 Similarly, Sutton et al. demonstrated that granzyme B-deficient 

T cells were not able to kill the β-cells.156 Several studies have also demonstrated 

that this is only one of many different mechanisms that act on β-cells, as it is 

shown with perforin-deficient mice, where T1D incidence is not completely 

reduced to zero because other mechanisms, like Fas/FasL induced apoptosis, 

tumour necrosis factors, and IL1, can also kill β-cells.152,157,158 We studied the 

release of both perforin and granzyme B by CD8 T cells and LCMV-specific CD8 

T cells. In absence of XCL1, there are less islet autoantigen-specific T cells and 

a decreased frequency of granzyme B producing T cells at day 28 after infection, 

confirming a reduced killing activity of these cells (Figure 24). In absence of 

XCR1, the frequency of both perforin and granzyme B releasing T cells is 

decreased (Figure 35). This reduced cytotoxic potential can be explained by a 

suboptimal T cell activation in absence of a suitable number of cDC1. 

Furthermore, the cytotoxic potential T cells of XCL1-deficient mice seem to 

display an additional impairment in their overall fitness. T cell exhaustion and 

senescence are two different stages of T cell development. Exhaustion-like profile 

in T cell expression markers was found in the islets of slow T1D progress 

patients.159 Moreover, in chronic viral infections and cancer, the continuous 

exposure to the antigen exhausts the T cells in their function.160 Exhaustion is 

controlled by three different mechanisms: cell surface inhibitory receptors, 
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soluble factors, and regulatory cells. Among the first category, PD-1 has been 

identified to inhibit T cell activity together with other factors, like CTLA-4 and LAG-

3.161 Once PD-1 is bound to one of its ligands, PD-1L and PD-2L, it causes the 

downregulation of the TCR. Subsequently the T cell undergoes a series of steps 

that first ceases the production of IFNγ and then induces programmed-cell 

death.161–163 Senescent T cells have low proliferation capacity but they can still 

produce high amounts of proinflammatory cytokines, even if they reduce their 

release of perforin and granzyme B.164 With the progression of aging, T cells 

downregulate the expression of CD28 and upregulate KLRG1.165 

Therefore, we looked at PD-1 and KLRG1 expression for both total CD8 T cells 

and LCMV-specific CD8 T cells and we found that XCL1-deficient mice display a 

higher frequency of exhausted and senescent total CD8 T cells, compared to 

regular RIP-GP mice (Figure 24). This is significant at day 28 and it is therefore 

unlikely that the observed exhaustion is connected with the initial virus exposure. 

At the same time, it means that in XCL1-deficient mice the islet autoantigen-

specific cells that infiltrate the islets have a less aggressive phenotype. In order 

to confirm this, we performed an in vivo CTL-assay to highlight a difference in the 

islet autoantigen-specific T cell killing between regular RIP-GP and XCL1-

deficient RIP-GP mice. Although, there was no obvious difference in the killing 

profiles in the two mouse lines, looking at the half-life of GP33-labelled targets 

cells, it seemed that in the XCL1-deficient mice the killing was slowed down 

(Figure 25).  

XCR1-deficient mice did not show a more exhausted or senescent phenotype 

compared to the RIP-GP x XCR1+/- mice. On the contrary, there was a slight 

reduction of the expression of these markers (Figure 35). This might be due to 

the fact that the T cells are in general less active in this case and therefore they 

do not become exhausted/senescent.  

Among the different subsets of T cells, we also focused on regulatory T cells since 

a reduced activation of aggressive T cells might locally result in a shift in the 

immune balance in the islets. Opposite to most of the other analysed cell types, 

the frequency of Treg cells was increased in the islets of both XCL1-deficient 

mice and XCR1-deficient mice (Figure 27, Figure 36). In XCL1-deficient mice the 

increase was significant both at day 7 and at day 28, whereas in the XCR1-

deficient mice the increase was present only at day 7. Interestingly, the ratio 
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between regulatory and autoantigen-specific T cells was increased at these time 

points for both mouse lines compared to the RIP-GP mice, suggesting a shift in 

the immune balance towards a regulatory milieu. This was not completely 

expected since, according to previous studies, CD103+ cDC1 have been 

reported to be also responsible for the induction of Treg in the intestine.166 

However, the observation might be specific for the intestine, since another study 

showed that CD103+ cDC1 can induce Treg cells specifically in the intestine, with 

a retinoic acid-dependent mechanism.167 In contrast, several groups have shown 

that the Treg cells are more likely predominantly activated by immature DC, 

whereas mature, activated DC rather stimulate effector T cell.168,169 In addition, 

also other DC subtypes are able to effectively activate Treg, as it has been shown 

for plasmacytoid DC (pDC) and dysfunctional myeloid DC (mDC) in cancer.170,171 

Thus, in our model a Treg stimulation by immature DC as well as pDC and 

dysfunctional mDC might outrun the suboptimal stimulation of aggressive T cells 

by insufficient numbers of cDC1. Alternatively, cDC1 in absence of XCL1 or 

XCR1 might remain in a somewhat immature form and would therefore 

preferentially activate Treg cells rather than aggressive T cells.   

 

7.3.3 T1D incidence and insulitis 

After finding differences at a cellular level in the pancreatic islets, the following 

step was to investigate the actual impact of an absence of XCL1 or XCR1 on the 

T1D pathogenesis. Indeed, there was a rather massive impact on T1D incidence 

and severity on both XCL1- and XCR1-deficient mice. In XCL1-deficient mice only 

30% of the mice developed T1D at any given time after disease initiation with 

LCMV, compared to 80% of the regular RIP-GP mice (Figure 28). Interestingly, 

the XCL1-deficient mice had a milder form of T1D with a lower mean BG value 

over time. In addition, most of the diabetic mice reverted to a non-diabetic state 

after 5-10 days after the disease onset. At the end of the study only one mouse 

was diabetic. In XCR1-deficient mice the protective effect of an impaired 

XCL1/XCR1 axis was not as pronounced as in absence of XCL1 (Figure 37). 50% 

of XCR1-deficient mice developed T1D and thereof 40% went into remission, 

resulting in final incidence of 30%. Interestingly, the T1D onset is delayed in 
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XCR1-deficient mice. The peak of T1D incidence in the regular RIP-GP mice was 

at day 12, whereas in the XCR1-deficient mice was at day 21.  

The pancreas status was also analysed with an anti-insulin staining of pancreas 

tissue sections to quantify the insulitis. First, traditional IHC revealed that the 

overall insulitis was indeed reduced in XCL1-deficient mice already at day 28 

(Figure 30). Similarly, in XCR1-deficient mice the insulitis was less pronounced 

compared to both RIP-GP x XCR1+/- and regular RIP-GP mice (Figure 38). 

Second, to avoid inconsistencies due to the position of the two-dimensional 

pancreas section used for IHC, we performed a 3D-fluorescent staining of the 

whole pancreas. Such a staining was achieved by extended exposure of the 

entire pancreas to an anti-insulin antibody and a fluorescent secondary antibody, 

followed by the clearing of the tissue, and the acquisition of a 3D-image of the 

pancreas by a light sheet fluorescence microscope. Both XCL1- and XCR1-

deficient mice showed a reduced total β-cell content compared to uninfected RIP-

GP mice of 39% and 64%, respectively (Figure 40). Such a still rather large β-cell 

content is sufficient to maintain the BG homeostasis. The difference among these 

two lines might be due to the fact that among the analysed XCR1-deficient mice 

only one mouse was diabetic, compared to the 4 diabetic XCL1-deficient mice. 

Importantly, infected regular RIP-GP mice displayed only 12% of the β-cell 

content of an uninfected mouse. These findings align well with the fact that in 

patients the signs of clinical diabetes appear when more than 80% of the islets is 

destroyed.12 In addition, infected RIP-GP mice had roughly half of the islets of 

uninfected RIP-GP mice. On the contrary, both the XCL1- and the XCR1-deficient 

mice have even more islets than the uninfected RIP-GP mice. This might be 

explained by the results obtained by the islet size distribution analysis. Both 

XCL1- and XCR1-deficient mice have a smaller fraction of large islets compared 

to uninfected RIP-GP mice, but at the same time they have a larger fraction of 

intermediate islets. This might result from the presence of infiltrates which 

somehow split the large islets in two or more intermediate ones, thus resulting in 

a higher mean number of islets. 
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7.4 Other possible therapies and combinations 

The next critical step in this research would be the development of an antibody 

or small molecule which selectively modulates the operation of the XCL1/XCR1 

axis, without completely blocking it. This approach aims to achieve a delicate 

balance, reducing T1D incidence while minimizing potential side effects. In 

patients, T1D is usually discovered when the autoimmune process has already 

started.12 By that time critical factors driving the early steps in the pathogenesis 

might already been downregulated again. Therefore, a possibility would be to 

deplete the DC before interfering with the XCL1/XCR1 axis. Specifically, 

depleting DC using anti-CD103 antibody before interfering with XCL1/XCR1 

could create an optimal environment for starting a therapy targeting this axis. This 

combined approach may better prepare the immune system for modulation, 

leading to more significant and sustainable outcomes. 

A distinct perspective combines the interference of the XCL1/XCR1 axis with the 

administration of tolerogenic DC pulsed with proinsulin peptide. Tolerogenic DC 

have demonstrated their ability to reduce the autoimmune response in T1D and 

induce Treg cells without directly impacting T cells.172 By coupling this approach 

with the interference of XCL1/XCR1, a combination strategy is formed, 

addressing both DC and T cell components of the autoimmune response. This 

could potentially yield synergistic effects, resulting in improved outcomes and an 

increase in Treg. 

Another intriguing approach could be to act on DC migration, interfering with both 

XCL1/XCR1 axis and CCL5/CCR5 axis. As discussed in paragraph 6.1, the 

absence of CCL5 did not reduce T1D incidence. But from the RNAscope staining 

we saw a marked increased expression of this chemokine upon infection. Since 

CCL5 plays a role in cDC1 attraction,173 it could be a valuable option to work on 

both chemokines at the same time. Simultaneously working on both chemokines 

may lead to a cumulative effect, further modulating DC recruitment and 

enhancing the therapeutic potential. 

The interference with the XCL1/XCR1 axis may also be successfully employed in 

other combination therapies, such as with an anti-CXCL10 therapy. As already 

mentioned, CXCL10 is an important chemokine in T1D pathogenesis,62,134 and 

preliminary investigations in CXCL10 and XCL1 double knockout mice showed 
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promising results. In fact, in absence of a small molecule or antibody to interfere 

with the XCL1/XCR1 axis, we decided to generate RIP-GP x CXCL10-/- x XCL1-/- 

mice and to compare them with RIP-GP x CXCL10-/- x XCL1+/- mice, in order to 

evaluate whether the absence of XCL1 in addition to CXCL10-deficiency would 

have been beneficial. The T1D incidence study (Figure 42) showed that only one 

mouse turned diabetic in the double deficient mice (8.33%) compared to the only 

CXCL10-deficient mice where the incidence was 50% at the peak. These findings 

need to be further investigated to fully comprehend the potential benefits of this 

combination therapy. 

Considering the use of anti-CD3 in the treatment of T1D, it is known that the 

effects may wane over time, leading to re-infiltration of T cells in the pancreas. 

However, the repetitive administration of Teplizumab has not been considered 

for safety reasons. Thus, anti-CD3 administration could be employed as a starting 

point in combination therapies, as it effectively reduces the number of T cells in 

the short term.42,44 Coupled with the interference of the XCL1/XCR1 axis, which 

acts on both DC and T cells, this combination could potentially yield long-lasting 

effects, preventing the re-infiltration of T cells. Similarly, a depletion of T cells with 

anti-CD3 antibody combined with a T cell re-infiltration blockade with anti-

CXCL10 antibody has already been shown to be more successful in two mouse 

models for T1D compared to the treatment with only anti-CD3.47  

In conclusion, among the various approaches discussed, the combination 

therapy involving the interference with the XCL1/XCR1 axis and the 

administration of tolerogenic DC pulsed with proinsulin peptide stands out as the 

most promising and potentially successful one. Its strategy addresses different 

aspects of T1D pathogenesis, potentially yielding additive or synergistic effects 

for improved outcomes. However, all the proposed approaches need to be further 

investigated to evaluate their potential. 
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8.  Conclusions 

Taken all the results together, we could confirm our initial hypothesis that the 

XCL1/XCR1 axis plays an important role in the pathogenesis of T1D. Thus the 

following scenario seems feasible: initially, upon stress, infections, or insulitis, the 

β-cells start to produce CXCL10.62 T cells migrate to the islets following the 

CXCL10 gradient and start releasing XCL1. This attracts cDC1 to the islet 

microenvironment, where further activation enables them to prime T cells. 

Moreover, cDC1 can release CXCL10 as well, attracting even more T cells to the 

islet microenvironment. Autoaggressive T cells get activated and start to destroy 

the β-cells. Treg infiltrate the islets as well but possibly not in a sufficient number 

to impair the start of the autoimmune process. 

I was able to demonstrate that XCL1 and XCR1 are upregulated and localized in 

the islets of RIP-GP mice upon infection and in the islets of NOD mice in a pre-

diabetic stage. In order to investigate the role of XCL1/XCR1 axis in T1D, I used 

XCL1- and XCR1-deficient RIP-GP mice. By preventing XCL1 expression, the 

number of cDC1 and T cells migrating to the islets was reduced. Importantly, also 

the number of the aggressive islet autoantigen-specific CD8 T cells was 

significantly reduced. At the same time an increased number of FoxP3+ Treg 

cells was found in the islets. This represents a shift in the immune balance 

towards a more regulatory milieu in the islet microenvironment that strongly 

decreases the β-cell destruction resulting in a greatly reduced T1D incidence. 

Similarly, XCR1-deficient mice showed a reduced T1D incidence. In this case, 

we could not see a significant difference in the number of cDC1 migrating to the 

islets. Therefore, we hypothesized that cDC1 lacking XCR1 are less able to prime 

T cell compared to XCR1+ cDC1, leading to a reduced T cell activation. Indeed, 

in absence of XCR1, there was a decrease of islet autoantigen-specific CD8 T 

cells. As for XCL1-deficient RIP-GP mice, there was also an increased number 

of Treg cells in the islets of XCR1-deficient mice. Thus, there was again a shift of 

the immune balance towards a more regulatory milieu, which correlated with a 

reduced β-cell destruction. This is schematized in Figure 44. 

Thus, the findings presented in my thesis suggest that the XCL1/XCR1 axis is a 

promising target for future T1D therapies, as also confirmed by the increased 

number of XCR1-expressing cells that are present in the islets of Aab+ and T1D 
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patients. In humans XCL1 and XCR1 are found to be correlated to T1D and seem 

to play a similar role compared to mice.79,80 Therefore, we plan to further 

investigate the role of XCR1 and XCL1 in T1D pathogenesis in humans with 

additional stainings focusing in more detail on cluster formation between XCL1- 

and XCR1-positive cells. Moreover, it would be interesting to study which cell 

types interact with the XCR1-expressing cells. In addition, our next important goal 

is to bring our findings closer to a possible therapy of T1D in patients. We intend 

to produce an antibody or a small molecule to interfere with the XCL1/XCR1 axis 

in both the RIP-GP and NOD mice.  
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Figure 44. Schematic representation of the consequences of an absence of XCL1 or XCR1. 

In presence of both XCL1 and XCR1, T cells producing XCL1 attract XCR1+ cDC1 which activate 

T cells. Islet autoantigen-specific CD8 T cells destroy the β-cells, starting T1D. In absence of 

XCL1, T cells which migrate to the islet cannot produce XCL1 and therefore the number of cDC1 

attracted to the islet is reduced. As a consequence, cDC1 produce less CXCL10 and less 

additional T cells migrate to the islet. Moreover, T cells are less activated and T1D incidence is 

reduced. In absence of XCR1, T cells migrate to the islet and produce XCL1. Even though the 

cDC1 do not express XCR1, they migrate to the islet along other chemokine gradients but they 

are not able to effectively prime the T cells. Reduced T cell activation leads to reduced β-cell 

destruction and subsequently reduced T1D incidence. 
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Abstract 

Although type 1 diabetes (T1D) results from the autoimmune destruction of the 

insulin-producing β-cells, its treatment is largely restricted to exogenous insulin 

administration. Only few therapies targeting the autoaggressive immune system 

have been introduced into clinical practice or are considered in clinical trials. 

Here, we provide a gene expression profile of the islet microenvironment obtained 

by laser-dissection microscopy in an inducible mouse model. Thereby, we have 

identified novel targets for immune intervention. Increased gene expression of 

most inflammatory proteins was apparent at day 10 after T1D induction and 

largely paralleled the observed degree of insulitis. We further focused on genes 

involved in leukocyte migration, including chemokines and their receptors. 

Besides the critical chemokine CXCL10, we found several other chemokines 

upregulated locally in temporary or chronic manner. Localization of the 

chemokine ligand/receptor pairs to the islet microenvironment has been 

confirmed by RNAscope. Interference with the CXCL16-CXCR6 and CX3CL1-

CX3CR1 axes, but not the CCL5-CCR1/3/5 axis, resulted in reduced insulitis and 

lower T1D incidence. Further, we found that the receptors for the differentially 

expressed chemokines CXCL10, CXCL16 and CX3CL1 are distributed unevenly 

among islet autoantigen-specific T cells, which explains why the interference with 

just one chemokine axis cannot completely abrogate insulitis and T1D. 
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CX3CR1 – C-X3-C motif chemokine receptor 1 

GFP - green fluorescent protein 

PDLN – pancreatic draining lymph node 

ADAM10 - a disintegrin and metalloproteinase 10 

ADAM17 - a disintegrin and metalloproteinase 17 

 

 

 

 

 

 

 

 

 



 

147 

 

1. Introduction 

In type 1 diabetes (T1D) the insulin-producing β-cells of the islets of Langerhans 

in the pancreas are attacked by the dysregulated immune system. Conventional 

treatment of T1D with exogenous insulin is indispensable and lifesaving but is not 

a cure for the disease and does not completely prevent long-term complications 

[1]. Many additional treatments for T1D include glucose lowering drugs that are 

often used to treat type 2 diabetes but are only moderately successful and do not 

target the autoaggressive immune system [2]. Alternative strategies aim at a 

tolerization by administration of oral/nasal β-cell antigens or by infusion with in 

vitro expanded regulatory T cells (Treg) or tolerogenic dendritic cells (DC) [3-5]. 

Further, several clinical trials have been conducted to evaluate a restoration of a 

healthy immune balance by anti-CD3 antibody administration [6-9]. Recently, the 

anti-CD3 antibody teplizumab has been approved by the FDA for the treatment 

of stage 2 T1D. Unfortunately, efficacies of such immunoregulatory regimen are 

often only short-lived and many patients do not respond to the treatment [7]. Only 

few clinical trials target critical inflammatory factors, such as cytokines and 

chemokines. One reason might be a certain redundancy in the 

cytokine/chemokine network, which makes it difficult to single out key factors 

driving the disease. To identify such key factors, we mapped the gene expression 

during the pathogenesis of T1D locally in the islets of Langerhans. Since this 

endeavour demands for a precise knowledge of the beginning and the progress 

of the pathogenesis, we used an inducible T1D model. The RIP-LCMV model 

uses transgenic mice that express the glycoprotein (GP) or the nucleoprotein 

(NP) of the lymphocytic choriomeningitis virus (LCMV) under control of the rat 

insulin promoter (RIP). Upon LCMV-infection RIP-LCMV mice develop T1D within 

10-14 days (fast-onset RIP-GP mice) or 1-6 months (slow-onset RIP-NP mice) 

[10, 11]. We used laser-dissection microscopy to collect the local islet 

microenvironment at several times before and after LCMV-infection. Expression 

mapping of the obtained mRNA by gene-array revealed a multitude of genes that 

are up- or down-regulated during T1D pathogenesis. Expectedly, we found that 

gene products related to autoimmunity, including inflammatory factors and their 

receptors as well as leukocyte surface markers, were increased in the islet 

microenvironment, whereas genes associated with β-cell function were 
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downregulated. For further investigations, we focused on chemokines and their 

receptors. We have previously demonstrated that the CXCL10/CXCR3 

chemokine axis plays an important role in the attraction of autoaggressive T cells 

to the islets. Blockade of CXCL10 alone and in particular after treatment of 

diabetic mice with an anti-CD3 antibody, reduced insulitis and T1D incidence 

radically [12, 13]. Here, we found that besides CXCL10/CXCR3, other previously 

somewhat neglected chemokines and their receptors might also play a crucial 

role. We took a closer look at the CCL5/CCR1/3/5, CXCL16/CXCR6, and 

CX3CL1/CX3CR1 axes and crossed our RIP-LCMV mice with either CCL5, 

CXCR6, or CX3CR1 deficient mice. Whereas no significant difference was 

detected between RIP-LCMV and RIP-LCMV x CCL5-/- mice, we found a reduced 

T1D incidence in RIP-LCMV x CXCR6gfp/gfp and RIP-LCMV x CX3CR1gfp/gfp mice 

in which the respective chemokine receptor genes have been disrupted by 

insertion of the green fluorescent protein (gfp) gene. This lower T1D incidence 

was reflected by a decreased insulitis. Our data indicate that both the 

CXCL16/CXCR6 and the CX3CL1/CX3CR1 axis might be important in the 

attraction of autoaggressive cells to the islets. Further, since we found a variable 

distribution of the individual chemokine receptors among autoaggressive T cells, 

a combinatorial inhibition of several chemokines rather than interfering with a 

single chemokine axis might be more successful as a T1D therapy. 

2. Material and Methods 

2.1. Virus and mice 

The Armstrong stain of LCMV, clone 53b, was used for all experiments. LCMV 

was plaque purified three times on Vero cells (ATCC CCL-81), and stocks were 

prepared by a single passage on hamster kidney fibroblast cell line BHK-21 

(ATCC CCL-10). Mice were infected intraperitoneally with 1x104 pfu LCMV. 

Generation and screening by PCR of RIP-LCMV-GP and RIP-LCMV-NP 

transgenic mice were as previously described [10, 11]. Transgenic 

CX3CR1gfp/gfp mice were generated by replacement of CX3CR1 gene with the 

cDNA encoding EGFP (Clontech). The EGFP gene replaces the first 390 bp of 

the second CX3CR1 exon, which encodes the crucial N-terminus of the receptor 

for CX3CL1-binding [14]. Transgenic CXCR6gfp/gfp mice were generated by 

replacement of the CXCR6 gene with the cDNA encoding EGFP [15]. Transgenic 
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CCL5-deficient mice have been generated by targeted disruption of the RANTES 

gene by replacing the promoter, the transcription initiation site, the initiation 

codon, and a portion of the coding region in exon 1 with a hygromycin-resistance 

cassette [16] and have been kindly provided by Matthias von Herrath, La Jolla 

Institute for Immunology, La Jolla, CA. RIP-LCMV-GP/NP x CX3CR1gfp/+ and RIP-

LCMV-GP/NP x CXCR6gfp/+ were generated by crossing single-transgenic 

CX3CR1gfp/gfp and CXCR6gfp/gfp mice to RIP-LCMV-GP/NP single transgenic mice. 

RIP-LCMV-GP/NP x CX3CR1gfp/+ or RIP-LCMV-GP/NP x CXCR6gfp/+ were further 

crossed to obtain RIP-LCMV-GP/NP x CX3CR1gfp/gfp and RIP-LCMV-GP/NP x 

CXCR6gfp/gfp mice. RIP-LCMV-GP/NP x CX3CR1+/+ and RIP-LCMV-GP/NP x 

CXCR6+/+ littermates were used as controls. RIP-LCMV-GP/NP x CCL5-/- were 

obtained by crossing single-transgenic CCL5-/- mice to RIP-LCMV-GP/NP single 

transgenic mice. The heterogenous lines were further crossed to generate 

homozygous RIP-LCMV-GP/NP x CCL5-/- and RIP-LCMV-GP/NP x CCL5+/+ 

littermates. All animal experiments were approved by the local Ethics Animal 

Review Board RP Darmstadt, Germany (V54-19c 20/15 F143/02, F143/69). 

2.2. Laser Capture Dissection (LCM) 

Mouse pancreata were obtained on days 0 (uninfected), 1, 3, 7, 10, 14, and 28 

post-infection. After dissection they were immediately transferred into cryogenic 

vials filled with Tissue-Tek O.C.T. (Sakura Finetek) and frozen in liquid nitrogen 

to preserve RNA integrity. Cryovials were stored at -80°C until cryostat 

sectioning. Membrane covered slides (1 mm, Zeiss) were UV treated at 254 nm 

for 30 minutes shortly before cryostat sectioning. Immediately prior to LCM, 3 μm 

frozen pancreatic sections were cut, dehydrated in ice-cold 100 % Ethanol for 3-

5 minutes and washed in RNase-fee H2O for 10 seconds. Then, sections were 

stained with haematoxylin (Sigma) containing RNase Inhibitor (SUPERase In, 

Ambion) for 2 minutes, washed in RNase-fee H2O for 10 seconds, and fixed in 

100% Ethanol for 10 seconds. The sections were air dried for 5 minutes and LCM 

was performed using an Axiovert 200M laser-dissection microscope (Zeiss) and 

pressure catapulting technique with a UV laser beam (PALM). Islet tissue was 

collected in 0.5 ml soft tubes (Biozym) containing RTL lysis buffer (Qiagen) with 

1% β-mercaptoethanol and finally stored at -20°C until RNA extraction. 
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2.3. RNA extraction 

RNA extraction was performed using a RNeasy Micro Kit (Qiagen) according to 

manufacturer’s instructions. Total RNA quality was evaluated using RNA 6000 

Nano Chips (Agilent Technologies) and Agilent 2100 Bioanalyzer with a RIN cut-

off of >5. Total RNA (input: 20ng) amplification and cDNA labelling was done 

using standardized protocols (Ovation Pico WTA System V2 amplification kit and 

Encore Biotin Module labelling kit from NuGEN). 

2.4. Microarrays 

Microarray hybridization to GeneChip Mouse Gene 1.0 ST V1 arrays (Affymetrix), 

washing steps, and scanning of the microarrays were performed according to the 

Affymetrix protocol. Probe level normalization was conducted using the variance 

stabilization method by [17]. Probe set summarization was calculated using the 

median polish method [18] on the normalized data. For each probeset, a robust 

additive model was fitted across the arrays, considering the different sensitivity 

of the probe sets via the probe effect. Differential expression: Quality control and 

analysis of the microarray data have been analyzed with the transcriptome 

analysis console (TAC) version 4.0.3.14 (Applied Biosystems). Many of the genes 

on the microarray are not expressed or might have only a small variability across 

the samples. First, we used an expression intensity filter to reduce the dimension 

of the microarray data: We filtered the data with an intensity filter (the intensity of 

a gene should be above 100 in at least 0.5 percent of the samples, if the group 

size is equal) and a variance filter (the interquartile range of log2 intensities 

should be at least 0.3, if the group size is equal). The data discussed in this 

publication have been deposited in the NCBI Gene Expression Omnibus and are 

accessible through GEO series accession number GSE229287. 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229287) 

2.5. Real-time PCR/Gene expression analysis 

Expression of selected genes was evaluated by Real-Time qRT-PCR. Therefore, 

total RNA (input: 500pg-50ng) was amplified using Ovation Pico SL WTA System 

V2 amplification kit (NuGEN) following manufacturer’s instructions. Reverse 

transcription was performed with M-MuLV reverse transcriptase (Promega). 

Real-time PCR was performed using TaqMan gene expression assays (Applied 
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Biosystem) with 100 ng cDNA for each reaction in duplicate. The following 

TaqMan probes were used: CCL5 (Mm01302427_m1), CCR5 

(Mm01216171_m1), CXCL10 (Mm00445235_m1), CXCR3 (Mm00438259_m1), 

CXCL16 (Mm00469712_m1), CXCR6 (Mm00472858_m1), CX3CL1 

(Mm00436454_m1), CX3CR1 (Mm00438354_m1), XCL1 (Mm00434772_m1), 

and XCR1 (Mm00442206_s1). Data were normalized using Gapdh 

housekeeping gene (4352339E), and subsequent analysis was performed using 

2−ΔΔCt method. 

2.6. Immunohistochemistry 

Tissue sections were fixed with either ethanol or 1:1 ethanol/acetone at -20°C for 

15 minutes. Avidin/biotin blocking was performed before tissue sections were 

incubated with primary and biotinylated secondary antibodies. Color reaction was 

obtained with avidin peroxidase conjugate and diaminobenzidine-hydrogen 

peroxide (Vector laboratories). Primary antibodies: Rabbit anti-mouse CXCL10 

(PeproTech); rabbit anti-mouse CXCR3 (Zymed); rabbit anti-mouse CX3CL1 

(Abcam), rabbit anti-mouse CX3CR1 (Abcam), rabbit anti-mouse CXCL16 

(Bioss), rabbit anti-GFP (Acris Antibodies); goat anti-mouse CCL5 (R&D 

Systems); Armenian hamster anti-mouse CCR5 (BioLegend); guinea pig anti-

insulin (Dako). Secondary antibodies: Goat anti-guinea pig, goat anti-rabbit, and 

rabbit anti-goat (all biotinylated from Vector laboratories); biotinylated goat anti-

armenian hamster (eBioscience). Images were acquired with an Axioscope 2 

microscope (Zeiss). 

2.7. Insulitis scoring 

The degree of insulitis was scored according to the following system: Score 0: 

Very minor or no insulitis, only very few infiltrating cells; score 1: mild to moderate 

insulitis, 25-50% infiltrations, large parts with intact β-cells; score 2: considerable 

insulitis, 50-75% infiltrates, still some parts with intact β-cells; score 3: massive 

insulitis, 75-100% infiltrates, only few remaining β-cells producing insulin, islet 

scar. 
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2.8. RNAscope 

Pancreata together with the pancreatic draining lymph nodes were dissected, 

immerged in buffered 4% paraformaldehyde, and incubated on a shaker 

overnight at room temperature. The following day, samples were dehydrated 

using Leica TP 1020 Tissue Processor and then embedded in paraffin. Tissue 

sections of 4 μm were cut and the ACDBio RNAscope 2.5 HD duplex manual 

assay kit (ACD/Bio-Techne, Minneapolis, MN) was used, following the 

manufacturer's protocol. The time of “target retrieval” and “protease plus” 

incubations was reduced to 11 minutes and 15 minutes, respectively. The 

different probes were detected in channel 1 (C1) through an enzymatic reaction 

via horseradish peroxidase (HRP) to develop a blue color and in channel 2 (C2) 

through an alkaline phosphatase reaction, developing a red color. The probes 

used were: CCL5 (Cat No. 469601-C2, red) and CCR5-blue (Cat No. 438651, 

blue); CXCL10 (Cat No. 408921-C2, red) and CXCR3 (Cat No. 402511, blue) 

CXCL16 (Cat. No. 466681-C2, red) and CXCR6 (Cat. No. 871991, blue); CX3CL1 

(Cat No. 426211, blue) and CX3CR1 (Cat No. 314221-C2, red). Images were 

acquired using a Axioscope 2 microscope (Zeiss) with a 63x oil objective. 

2.9. Flow Cytometry 

Cells were isolated from the spleen or the pancreatic draining lymph nodes 

(PDLN) by squeezing the tissue through a 70 μm nylon cell strainer with a glass 

pestle in RPMI, followed by centrifugation and erythrocyte lysis with 0.83% 

NH4Cl. The resulted single-cell suspensions were stimulated overnight with 2 

μg/ml LCMV peptides GP33 (CD8) and GP61 (CD4) in presence of Brefeldin A. 

The following antibodies were used for surface staining for (30 minutes at 4°C in 

the dark): V450-conjugated rat anti-mouse CD4 (BD Biosciences) and V500-

conjugated rat anti-mouse CD8 (BioLegend), PE-conjugated rat anti-mouse 

CXCR3, PerCP-conjugated rat anti-mouse CXCR6 (BioLegend), and APC-

conjugated rat anti-mouse CX3CR1 (R&D Systems). After fixation and 

permeabilization with PFA/saponin (10 min at RT), cells were stained for 

intracellular expression of IFN-γ (APC-conjugated rat anti-mouse IFN-γ, BD 

Biosciences) to quantify LCMV-GP specific T cells (30 minutes at 4°C in the dark). 

Samples were acquired using a FACSCanto II flow cytometer (BD Biosciences). 
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3. Results 

3.1. Islet expression roadmap 

To establish a roadmap for the gene expression in the islet microenvironment 

during T1D pathogenesis, we collected islet material from RIP-GP mice by laser-

capture microdissection at several times after disease initiation through LCMV-

infection. RNA was isolated from islet material collected from pancreas sections 

of uninfected mice and at days 1, 3, 7, 10, 14, and 28 after LCMV-infection (figure 

1A). The isolated islet microenvironment contained both the (remaining) islet itself 

and infiltrating immune cells (figure 1B). RNA quality was tested using RNA 6000 

Nano Chips (Agilent Technologies) and Agilent 2100 Bioanalyzer. RNA with a 

RIN cutoff of >5 has been used for cDNA generation and microarray hybridization 

to Affymetrix GeneChip Mouse Gene 1.0 ST V1 arrays. Volcano blots visualized 

that overall, more genes were upregulated than downregulated during 

experimental T1D development (figure 2A). These genes were grouped into 

clusters related to inflammation, effector T cell function, and β-cell function (see 

heatmaps & pathways in supplemental figures). Here, we focused on the 

expression kinetics of chemokine ligands and receptors. Almost all chemokine 

ligands and receptors were upregulated during T1D pathogenesis (figure 2B). 

The mean expression levels relative to the expression in uninfected RIP-GP mice 

are displayed in table 1 and a heatmap with a hierarchical clustering is available 

in the supplemental figures (suppl. Fig S1C). The expression kinetics followed a 

similar pattern for most chemokine ligands, with an expression peak around day 

7-10 after infection. Chemokine receptor expression was slightly delayed 

suggesting cellular infiltration in response to the local chemokine expression 

(table 1). Interestingly, some chemokine ligands and receptors stayed elevated 

until day 28, reflecting the ongoing inflammatory process during chronic T1D. We 

further focused on four particular chemokine axes, namely CCL5/CCR1,3,5; 

CXCL10/CXCR3, CXCL16/CXCR6, and CX3CL1/CX3CR1 and confirmed their 

expression by quantitative real-time PCR (qPCR), RNAscope, and 

immunohistochemistry (figure 3). The RNA expression kinetics detected by qPCR 

followed a similar pattern as previously seen in gene array analysis (figure 3A). 

The expression of the selected chemokine axes was further analyzed by 

RNAscope duplex assays in pancreas sections of RIP-GP mice obtained at days 
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0, 10, and 28 after LCMV-infection (figure 3B). All four ligand/receptor pairs 

localized to the islet microenvironment and visualized the expression kinetics 

detected in the gene array data set. No or only marginal expression has been 

found in tissue sections of uninfected mice (figure 3B). The impressive 

upregulation of CCL5 at day 10 post-infection, as seen in the gene array data set, 

was nicely reflected in the RNAscope staining. Also, the slow increase but 

persistent nature of CX3CR1 and the early upregulation and persistence of 

CXCL16 was clearly visible (figure 3B). To further confirm the expression on the 

protein level, immunohistochemistry was performed with pancreas sections 

obtained at day 28 post-infection (figure 3C). We found that CXCL10 expression 

was predominantly localized to the β-cell region (figure 3C). This finding confirms 

earlier reports by us and others that β-cells themselves release CXCL10 during 

stress and/or inflammation [19-21]. In contrast, CCL5, CXCL16, and CX3CL1 

localized to the site of cellular infiltration (figure 3C). Similarly, the respective 

receptors CXCR3, CCR5, CXCR6, and CX3CR1 have been found among 

infiltrating cells rather than on islet cells (figure 3C). Note that due to a lack of an 

appropriate antibody to CXCR6, we used RIP-GP x CXCR6gfp/+ mice that were 

heterozygous for CXCR6 and GFP (see next paragraph). Visualization of cells 

expressing CXCR6/GFP was done by immunohistochemistry using an anti-GFP 

antibody (figure 3C). 

3.2. Type 1 diabetes is reduced in CXCR6 and CX3CR1 deficient mice 

We have investigated the role of the CXCL10/CXCR3 axis on several occasions 

before and recognized its important role during the recruitment of T cells to the 

islets in different settings using CXCL10-deficient mice or neutralizing antibodies 

to CXCL10 [12, 13, 19]. Here we used transgenic mice deficient in CCL5, CXCR6, 

or CX3CR1 and crossed them with two different RIP-LCMV mouse lines, the fast 

onset T1D line RIP-GP and the slow onset T1D line RIP-NP [11]. Whereas no 

significant differences were detected in presence or absence of CCL5 in both 

RIP-LCMV mouse lines, we found significant decreases in T1D incidence in 

absence of CXCR6 or CX3CR1 (figure 4). Hereby the incidence in the fast-onset 

RIP-GP model was reduced from 88% to 59% and from 65% to 41% in CXCR6-

deficient and CX3CR1-deficient mice, respectively. Even more pronounced, in the 

slow-onset RIP-NP model, the T1D incidence significantly decreased from 65% 
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to 29% in RIP-NP x CXCR6gfp/gfp and from 70% to 27% RIP-NP x CX3CR1gfp/gfp 

mice, compared to the RIP-NP single transgenic littermates (figure 4). 

3.3. Insulitis is reduced in CX3CR1 deficient mice 

At day 28 after infection, pancreas sections of RIP-GP x CCL5-/-, RIP-GP x 

CXCR6gfp/gfp, and RIP-GP x CX3CR1gfp/gfp mice and their corresponding RIP-GP 

littermates were stained for insulin (figure 5a). Overall, the insulin staining 

confirmed the incidence data for the RIP-GP line (figure 4) in that mice with high 

blood glucose levels showed only small areas of insulin producing β-cells. 

However, due to the large variation of insulitis between islets of individual mice 

or different mice per experimental group, the representative pictures shown in 

figure 5a are far from conclusive. Therefore, we used these stained sections to 

score the degree of insulitis (see legend figure 5). This quantification revealed 

that the presence or absence of CCL5 in RIP-GP mice had no influence on the 

overall insulitis (figure 5b). In contrast, insulitis was slightly diminished in CXCR6-

deficient and significantly reduced in CX3CR1-deficient mice (figure 5b and c). 

The mean insulitis score in CX3CR1-deficient mice was 1.7, which is a clear 

indication that many islets were still functional with large areas of insulin-

producing β-cells and constitutes a considerable reduction when compared with 

RIP-GP littermates (mean score 2.6) (figure 5c). These data correspond well to 

the T1D incidence data that showed the most pronounced decline in CX3CR1-

deficient RIP-GP mice. 

3.4. Chemokine receptors are differentially expressed on islet autoantigen-

specific T cells 

Our data demonstrate that some chemokines (CXCL10, CXCL16, and CX3CL1) 

that are upregulated upon T1D initiation and remain chronically elevated 

influence onset and severity of T1D. A lack of one of these chemokines provides 

a partial protection from T1D. One reason for this only incomplete protective 

effect might be the redundancy of the chemokine network. Thus, we determined 

the frequencies of total and islet autoantigen-specific CD8 T cells bearing 

CXCR3, CXCR6, and/or CX3CR1 by flow cytometry. Lymphocytes isolated from 

spleen or PDLN were stimulated with the immunodominant LCMV peptide GP33 

in presence of Brefeldin A and then stained for the individual chemokine 
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receptors, CD8 and intracellular IFNγ. The overall frequency of chemokine 

receptor-positive CD8 T cells increased strongly between days 7 and 10 post-

infection in the spleen. However, even after 14 days, 31% of total CD8 T cells did 

not show any surface expression of CXCR3, CXCR6, or CX3CR1 (figure 6B). In 

contrast, the vast majority of islet autoantigen-specific CD8 T cells showed 

surface expression of at least one of the three chemokine receptors (figure 6B). 

Interestingly, by day 14 post-infection, about two third of all LCMV-specific CD8 

T cells were CXCR6/CX3CR1 double-positive (figure 6B). The chemokine 

receptor distribution in the PDLN was different from the one in the spleen (figure 

6C). First, the majority of total CD8 T cells was negative for all three receptors. 

Second, the dominant population of islet autoantigen-specific CD8 T cells was 

CXCR3/CXCR6 double positive. Third, at day 14 after T1D initiation, more than 

half of LCMV-GP-specific CD8 T cells expressed CXCR3 confirming the 

importance of the CXCL10/CXCR3 axis. Concurrently, even 77% of all islet 

autoantigen-specific CD8 T cells were CXCR6 positive, which might explain why 

an interference with the CXCL16/CXCR6 axis is successful in reducing the 

incidence of T1D. Nevertheless, at day 14 post-infection substantial fractions of 

cells, 40%, 23%, and 65% were negative for CXCR3, CXCR6, and CX3CR1, 

respectively. Throughout the observation time only 9–21 % of islet autoantigen-

specific CD8 T cells expressed all three receptors. 

4. Discussion 

We provide here a complete gene expression profile of T1D as induced in the 

RIP-LCMV model. The use of laser-dissection microscopy allowed us to precisely 

follow the gene expression kinetics directly in the islet microenvironment. 

Remaining islet material as well as the clusters of immune cells around and in the 

islets have been used for RNA isolation. Expectedly, a whole plethora of genes 

were differentially expressed during the pathogenesis of T1D. Whereas most 

genes associated with islet cell function have been downregulated, the majority 

of genes associated with inflammation were acutely and/or chronically 

upregulated. Here, we focused on the expression kinetics of chemokines and 

their receptors since they play a dominant role in the trafficking of immune cells 

to the islets. We could confirm previous observations made by us and others that 

a multitude of chemokine ligands and receptors, such as the CXCL10/CXCR3 
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axis, are upregulated during T1D [12, 20-24]. In addition, several other 

chemokine axes caught our attention, and we, therefore, generated several lines 

of chemokine-deficient RIP-LCMV mouse lines, including RIP-LCMV x CCL5-/-, 

RIP-LCMV x CXCR6gfp/gfp, and RIP-LCMV x CX3CR1gfp/gfp mice. The transgenic 

interference with the chemokine axes had a differential impact on the outcome of 

T1D. The absence of CCL5 seemed to have only a very minor effect on T1D 

incidence and onset in our model, although both CCL5 as well as CCR5 were 

prominently expressed in the islet microenvironment as demonstrated by gene 

array analysis and RNAscope. CCL5 is predominantly secreted by T cells and 

monocytes, but is expressed also by platelets, eosinophils, fibroblasts, 

endothelial, epithelial and endometrial cells [25]. CCL5 binds to three different 

receptors, CCR1, CCR3, and CCR5, with the highest affinity for CCR5, which is 

mainly expressed by T cells, but is also present on macrophages, DC, and 

eosinophils [26]. It has been shown previously that CCL5 might play a role in 

T1D. In patients with T1D, serum CCL5 increased during disease progress [27] 

and decreased CCL5 serum levels were associated with disease remission [28]. 

Treatment of NOD mice, that express CCL5 in the islets of Langerhans, with a 

neutralizing anti-CCR5 antibody caused an arrest of β-cell destruction and T1D 

progress. However, the general infiltration of the islet environment was not 

prevented [29]. In this context, our data are somewhat surprising, since it has 

been shown that the CCL5-deficient mice used for our study in general display 

both a reduced migration to the site of inflammation as well as a diminished T cell 

activation [16]. In addition, it has been demonstrated that LCMV-specific memory 

CD8 T cells are excellent producers of CCL5 upon restimulation [24]. Thus, it 

seems likely that the overwhelming flood of chemokines produced acutely after 

LCMV infection and chronically throughout the progress of chronic T1D render 

the CCL5/CCR5 chemokine axis somewhat redundant. In contrast, the 

CXCL16/CXCR6 axis seems to be more important for the pathogenesis of T1D. 

CXCL16 is produced by various cell types including epithelial cells, hepatocytes, 

neuronal, and glial cells, fibroblasts and cardiomyocytes and predominantly 

attracts activated T cells and NK T-cells, but also macrophages and DC bearing 

its receptor CXCR6 [30-32]. Although the expression of CXCL16 in the islet 

microenvironment, as detected by RNAscope, was not as prominent as CCL5, 

many CXCR6-positive cells were detected in the infiltration clusters. An 
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interference with the CXCL16/CXCR6 axis had a considerable effect on T1D 

onset and incidence in both the fast-onset RIP-GP and the slow-onset RIP-NP 

model. The CXCL16/CXCR6 axis has previously been demonstrated to play a 

role in inflammatory diseases such as experimental autoimmune 

encephalomyelitis (EAE) [33], psoriasis [34], liver fibrosis [35], and proliferative 

diabetic retinopathy [36]. CXCL16 is a chemokine that is membrane bound and 

is only released upon cleavage by A Disintegrin and Metalloproteinase 10 

(ADAM10) or 17 (ADAM17) [37]. In this context it is interesting to note that in the 

β-cell toxin streptozotocin (STZ)-induced T1D model ADAM10 as well as soluble 

CXCL16 was found to be upregulated in diabetic mice [38]. Treatment of mice 

with the stilbenoid resveratrol resulted in a decrease in islet ADAM10 expression, 

CXCL16 cleavage, and T cell islet infiltration [38]. Our gene array analysis 

revealed that ADAM10 and ADAM17 were also slightly upregulated in the islets 

of RIP-GP mice. The maximal fold increase for ADAM10 and ADAM17 was 1.81 

and 2.89, respectively, at day 10 after infection and their expression levels 

returned close to baseline level after 28 days (data not shown). Differential 

expression of CX3CR1 and especially its ligand CX3CL1 was not as strong as 

observed for the CXCL10/CXCR3, CCL5/CCR5, and CXCL10/CXCR6 axes. 

However, our RNAscope data confirmed previous observations that both CX3CL1 

and CX3CR1 are expressed in the islet microenvironment. Importantly, CX3CR1 

deficient mice showed a significant decrease of T1D incidence and onset in the 

RIP-NP model and a strong tendency towards a similar beneficial effect in the 

RIP-GP model. Thus, CX3CL1/CX3CR1-dependent cell recruitment to the islet 

environment is required for efficient destruction of β-cells. During inflammation 

CX3CL1 is expressed in monocytes, macrophages, fibroblasts, endothelial cells, 

and DC and attracts selectively cells expressing CX3CR1, including cytotoxic 

effector lymphocytes, such as NK cells, CTLs, and γδ T-cells [39, 40]. CX3CR1 

has even been suggested as a marker for antigen-experienced CD8 T cell 

subsets [41]. However, CX3CR1 has also been found on a subgroup of islet-

resident CD11b+ DC [42]. During murine T1D the number of such CX3CR1+ 

CD11b+ DC is increasing, most likely due to further recruitment from the 

circulation [42]. Interestingly, although not as prominent as CXCL10 expression, 

CX3CR1 has been detected in the islet microenvironment in both pre-diabetic 

mice and T1D patients [22] indicating an active participation in the disease 
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pathogenesis. Interestingly, like CXCL16, also CX3CL1 is initially membrane-

bound and is released upon cleavage by ADAM10 or ADAM17 [37]. Thus, even 

though the upregulation of ADAM10 and 17 expression was rather low compared 

to the increase in expression levels of most chemokine ligand and their receptors, 

a therapeutic intervention might be considered to lower soluble CXCL16 and 

CX3CL1. Although our data confirmed previous observations made for the 

CXCL10/CXCR3 and the CX3CL1/CX3CR1 axes and demonstrated an important 

role of the CXCL16/CXCR6 axis in the pathogenesis of T1D, it is obvious that 

considerable fractions of chemokine ligand and/or receptor-deficient mice still 

develop T1D. One reason for this independence of the pathogenic process from 

particular chemokines in some mice might be the redundance of the chemokine 

network. Not only that many ligands bind to more than one receptor and vice 

versa, leukocytes and T cells in particular express a multitude of chemokine 

receptors simultaneously. Thus, deficiency or blockade of just one chemokine 

ligand/receptor axis might not result in a complete inhibition of cell migration. We 

found that substantial fractions of islet autoantigen-specific CD8 T cells carry at 

least two of the three receptors CXCR3, CXCR6, and CX3CR1. Thus, it is no 

surprise that T1D is still attainable in some mice deficient for only one chemokine 

ligand or receptor. A simultaneous blockade of at least two axes would interfere 

with the migration of a larger fraction of islet autoantigen-specific CD8 T cells and 

might therefore be more successful in reducing disease progress and severity. 

5. Conclusions 

We provide here a differential gene expression profile of the islet 

microenvironment in diabetic RIP-GP mice. Focusing on the expression of 

chemokine ligand/receptor axes, we have confirmed previous findings by us and 

others [12, 20-24] and identified new candidates for possible therapeutic 

interventions. In particular, the CXCL16/CXCR6 and the CX3CL1/CX3CR1 axes 

seem to be important for an efficient destruction of β-cells and the development 

of T1D. However, rather than targeting just one of the chemokine ligand/receptor 

axes, one should consider a combination treatment aiming at concerted 

inactivation of several axes, such as a simultaneous administration of blocking 

agents directed against CXCL10/CXCR3, CXCL16/CXCR6 and 

CX3CL1/CX3CR1. In addition, one must carefully consider the time of treatment. 
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Whereas the disease initiation is clearly defined in the RIP-LCMV model, it is 

usually not known for T1D patients. Thus, a possible treatment might come too 

late during the disease progression. Although, we have demonstrated that many 

chemokine ligands and receptors are chronically elevated during the T1D 

progress, the expression peak in the islet environment was mostly at day 7-10 

post-infection. Should pathogen infection really be an initiating factor in 

autoimmune diseases like T1D, as frequently suggested [43], the chemokine 

expression peak might occur long before diagnosis. However, in reset situations, 

such T cell depletion therapies with anti-CD3 antibodies, such as teplizumab [7], 

or with anti-thymocyte globulin [44] a de novo infiltration of the islets might be 

prevented by an interference with one or more chemokine axes. We have 

demonstrated this previously by blocking the CXCL10/CXCR3 axis with a 

neutralizing anti-CXCL10 antibody following an anti-CD3 therapy. Indeed, such a 

combination therapy was superior to the corresponding monotherapies [13]. A 

similar situation with a known starting point would be an islet or pancreas 

transplantation in which autoaggressive T cells can be prevented from entering 

the transplant from the beginning. Indeed, neutralization of CXCL10 reduced the 

rejection of transplanted islets in diabetic RIP-LCMV mice [19]. Thus, for future 

translational approaches, it will be important to consider combination therapies 

that might cover more than just one aspect of the disease pathogenesis and to 

carefully evaluate the time and duration of the treatment. 
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Figure Legends 

Figure 1: Laser dissection – (A) Pancreas tissue was obtained from RIP-GP mice 

before and at different times after infection with LCMV. Times used were: day 1: 

immediate effects of virus infection; day 3: peak of virus titer; day 7: peak of T cell 

response; day 10: the first mice display diabetic blood glucose levels (i.e. >300 

mg/dl); day 14: the majority of mice is diabetic; day 28: chronic T1D with most 

islets destroyed. – (B) Representative pictures of laser dissections of islet 

microenvironments at days 1 and 10 after LCMV-infection. Note that the islet 

microenvironment contains both the islets themselves as well as infiltrating 

leukocytes. 

Figure 2: Differential gene expression – (A) Volcano blots of gene expression 

detected in the islet microenvironment at days 1, 3, 7, 10, 14, and 28 after LCMV-

infection in comparison to those of uninfected mice as obtained after the analysis 

of the GeneChip Mouse Gene 1.0 ST V1 array data. All genes up- or 

downregulated by less than 2-fold or exhibited a p-values of >0.05 are displayed 

in gray. Note that considerably more genes are upregulated (green) than 

downregulated (red) between days 7 and 14. – (B) Volcano blots of gene 

expression of chemokine ligands and receptors in the islet microenvironment of 

LCMV-infected mice at days 1, 3, 7, 10, 14, and 28 in comparison to uninfected 

mice. The chemokine axes CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, 

and CX3CL1/CX3CR1 are highlighted in color. Note that starting at day 7 post-

infection the vast majority of chemokine ligands and receptors are upregulated 

and remain highly expressed during the chronic phase of T1D. 

Figure 3: Chemokine ligand and receptor expression – (A) The expression of the 

selected chemokine axes CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and 

CX3CL1/CX3CR1 has been confirmed by quantitative real-time PCR of the same 

islet microenvironment RNA that has been used for gene array analysis. – (B) 

RNAscope duplex assays for CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, 

and CX3CL1/CX3CR1 of tissue sections of pancreata of RIP-GP mice obtained at 

days 0, 10, and 28 after LCMV-infection. Note that the colors for CX3CL1 and 

CX3CR1 are different from the other chemokine ligand/receptor pairs. – (C) 

Immunohistochemistry for CCL5/CCR5, CXCL10/CXCR3, CXCL16/CXCR6, and 
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CX3CL1/CX3CR1 protein expression. Note that due to the lack of an appropriate 

antibody, the expression of CXCR6 was demonstrated in CXCR-GFP 

heterozygous mice using an anti-GFP antibody (see material and methods). 

Figure 4: T1D incidence is decreased in some chemokine axis deficient mice – 

RIP-GP (fast onset T1D) and RIP-NP (slow onset T1D) mice have been crossed 

with mice deficient for CCL5, CXCR6, or CX3CR1. The mice were infected with 

LCMV, and blood glucose was monitored for 3 (RIP-GP) or 6 months (RIP-NP). 

Note the significant decrease in T1D incidence in CXCR6-deficient RIP-GP and 

-NP mice, as well as in CX3CR1-deficient RIP-NP mice. The absence of CCL5 

had no effect on T1D onset and incidence in both RIP-GP and -NP mice. 

Statistical evaluation of the data was by the log-rank (Mantel-Cox) test using 

GraphPad Prism 8.4.3. software. 

Figure 5: Insulitis is reduced in some chemokine axis deficient mice - RIP-GP 

mice have been crossed with mice deficient for CCL5, CXCR6, or CX3CR1 and 

were infected with LCMV. - (A) Representative pictures of pancreas tissue 

sections obtained at day 28 after infection stained for insulin. – (B) Insulitis was 

scored as follows: Score 0: Very minor or no insulitis, only very few infiltrating 

cells; score 1: mild to moderate insulitis, 25-50% infiltrations, large parts with 

intact β-cells; score 2: considerable insulitis, 50-75% infiltrates, still some parts 

with intact β-cells; score 3: massive insulitis, 75-100% infiltrates, only few 

remaining β-cells producing insulin, islet scar. Data were from 3-6 mice per group 

with a total number of 30-84 islets scored. – (C) Mean insulitis score per mouse. 

Note that CX3CR1-deficient RIP-GP mice showed a significantly diminished 

insulitis compared to normal RIP-GP mice. 

Figure 6: Chemokine receptor surface expression on CD8 T cells - RIP-GP mice 

were infected with LCMV. At days 0 (uninfected), 7, 10 and, 14 after infection 

lymphocytes have been isolated from spleen and pancreatic draining lymph node 

(PDLN) and were assessed for surface expression of CXCR3 (R3), CXCR6 (R6), 

and CX3CR1 (R1). In order to identify islet autoantigen-specific CD8 T cells, the 

isolated lymphocytes have been stimulated overnight with the immunodominant 

LCMV-GP epitope GP33 in presence of Brefeldin A and were stained for 

intracellular IFNγ. – (A) Gating strategy: Total and RIP-GP-specific CD8 T cells 
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(IFNγ+) have been gated into CX3CR1-positive and CX3CR1-negative cells. 

These events have then been further gated into CXCR3- and/or CXCR6-positive 

cells. As displayed on the right side for CX3CR1 single positive (R1), 

CX3CR1/CXCR3 (R1R3) and CX3CR1/CXCR6 (R1R6) double positive, and 

CX3CR1/CXCR3/CXCR6 (R1R3R6) triple positive cells. – (B, C) Pie chart of 

chemokine receptor distribution among total and islet autoantigen (RIP-GP)-

specific CD8 T cells in spleen (B) and PDLN (C). Note that virtually no 

autoantigen-specific CD8 T cells can be detected in uninfected mice. Further, 

note the profound differences between spleen and PDLN on the one hand and 

between total and islet-autoantigen-specific CD8 T cells. 
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