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1 Abstracts 
1.1 Inhibition of IL-1β Improves Glycaemia in a Mouse Model for Gestational 

Diabetes 
Aims: Gestational diabetes mellitus (GDM) is one of the most common diseases associated with 
pregnancy. However, the underlying mechanisms remain unclear. Based on the well-documented 
role of inflammation in type 2 diabetes, the aim was to investigate the role of inflammation in GDM. 

Methods: We established a mouse model for GDM based on its two major risk factors, obesity and 
aging. 

Results: In these GDM mice, we observed increased IL-1β expression in the uterus and the placenta, 
along with elevated circulating IL-1β concentrations compared to normoglycaemic pregnant mice. 
Treatment with an anti-IL-1β antibody improved glucose tolerance of GDM mice without apparent 
deleterious effects for the fetuses. Finally, IL-1β antagonism showed a tendency for reduced plasma 
corticosterone concentrations, possibly explaining the metabolic improvement. 

Conclusions: We conclude that IL-1β is a causal driver of impaired glucose tolerance in GDM. 

1.2 β-Cell-Specific Overexpression of pro-IL-1β as a Mouse Model for Human Type 2 
Diabetes 

Aim: Impaired islet function is a key element of impaired glucose homeostasis in type 2 diabetes. 
Chronic local low-grade inflammation driven by Interleukin-1β (IL-1β) in the islets was associated 
with impaired islet function. However, the source and the importance of islet driven IL-1β remains 
unclear. The aim was to increase β-cell-derived IL-1β in mice to identify a causal role of local IL-1β on 
glucose homeostasis. 

Methods: We generated an inducible knock-in mouse to overexpress pro-IL-1β and crossed it with 
two Cre-driver mouse lines containing either the inducible Pdx1ER or the constitutive Rip promoter 
driving Cre recombinase expression, to obtain two mouse lines overexpressing pro-IL-1β in β cells. 
Mice were fed standard chow diet or high-fat diet to investigate the effect of the pro-IL-1β 
overexpression in lean and obese mice. We developed a bioassay to detect biologically active IL-1β. 

Results: Both strains had increased islet-derived active IL-1β as indicated by increased islet mRNA 
expression of Il1b and IL-1β-dependent cytokines, as well as by increased IL-1β bioactivity. When fed 
a high-fat diet, insulin secretion was impaired in both transgenic lines compared to their littermate 
controls. However, only Pdx1ER Cre-driven pro-IL-1β overexpressor mice had impaired glucose 
tolerance along with decreased islet size and function. Treatment of these mice with an anti-IL-1β 
antibody rescued the deterioration of islet function. 

Conclusion: β-cell-specific overexpression of pro-IL-1β results in local, biologically active IL-1β 
production with subsequent inflammation and impairment of insulin secretion. 

1.3 Overexpression of pro-IL-1β in Myeloid Cells Induces Insulin Resistance and 
Impairs Insulin Secretion in Mice 

Aim: Chronic low-grade inflammation is observed in obese patients and is associated with defective 
insulin production and action with subsequent type 2 diabetes (T2D). The aim was to induce a subtle 
systemic, IL-1β-driven inflammation in mice to generate a model of IL-1β-dependent aspects of 
chronic-low-grade inflammation. 

Methods: We generated a Lyz2 Cre recombinase-driven pro-IL-1β overexpressing mouse to 
specifically overexpress pro-IL-1β in myeloid cells. We confirmed the overexpression in various 
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myeloid cells-containing tissues. We assessed glucose tolerance and insulin secretion and insulin 
tolerance at various ages.  

Results: Myeloid cells-specific overexpression of pro-IL-1β resulted in a subtle increase of baseline IL-
1β protein in morning serum and in peritoneal macrophages as well as in islets in chow-fed animals. 
Glucose tolerance was transiently impaired and insulin resistance was increased in chow-fed myeloid 
cells-specific pro-IL-1β overexpressor mice at the age of 23 weeks compared to littermate controls. 
Upon high-fat diet feeding, insulin secretion but not glucose tolerance was impaired in myeloid cells-
specific pro-IL-1β overexpressor mice at the age of 52 weeks compared to littermate controls. 

Conclusion: Myeloid cells-specific overexpression of pro-IL-1β impairs glucose tolerance and 
increases insulin resistance and mimics aspects of human T2D.  
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2.1 List of Abbreviations 
Ab antibody 
anti-IL-1β anti-IL-1β antibody 
CRP C-reactive protein 
CTRL littermate controls mice 
CXCL1 C-X-C Motif Chemokine Ligand 1 
epi WAT epididymal white adipose tissue 
FACS Fluorescence-activated cell sorting 
FACS buffer buffer for fluorescence-activated cell sorting 
FSC forward scatter 
GDM gestational diabetes mellitus 
GTT glucose tolerance test 
HFD high-fat diet 
HPA hypothalamus, pituitary, adrenal 
i.p. intraperitoneal 
iAUC incremental AUC 
IL Interleukin 
IL-1Ra Interleukin 1 receptor antagonist 
IL-1β Interleukin 1β 
ITT Insulin tolerance test 
MCpIL1βover Lyz2 Cre specific pro-IL-1βoverexpressing mice 
NLRP3 NACHT, LRR, and PYD domain-containing 
oGDM obese gestational diabetes mellitus 
oGH obese gestation healthy 
PBMC peripheral blood mononuclear cell 
pMac peritoneal macrophage 
PβpIL1βover Pdx1ER Cre specific pro-IL-1βoverexpressing 
qPCR quantitative PCR 
RNA ribonucleic acid 
RβpIL1βover Rip Cre specific pro-IL-1βoverexpressing mice 
s.c. subcutaneous 
siGSIS single islet glucose-stimulated insulin secretion 
SPE solid-phase extraction 
SSC side scatter 
SVC stroma vascular cell fraction 
T1D type 1 diabetes 
T2D type 2 diabetes 
T2DM type 2 diabetes mellitus 
TC treatment continued group 
TNF-α tumor necrosis factor α 
TS treatment stopped group 
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3 General introduction 
3.1 Diabetes 
Diabetes is a major health cost burden for society and the number of people with diabetes is 
expected to further rise to 693 million people by 2045 [1, 2]. The most common forms are type 1 
diabetes (T1D), type 2 diabetes (T2D) and gestational diabetes mellitus (GDM) [1]. Impaired glucose 
homeostasis and insufficient insulin action are key elements of all three types and there are several 
mechanisms involved in these impairments. Immune-mediated β-cell damage, which results in 
elevated blood glucose, plays a primary role in T1D. Obesity and a sedentary lifestyle lead to insulin 
resistance and, ultimately, the inability of the pancreatic islets to compensate for the increased 
demand in insulin, which leads to the development of T2D [3]. Pregnancy-induced metabolic changes 
and increased glucocorticoid hormones play a primary role in GDM [4, 5]. Additionally, GDM and T2D 
share their main risk factors obesity and age [5, 6]. Up to 70% of women, depending on age and 
ethnic background, who had GDM develop T2D at a later timepoint [7]. Historically, T1D and T2D 
were considered to have separate pathogenetic mechanisms, with T1D being predominantly immune 
system mediated and T2D obesity driven. Growing evidence is supporting the idea that the immune 
system is also a critical contributor to T2D [8, 9]. This suggests that there are immune system-
dependent mechanisms shared in all three forms of diabetes. 

3.2 The interplay of the immune system and the endocrine system 
The main regulator of organismal metabolism is the endocrine system. The endocrine system and the 
immune system have distinct functions, but both are responsible for maintaining homeostasis in the 
body [10]. When an immune response is mounted, endocrine signals cue for resource allocation to 
the immune system [11-14]. Therefore, metabolism not only functions as an energy source but also 
as a regulator of inflammation and cytokines including interleukins (IL) from the IL-1 family such as IL-
1β [15]. The immune system, in particular the innate immune system, is stimulated by nutrients in 
mice and humans [16, 17].  In mice the number of peritoneal macrophages is increased after food 
ingestion, these macrophages are stimulated by glucose and fragments from the gut flora to release 
IL-1β in mice [16]. 

Immune responses to food intake are required for proper organism-wide distribution of nutrients. 
Conversely, pro-inflammatory cytokines such as IL-1β are also implicated in the pathogenesis of T2D 
[15, 18]. On the one hand, IL-1β secretion supports postprandial stimulation of insulin secretion and 
adaptation of insulin secretion to high-fat diet feeding [16] and acute IL-1β injections boost glucose-
stimulated insulin secretion in mice [16] (Illustration 2A). On the other hand, anti-IL-1β treatment 
improves glycaemia in diabetic patients [19] (Illustration 2A) and circulating IL-1β is increased on a 
chronic subclinical level in obese individuals and patients with T2D [20]. This chronic low-grade 
inflammation and dysregulation occurs in many parts of the body, including liver, fat and pancreatic 
islets. In islets, chronic low-grade inflammation contributes to the reduction of β-cell mass and 
function [9, 21]. The islet themselves also upregulate Il1b in response to stimulation by IL-1β alone or 
a diabetic environment consisting of high concentrations of glucose and free fatty acids [22] 
(Illustration 2B). Furthermore, the IL-1β-dependent cytokines IL-33 and IL-6 modulate insulin 
secretion and glucose disposal [15, 16, 23, 24]. Cytokines such as IL-1β can also regulate the 
endocrine system via modulation of glucocorticoid production: IL-1β increases serum corticosterone 
by stimulation of the hypothalamus, pituitary, adrenal axis [25-28] leading to increased corticosteroid 
synthesis in rodents. Additionally, IL-1 receptor antagonist (IL-1Ra) inhibits stress-induced 
corticosterone production [29]. Administration of IL-1Ra in humans decreases serum cortisol in 
healthy [30] and obese individuals [31]. 
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3.3 Immunometabolic changes during pregnancy 
It is still debated how insulin resistance and the subsequent progression to GDM develops. Insulin 
resistance during pregnancy has a physiological role: Since uterine glucose transport is dependent on 
the glucose gradient from the mother to the fetus [32] and in order to provide sufficient glucose for 
the fetus, blood glucose has to be elevated in the mother. Maternal gluconeogenesis is increased and 
insulin resistance in muscle and adipose tissue develops in rodents and humans during pregnancy 
[33-35]. A subsequent oversecretion of insulin driven by the concomitantly elevated blood glucose 
exacerbates this initial insulin resistance. Hormones that are known to increase insulin resistance 
such as cortisol, progesterone, and estradiol, of which serum concentrations are elevated during 
pregnancy, are even further increased in patients with GDM [36, 37]. Furthermore, the innate 
immune system of the mother reacts to the altered microbiome during pregnancy [38] and to the 
fetus and placenta, which are semi-allografts [39]. Transcriptional levels of immune cell markers and 
Il1b gene expression are increased in the uterus during pregnancy [40, 41] and pro-inflammatory 
cytokines including IL-1β are increased in the circulation of obese pregnant women and women with 
GDM compared to healthy controls [42, 43] (Illustration 1A). 

3.4 IL-1β and other cytokines induce insulin resistance 
Pro-inflammatory cytokines such as IL-1β and tumor necrosis factor α (TNF-α) are well described to 
be involved in the induction of insulin resistance e.g. via phosphorylation of insulin receptor 
substrate-1 through the c-JUN N-terminal kinase and nuclear factor-kappa B pathways [44, 45]. The 
role of IL-1β in insulin resistance underlines its key role in the pathogenesis of diabetes. IL-1β 
contributes to obesity-induced insulin resistance in fat and liver [46-50] and is involved in crosstalk 
between fat and liver [51, 52]. Long-term treatment of cell-lines with IL-1β induced insulin resistance 
in murine and human adipocytes [53] and the IL-1 receptor type I has been shown to mediate 
adipose tissue inflammation and insulin resistance [47] (Illustration 1B). Further, IL-1β induced insulin 
resistance in human and rat hepatocyte cell lines [54] (Illustration 1C). Similarly, conditioned medium 
from human fat explants, which contains IL-1β, induced insulin resistance in human hepatocyte cell 
lines [54]. Furthermore, mesenteric fat transplantation of IL-1β deficient mice resulted in lower 
insulin resistance measured by pyruvate-glucose flux compared to mice receiving wild-type 
transplants [51]. This fat/liver crosstalk is most likely mediated by infiltrating macrophages, which are 
attracted and polarized to a proinflammatory phenotype by cytokines and eventually start producing 
cytokines themselves [52, 55] (Illustration 1D). The muscles, another major insulin-sensitive tissue, 
remains poorly understood, but one study reported increased glucose uptake after prolonged IL-1β 
treatment in a rat muscle cell line [56] (Illustration 1E). 
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Illustration 1: Schematic representation IL-1β-induced insulin resistance. 

Pregnancy and obesity induce increased systemic IL-1β levels (A). IL-1β induces insulin resistance in 
fat tissue; fat tissue secretes IL-1β (B). IL-1β induces insulin resistance in liver tissue (C). IL-1β alters 
macrophage phenotype and pro-inflammatory macrophages secrete IL-1β (D). IL-1β is reported to 
improve glucose uptake in muscle cells (E). 

3.5 Sources of IL-1β in islet inflammation 
Islet inflammation plays a critical role in the impairment of insulin secretion, β-cell dedifferentiation, 
and progression towards T2D [22, 57-62]. The relevance of IL-1β in mediating this inflammation, as 
well as the cellular source of IL-1β in the islets, remains unclear [63, 64] (Illustration 2C). The number 
of immune cells is increased in islets of diet-induced or genetically obese rodents and humans with 
T2D compared controls [57, 59, 65-67]. Immune cells, in particular macrophages, are potent 
producers of IL-1β [68] and islet macrophages express Il1b transcripts under steady-state [69] 
(Illustration 2D). Depletion of macrophages reduced islet gene expression of Il1b and other pro-
inflammatory markers in human islet amyloid polypeptide transgenic mice, underlining the 
involvement of macrophages in islets IL-1β signaling [70]. Most immune cells express the insulin 
receptor and insulin upregulates IL-1β secretion in peritoneal macrophages [16] (Illustration 2E) 
suggesting that β cells might also fuel local islet inflammation [71]. Indeed, human β cells have been 
proposed to be a source of IL-1β themselves [61, 64, 72] (Illustration 2F). β cells were shown to be 
positive for IL-1β in diabetic animals, humans with long term T1D and humans with T2D by 
immunofluorescence [61, 64, 73]. In line with this, gene array analysis and quantitative PCR (qPCR) of 
β cells obtained by laser capture microdissection from pancreata of individuals with T2D compared 
with body mass index-matched controls revealed increased expression of IL-1β [72]. Furthermore, 
recent ribonucleic acid (RNA) sequence analyses revealed that both endocrine cells and immune cells 
of type 2 diabetic patients compared to healthy controls show an inflammatory signature associated 



12 | P a g e  
 

with β-cell dysfunction [58, 71, 74]. However, there are contradicting studies suggesting that 
primarily human α-cells secrete IL-1β that may be physiologically but not pathologically relevant [63]. 
Other sources of inflammation, such as cells from peri-pancreatic adipose tissue [75], human 
pancreatic duct cells [64, 76, 77] and islet-resident innate lymphoid cells [23] have been proposed to 
be involved in islet inflammation as well. Finally, beyond merely the capacity of islet cells to produce 
IL-1β, which may include β cells, it remains to be shown that the respective source of IL-1β has a 
biological function. 

3.6 Pro-IL-1β processing 
For IL-1β to be activated, it has to be cleaved from pro-IL-1β with a size of 31-kD to its mature 17-kD 
form [78]. This activation process acts as a regulatory mechanism for IL-1β action [79]. The most 
studied processing pathway is proteolytic activation through the multiprotein complex NLRP3 
inflammasome formed by the NACHT, LRR, and PYD domain-containing protein 3 (NLRP3), the 
protease caspase-1 and the caspase recruitment domain [80]. Upon stimulation, pro-IL-1β is 
transcribed and translated, concomitantly the NLRP3 inflammasome assembles to associate with and 
activate caspase-1, which then cleaves pro-IL-1β to its active form. Ultimately, mature IL-1β is 
secreted to the extracellular space. Food intake and dietary fiber content influence microbiota and, 
therefore, alter the composition of bacterial components that end up in the circulation, which can 
have a modulatory effect on NLRP3 inflammasome assembly [81-83]. Pro-IL-1β can also be processed 
by other complexes such as the NLRP1, NLRP6, NAIP/NLRC4 [80], and extracellular proteases [84, 85]. 
However, the NLRP3 is currently considered the most promising drug target in diseases caused by 
excess IL-1β [86]. 

3.7 IL-1β secretion 
IL-1β is mainly secreted by cells of the myeloid cell family, namely: Macrophages, monocytes and 
dendritic cells [87]. Endocrine cells, such as α-cells and β cells, have been hypothesized to secrete IL-
1β [61, 63]. However, their ability to process and secrete IL-1β (Illustration 2F) is still a matter of 
debate due to the low expression of inflammasome associated genes compared to the expression 
pattern in immune cells [88, 89]. Only the mature form of IL-1β is actively secreted by macrophages, 
while pro-IL-1β can only be released passively during pyroptosis, a programmed cell death 
characterized by excessive cytokine production [90]. Active IL-1β secretion from living macrophages 
is mediated through pores formed by Gasdermin D, but inflammasome signaling, Gasdermin D pore 
formation and secretion of IL-1β are also associated with the initiation of pyroptosis [68]. Mature IL-
1β colocalizes with phosphatidylinositol 4,5-bisphosphate in the membrane. This interaction can lead 
to slow Gasdermin D-independent release or accelerated Gasdermin D-mediated release [90]. 
Extracellular vesicles such as secretory lysosomes, multivesicular bodies, exosomes or micro-vesicles 
have also been proposed as vehicles of IL-1β secretion [91, 92], but evidence for biological relevance 
is limited.  
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Illustration 2: Schematic representation of islet IL-1β signaling of macrophages and β cells 

Nutrients and bacterial products induce IL-1β stimulation in islets (A). Dual effect of IL-1β on insulin 
secretion (B). The relevance of local IL-1β in the islets for islet function remains a matter of debate 
(C). Macrophages are potent producers, activators and secretors of IL-1β (D). Insulin and IL-1β 
upregulate IL-1β production in macrophages (E). β cells as a debated source of IL-1β; pro-IL-1β 
cleavage unclear (F). 

 

4 Aim of the Projects in this Thesis 
Due to the diverse roles of IL-1β in glucose homeostasis, the studies in this thesis aimed to 
investigate the relevance of IL-1β from different sources, their respective ability to produce active IL-
1β, and the resulting effects on glucose homeostasis in mice.  
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5.1 Abstract: 
Aims: Gestational diabetes mellitus (GDM) is one of the most common diseases associated with 
pregnancy, however, the underlying mechanisms remain unclear. Based on the well documented 
role of inflammation in type 2 diabetes, the aim was to investigate the role of inflammation in GDM. 

Methods: We established a mouse model for GDM on the basis of its two major risk factors, obesity 
and aging. 

Results: In these GDM mice we observed increased Interleukin-1β (IL-1β) expression in the uterus 
and the placenta along with elevated circulating IL-1β concentrations compared to normoglycemic 
pregnant mice. Treatment with an anti-IL-1β antibody improved glucose-tolerance of GDM mice 
without apparent deleterious effects for the fetus. Finally, IL-1β antagonism showed a tendency for 
reduced plasma corticosterone concentrations, possibly explaining the metabolic improvement. 

Conclusions: We conclude that IL-1β is a causal driver of impaired glucose tolerance in GDM. 
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5.2 Introduction 
Gestational diabetes mellitus (GDM) is one of the most common pregnancy accompanying diseases. 
GDM is defined as glucose intolerance with the onset or first recognition during pregnancy [93] and 
usually disappears after giving birth [94]. It was estimated that GDM affects 18.4 million pregnancies 
and 14% of all live births worldwide [94, 95]. The incidence of GDM is associated with overweight 
and increased age of mothers, affecting 26 % of pregnant women older than 45 years [95] and 39 % 
of pregnant women with a BMI ≥ 29 kg/m2 [96]. 

GDM is an independent risk factor for multiple complications including preeclampsia [97], birth 
complications due to macrosomia, neonatal hypoglycaemia, jaundice [98], and for life-long risk for 
obesity and type 2 diabetes mellitus (T2DM), the latter for both, the children and the mothers [7, 99, 
100]. 

However, so far, the pathogenesis of GDM is not well understood. During a normal pregnancy, 
maternal insulin resistance is increased [33, 101], probably to facilitate glucose transport to the 
growing fetus. This is accompanied by increased maternal insulin production [101, 102]. GDM is 
characterized by even more pronounced insulin resistance, accompanied by an insufficient increase 
in insulin production to overcome insulin resistance [102, 103].  

In addition, GDM is associated with an imbalance of various immunological processes occurring 
during pregnancy. Cytokines including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis 
factor-α (TNF-α) as well as inflammatory markers such as C-reactive protein (CRP) are increased in 
the circulation of obese pregnant women and women with GDM [42, 104, 105]. Conversely, IL-1 
receptor antagonist (IL-1Ra), an endogenous competitive inhibitor of IL-1 signaling, is decreased in 
plasma of women with GDM [106]. This indicates a particular relevance of the master cytokine IL-1β, 
which can induce IL-6, TNF-α and CRP [107, 108]. Furthermore, obese pregnant women have more 
inflammatory macrophages and an altered natural killer cell profile in the placenta compared to lean 
pregnant women [109, 110].  

IL-1β is well known for its role in type 2 diabetes mellitus (T2DM). Obesity-induced insulin resistance 
is mediated through inflammatory factors, including TNF-α and IL-1β [48, 49, 111]. In obese subjects 
and patients with T2DM, IL-1β secretion, presumably from tissue-resident macrophages [52], is 
increased in insulin-sensitive tissues [49]. It is also known that IL-1β is upregulated in pancreatic islets 
of patients with T2DM [61, 112]. In rodents, it contributes to β-cell glucotoxicity and lipotoxicity, 
which lead to β-cell destruction and dedifferentiation [22, 60, 113]. In clinical trials, IL-1Ra improved 
glycaemia and insulin secretion in patients with T2DM [19, 114]. Moreover, the CANTOS trial 
involving 10’061 patients showed that IL-1β antagonism with canakinumab, a neutralizing anti-IL-1β 
antibody, is effective in reducing the glycated hemoglobin  (HbA1c) during the first 6 months of 
treatment in patients with a history of myocardial infarction [15, 115]. After 6 months, the glucose 
lowering effect remained visible only in the non-diabetic population, while in patients with diabetes 
the effect was lost due to change in diabetes medication. A recent meta-analysis of all 2921 reported 
cases with T2DM undergoing anti-IL-1 treatment demonstrated a  significant (p<0.05) reduction in 
HbA1c [19]. 

Insulin resistance is partly mediated by steroid hormones such as cortisol, progesterone, and 
estradiol, of which serum concentrations are increased during pregnancy and even further increased 
in patients with GDM [36, 37] The placenta is a production tissue of these steroid hormones and 
other insulin resistance-inducing hormones [35, 36]. Interestingly, IL-1β has been shown to stimulate 
the production of various steroid hormones: it stimulates the production of progesterone from a 
human placental cell line [116] and bovine granulosa cells [117]. In rodents, IL-1β increases serum 
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corticosterone by stimulation of the hypothalamus, pituitary, adrenal (HPA) axis [25, 26, 28, 118], 
resulting in increased corticosteroid synthesis. Conversely, IL-1Ra inhibits stress-induced 
corticosterone production [119], which underlines the link between IL-1 and steroid production. 
Similarly, in humans, administration of IL-1Ra decreases serum cortisol of healthy [30] and obese 
individuals [31]. 

Since IL-1β antagonism improves β-cell function [114] in subjects with type 2 diabetes and insulin 
sensitivity in obese individuals [120], and since IL-1β is increased in women with GDM [37, 42], we 
aimed to study the effect of IL-1β antagonism in this condition. Therefore, we established a mouse 
model of GDM and tested the effect of blocking IL-1β in comparison to vehicle-treated pregnant and 
non-pregnant mice. 

5.3 Materials and Methods 
5.3.1 Mice: 
All mouse experiments were approved by the cantonal authorities of Basel Stadt, Switzerland and 
research was conducted in accordance with the guidelines for the care and use of animals of the 
cantonal authorities of Basel Stadt, Switzerland. Naïve female C57BL/6N mice were either purchased 
from Charles River (Sulzfeld, Germany) or originated from our own in-house breeding. Naïve female 
Lyz2-Cre-specific IL-1β knock out mice (Il1bfl/flLyz2-Cre) and Cre-negative littermate controls (WT) 
originated from our inhouse breeding [16]. All comparisons within the groups are comparisons 
between littermate mice. 

5.3.2 Timed-mating:  
In order to align menstrual cycles and induce estrus in female mice, used bedding material from male 
mice was transferred into female study cages. 2.5 days after cycle synchronization females, into the 
cage of male breeders and returned to their own cage after 24 hrs. The day of plug detection was 
regarded as day 0.5 of pregnancy (Fig. 1B). Unfortunately, plug detection combined with weight 
analysis turned out to be often unspecific in predicting pregnancy, imposing us to use a large number 
of mice (total number of mice for the study was 346). At timed-mating, mice were on average 13.5 
weeks old (chow-fed C57BL/6N mice and high-fat diet-fed Il1bfl/flLyz2-Cre mice and their wild type 
controls) or 17.5 weeks old (high-fat diet-fed C57BL/6N mice) (Fig. 1A). 

5.3.3 Anti-IL-1β treatment and diet: 
If indicated, mice received one single subcutaneous (s.c.) bolus injection containing 10 µg/g 
bodyweight of a murine anti-IL-1β antibody (BSUR05, with the same specificity as canakinumab; 
kindly provided by Novartis, Switzerland) used in previous studies [62], or vehicle on day 7.5 of 
pregnancy.  

If indicated, mice were fed HFD with 60 kJ% fat and 21 kJ% carbohydrates (Lard; EF D12492; ssniff 
Spezialitäten, Soest, Germany) starting at the age of 12 weeks, all other mice received normal 
rodent-chow diet (3436, Provimi Kliba, Kaiseraugst, Switzerland).  

5.3.4 Experimental groups:  
There were 168 chow-fed mice in 10 independent cohorts. We called these cohorts “lean” mice. 
There were 74 high-fat diet-fed mice in 5 independent cohorts in which pregnant mice developed 
gestational diabetes (see below). We called these cohorts oGDM. There were 61 high-fed diet-fed 
mice in 4 independent cohorts in which pregnant mice did not develop gestational diabetes (see 
below). We called these cohorts oGH. There were 43 high-fat diet-fed Il1bfl/flLyz2-Cre mice and wild 
type controls in 3 independent cohorts.  
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5.3.5 Environmental conditions: 
All mice had free access to food and water and were housed in a 12-hour light and dark cycle with 
the light phase during the day. Individually vented cages (Greenline-Tecniplast) contained 2-5 
animals, environmental enrichment, ABEDD classic 4604 as bedding material and were kept in a 
specific pathogen free facility at 25°C. Weight and health status was checked on a weekly basis. 

5.3.6 Glucose tolerance testing:  
Glucose-tolerance testing (GTT) was performed on day 13.5 of pregnancy. For GTT, mice were fasted 
for 6 hours starting in the morning. Fasted mice received an s.c. injection of 2 g glucose per kg of 
body weight. Blood glucose was measured twice per time point prior to, and 15, 30, 60, 90 and 120 
minutes after glucose application, each with a drop of blood from the tail vein, using FreeStyle Lite 
glucose meters (Abbott AG, Baar, Switzerland). At the first three time points, additional blood 
samples were collected from the tail vein into tubes containing EDTA for later measurement of 
plasma insulin with the MSD Mouse/Rat Insulin Kit (Meso Scale Discovery, Rockville MD, USA) 
according to manufacturer’s instructions.  

5.3.7 Sacrifice of mice:  
Mice were sacrificed in the afternoon of day 14.5 of pregnancy. Serum and tissue for IL-1β and 
steroid hormone measurements and gene expression analyses were obtained at sacrifice. 

5.3.8 Serum preparation:  
Serum was obtained by allowing fresh blood obtained by cardiac puncture to stand for 30 minutes at 
room temperature, followed by centrifugation at 10’000 rcf for 20 minutes. 

5.3.9 IL-1β measurements of serum and organ extracts: 
Serum-IL-1β measurements were performed with the MSD mouse IL-1β Kit (K152QPD; Meso Scale 
Discovery) according to the “alternative protocol 2” of the manufacturer’s instructions.  

For tissue preparations, previously weighed pieces of tissue were homogenized with 5mm stainless 
steel beads (69989; Qiagen, Maryland, USA) in a TissueLyser (85300; Qiagen, Maryland, USA) in 
protein lysis buffer containing 20 mM Tris buffer pH 7.5, 1% Triton X-100, 150 mM NaCl, 10% 
glycerol, 10% cOmplete Protease Inhibitor Cocktail (Roche), 10 mM Na3VO4, 100 mM NaF, 5 mM 
PMSF and 5 mM EDTA. The resulting homogenates were centrifuged two times at 10’000 rcf for 10 
min at 4°C to pellet insoluble material and the clear protein supernatant was collected. IL-1β 
concentration in supernatants was measured with the MSD mouse IL-1β Kit according to the 
“alternative protocol 2” of the manufacturer’s instructions. The detected IL-1β concentration was 
normalized to the weight of the processed tissue. 

5.3.10 IL-1Ra measurements of serum: 
Serum-IL-1Ra measurements were performed with the mouse IL-1ra Quantikine ELISA Kit (MRA00, 
Biotechne) according to the manufacturer’s instructions.  

5.3.11 Serum steroid hormone measurements: 
Serum steroid hormone levels [corticosterone, 11-dehydrocorticosterone, 11-deoxycorticosterone, 
aldosterone, androstenedione, testosterone and progesterone] were determined as described 
previously with minor adaptations [121]. Briefly, for solid-phase extraction (SPE), each serum sample 
(100 µL) was mixed with protein precipitation solution (100 µL, 0.8 M zinc sulphate in 
water/methanol; 50/50, v/v) that contained (33 nM) deuterium-labeled aldosterone (D7), 
corticosterone (D8), androstenedione (D7) and testosterone (D2) as internal standard. Prior SPE all 
samples were diluted to a final volume of 1 mL with water and incubated in a thermoshaker (10 min 
at 4 °C, 1300 rpm). Following incubation samples were centrifuged (10 min at 16’000 rcf at 4 °C), and 
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supernatants (950 µL) were transferred to Oasis HBL SPE (1 cc) cartridges (Waters, Milford, MA, 
USA), preconditioned with methanol and water (3 x1 mL each). Samples were washed with water (1 
mL) and methanol/water (2 x 1 mL, 10/90, v/v). Steroids were eluted with methanol (2 x 0,75 mL), 
evaporated to dryness (3hrs, 35°C) and reconstituted in methanol (25 µL, 10 min, 4°C, 1300 rpm). 
Steroid content was analyzed by ultra-high pressure liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) using an Agilent 1290 UPLC coupled to an Agilent 6490 triple 
quadrupole mass spectrometer equipped with a jet-stream electrospray ionization interface (Agilent 
Technologies, Santa Clara, CA, USA). Analyte separation was achieved using a reverse-phase column 
(1.7 µm, 2.1 mm x 150 mm; Acquity UPLC BEH C18; Waters). Data acquisition and quantitative 
analysis were performed by MassHunter (Version B.07.01, Agilent Technologies).  

 

5.3.12 Ribonucleic acid (RNA) extraction and quantitative PCR (qPCR): 
Pieces of tissue (20–30 µg) were homogenized with 5mm stainless steel beads (69989; Qiagen, 
Maryland, USA) in a TissueLyser (85300; Qiagen, Maryland, USA) in 350 µl lysis buffer of the RNA 
extraction kit and total RNA was isolated using the NucleoSpin RNA II Kit (Macherey Nagel, Düren, 
Germany) according to the manufacturer’s instructions. Complementary deoxyribonucleic acid was 
prepared using the GoScript™ Reverse Transcriptase (A5003, Promega, Catalys, Switzerland) and 
used for Taqman qPCR or Sybr Green qPCR on a ViiA 7 real-time PCR system (Thermo Fischer 
Scientific, USA). For Taqman qPCR we used GoTaq polymerase mixes (A6102, GoTaq Probe qPCR 
Master mix, Promega, Dübendorf, Switzerland) and the following ABI Taqman probes (Thermo Fisher 
Scientific, Reinach, Switzerland): Il1b: Mm00434228, 18s: Hs99999901_s1. For Sybr Green qPCR we 
used GoTaq qPCR Master Mix (A6002, Promega, Catalys, Switzerland) and the following  primers: 18S 
fw 5’-GGGAGCCTGAGAAACGGC-3’ and rev 5’-GGGTCGGGAGTGGGTAATTT-3’, Cyp11b2 fw 5’-
CGTGGCCTGAGACGTGGTGT-3’ and rev 5’-CATCCATGGTAAGGCTCCCACGA-3’, NK1.1 (Gene name: 
Klrb1c) fw 5’-GCTGTGCTGGGCTCATCCT-3’ and rev 5’-TTGATGGTTTTTGTACTAAGACTCGCA-3’, Cd74 fw 
5’-CCCAGGACCATGTGATGCAT-3’ and rev 5’-CTTAAGATGCTTCAGATTCTCT-3’, Cd68 fw 5’-
GCAGCACAGTGGACATTCAT-3’ and rev 5’-AGAGAAACATGGCCCGAAGT-3’, Adgre fw 5’-
GCCCAGGAGTGGAATGTCAA-3’ and rev 5’-CAGACACTCATCAACATCTGCG-3’. 

5.3.13 Statistics 
Data are expressed as means (SEM). The following statistical tests were performed where 
appropriate: Two-way ANOVA followed by Sidak’s multiple comparison analysis, Mann-Whitney test, 
Dunn's Kruskal-Wallis multiple comparisons. Tests as stated in the figure legends were used for 
comparison of groups and p<0.05 were considered significant. Data analysis was performed using 
GraphPad Prism v7.0d Software.  

5.3.14 Ethics statement 
All animal experiments were approved by the cantonal authorities of Basel, Switzerland (license 
number 2695_28261). 

5.3.15 Data availability statement 
The data that support the findings of this study are available from the corresponding author upon 
request. 
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5.4 Results 
5.4.1 Mouse model for gestational diabetes mellitus  
To establish a rodent model for GDM, we fed pregnant mice of different ages with standard chow or 
HFD and categorized them according to their glucose tolerance. 

Glucose clearance in chow-fed, hereafter called “lean”, pregnant mice with the average mating age 
of 13.5 weeks was delayed compared to non-pregnant controls (Fig. 2A) despite (insufficiently) 
increased insulin secretion (Fig. 2D & G). 

To induce GDM, we fed older mice (12 weeks of age) an HFD for 8 weeks before mating (average age 
at mating: 17.5 weeks) and during pregnancy, thereby applying two major risk factors for GDM. We 
then divided the HFD-fed cohorts depending on the development of impaired glucose tolerance. 
Similar to the frequencies observed in human obese pregnancies (39%), we saw a marked 
impairment of glucose tolerance in five of nine (55%) HFD-fed cohorts (average number of animals 
per cohort: 17), glucose tolerance was markedly impaired, with a more than 20% higher rise in blood 
glucose in pregnant mice compared to non-pregnant controls (average AUC impairment by 
pregnancy: 37.25%, 99% CI 6.57%) (Fig. 2B). Plasma insulin was significantly (P<0.05) increased only 
30 min after the glucose bolus and insulin AUC was not different compared to non-pregnant controls 
(Fig. 2E & H). These HFD-fed cohorts are hereinafter referred to as “obese gestational diabetes 
mellitus” (oGDM) mice. In contrast, in four HFD-fed cohorts glucose tolerance was not impaired in 
pregnant mice compared to the non-pregnant controls (average AUC impairment by pregnancy: 
9.07%, 99% CI 10.00%) (Fig. 2C) probably due to a significant (P<0.05) increase in insulin secretion 
(Fig. 2F & 2I). These cohorts are herein referred to as “obese gestation healthy” (oGH). 

As expected, pregnancy increased body weight in all three models by approximately 20%, although 
HFD feeding masked some of this effect (Fig. 2J). Importantly, body weight in pregnant oGDM and 
oGH mice was comparable. 

An interesting side observation was that fertility was significantly (P<0.05) lower in HFD-fed mice 
compared to lean mice (Fig. 2K).  

5.4.2 IL-1β is increased in pregnant mice  
We then tested the hypothesis that IL-1β may impair glucose tolerance during pregnancy. First, we 
measured serum IL-1β in pregnant mice compared to their respective non-pregnant controls. IL-1β 
was elevated in all three pregnancy models (Fig. 3A-3C) with a doubling of IL-1β levels in all three 
groups. 

To track the source of the increase in circulating IL-1β, we measured IL-1β in various tissues relevant 
to metabolism and pregnancy. There was no difference in Il1b gene expression and protein level in 
subcutaneous or gonadal fat tissue, nor in spleen, liver or pancreatic islets between pregnant mice 
and non-pregnant controls (data not shown). In the uterus, however, Il1b gene expression was 
increased in pregnant lean and oGDM mice but not in pregnant oGH mice compared to their 
corresponding non-pregnant control (Fig. 3D-3F). To test if this increase in gene expression translates 
to protein level, we also measured IL-1β content per uterus. The total amount of IL-1β per organ was 
higher in pregnant oGMD and oGH mice compared to corresponding non-pregnant controls, but this 
increase was lower in oGH (Fig. 3G). We also measured IL-1β protein content of placentae in oGDM 
and oGH mice, which was similar to that of the uterus in pregnant mice (Supplement Fig. S1 A). This 
indicates that the uterus with the placentae is a probable source of increased IL-1β during pregnancy.  

To substantiate an increase in biologically active IL-1β, we measured the expression of immune cell 
markers in the uterus. Compared to non-pregnant controls, oGDM mice had increased gene 
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expression of immune cell markers, such as NK1.1 for natural killer cells, Cd74 for dendritic cells and 
Cd68 and Adgre for macrophages (Fig. 3H). In pregnant oGH mice, only uterine gene expression of 
Cd68 and Adgre but not of NK1.1 and Cd74 was increased (Fig. 3I).  

5.4.3 IL-1β antagonism improves glycaemia in GDM 
To test if IL-1β has a causal role in the pregnancy-associated impairment of glucose tolerance, we 
injected a neutralizing anti-IL-1β antibody (anti-IL-1β) into pregnant mice on day 7.5 of pregnancy 
and corresponding non-pregnant controls to block IL-1β action (Fig. 1B). Of note, the injections 
occurred before the pregnancy could be verified, forcing us to increase the number of experiments 
but with the benefit of better randomization. In non-pregnant mice as well as in pregnant lean and 
pregnant oGH mice, injection of anti-IL-β had no effect on glucose tolerance or basal and glucose-
stimulated insulin secretion (Fig. 4A, C, D, F). In contrast, in pregnant oGDM mice, injection of anti-IL-
1β significantly (P<0.01) improved glucose tolerance (Fig. 4B), while basal and glucose-stimulated 
insulin secretion did not differ (Fig. 4E), pointing to changes in insulin sensitivity. Anti-IL-1β injections 
did not influence maternal or fetal body weight in either of the three pregnancy models (Fig. 4G-J). 
To investigate a potential counter-regulatory mechanism in the IL-1 pathway during GDM, we 
measured circulating IL-1Ra in oGDM and oGH mice. IL-1Ra was comparable between anti-IL-1β-
treated or not pregnant mice and their respective non-pregnant controls (Supplement Fig. S1 B & C). 

To test the involvement of the myeloid compartment as a possible source of IL-1β in GDM we used a 
myeloid cell-specific IL-1β knock out mice. In contrast to oGDM mice injected with anti-IL-1β , HFD-
fed pregnant Il1bfl/flLyz2-Cre knock out mice were not protected from impaired glucose tolerance 
(Supplement Fig. S1 D & E).  

5.4.4 Steroid hormones  
To test whether IL-β regulates adrenal steroidogenesis and thereby possibly affects insulin resistance 
during pregnancy, we measured serum concentrations of a panel of steroid hormones in lean and 
oGDM mice and their non-pregnant controls treated with anti-IL-β or vehicle. 

Pregnancy increased serum concentrations of progesterone, corticosterone, 11-deoxycorticosterone, 
aldosterone, 11-dehydrocorticosterone, testosterone, androstenedione and 17α-
hydroxyprogesterone (Fig. 5A-H, Supplement Fig. S1 F-O). Although a general pattern pointing to a 
decrease of these hormones by anti-IL-1β appeared, none of these changes were statistically 
significant. However, in anti-IL-1β treated pregnant oGDM mice the corticosterone precursor 11-
deoxycorticosterone numerically increased by 22% (Fig. 5D) while corticosterone (the main 
glucocorticoid in rodents) itself numerically decreased (Fig. 5F), so that there was a tendency to a 
reduction of corticosterone/11-deoxycorticosterone ratio (Fig. 5I) compared to vehicle treated 
pregnant oGDM mice. Supporting this finding, adrenal gene expression of Cyp11b2, an enzyme that 
can convert 11-deoxycorticosterone to corticosterone, was significantly (P<0.01) increased only in 
vehicle treated oGDM but not following anti-IL-1β therapy (Fig. 5J), while Cyp11b2 was not 
significantly affected by anti-IL-1β antibodies in oGH mice (Fig. 5K). Cyp11b1 that also catalyzes the 
conversion of 11-deoxycorticosterone to corticosterone was not altered by anti-IL-1β treatment (not 
shown).  
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5.5 Discussion: 
We established a model for gestational diabetes in mice that has the advantage of integrating two 
main risk factors of the human situation, obesity and aging. This model allowed us to identify IL-1β as 
a causal driver of impaired glucose tolerance in GDM. Indeed, uterine and placental Il1b expression 
were increased during pregnancy, possibly contributing to the observed increase in circulating IL-1β. 
Accordingly, IL-1β antagonism improved glycaemia specifically in pregnant oGDM mice and not in 
non-pregnant controls. This was possibly due to reduced conversion of 11-deoxycorticosterone to 
corticosterone as a consequence of lower Cyp11b2 enzyme expression. 

Anti-IL-1β was well tolerated in pregnant mice without apparent influence on maternal and fetal 
weight or litter size. In humans, two drugs are approved to antagonize the IL-1 system, the anti-IL1β 
antibody canakinumab and the IL-1 receptor antagonist anakinra. Both have shown high safety 
profiles in long-term studies with only few serious adverse events during severe infections. Although 
some data exist about the use of these drugs during human pregnancy [122, 123], clearly possible 
benefits versus risks would have to be carefully considered.  

Anti-IL-1β had no influence on insulin secretion, pointing to an insulin-sensitizing effect rather than 
an improvement of insulin production in this model. Assessing insulin sensitivity with the gold 
standard, the euglycaemic-hyperinsulinemic clamp, involves anesthesia and surgery. The resulting 
stress would not be compatible with experimentations during pregnancy precluding us from 
performing hyperinsulinemic-euglycaemic-clamp in the animals. 

We observed increased uterine and placental IL-1β expression during pregnancy as well as 
upregulation of markers of natural killer cells (NK1.1), dendritic cells (Cd74) and macrophages (Cd68, 
Adgre) in oGDM. This is in agreement with a previous report of increased immune-cell infiltration in 
the uterus during pregnancy [40]. Macrophage markers (Cd68, Adgre) were also upregulated in oGH 
pregnant mice compared to non-pregnant controls. Further, HFD-fed pregnant Il1bfl/fl Lyz2-Cre knock 
out mice, which are deficient in myeloid derived IL-1β, did not have improved glucose tolerance 
compared to pregnant wild type mice. These findings suggest that natural killer cells or dendritic cells 
rather than macrophages are a likely cellular source of increased uterine IL-1β in GDM. The precise 
implications of this inflammatory process remain to be shown, but it is likely to contribute to uterus 
growth and possibly to the fetal-maternal immune barrier. In response to metabolic stress induced 
by overfeeding and obesity, these immune cells may become pathologically over-activated [124], 
leading to secretion of cytokines such as IL-1β, releavant for glucose homeostasis. 

We conclude, that IL-1β, presumably derived from the uterus and the placenta, contribute to the 
impaired glucose tolerance during GDM, possibly via changes in steroid-hormones and subsequent 
insulin resistance. 
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5.8.1 Figure legends 
Fig. 1: Schematic representation of the experimental timeline.  

w=week of age; d=day of pregnancy (A) Timeline of lean mice and obese healthy and obese 
gestational diabetes mellitus mice. (B) Timeline of all three groups during pregnancy. 

Fig. 2: Mouse model for gestational diabetes mellitus  

Concentration of (A-C) plasma glucose and (D-I) insulin during a subcutaneous glucose tolerance test. 
(A,D,G); lean mice (non-pregnant n=62, pregnant n=35), (B,E,H); oGDM mice (non-pregnant n=25, 
pregnant n=12),  (C,D,I); oGH mice (non-pregnant n=21, pregnant n=10) . (J) Bodyweight was 
assessed on the day of GTT. (K) Percentage of mice per cohort becoming pregnant after timed 
mating. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 ((A-F) Two-way ANOVA followed by Sidak’s 
multiple comparison analysis, (G-I,K) Mann-Whitney test, (J) Dunn's Kruskal-Wallis multiple 
comparisons)  

Fig. 3: IL-1β is increased in pregnant mice 

Serum IL-1β normalized to average of non-pregnant mice measured in afternoon serum of (A) lean 
(non-pregnant n=24, pregnant n=14), (B) oGDM (non-pregnant n=27, pregnant n=19), (C) oGH (non-
pregnant n=11, pregnant n=6). Il1b gene expression measured in uterine tissue from (D) lean (non-
pregnant n=5, pregnant n=4), (E) oGDM (non-pregnant n=14, pregnant n=7), (F) oGH (non-pregnant 
n=19, pregnant n=12) mice. (G) IL-1β protein measured in uterine tissue of oGDM (non-pregnant n=6, 
pregnant n=4) and oGH (non-pregnant n=11, pregnant n=7) mice. Relative gene expression of 
immune cell markers measured in uterine tissue of (H) oGDM (non-pregnant n=12, pregnant n=5) 
and (I) oGH (non-pregnant n=15, pregnant n=8) mice.  *P<0.05, **P<0.01, ****P<0.0001 ((A-I) Mann-
Whitney test) 

Fig. 4: IL-1β antagonism improves glycaemia in gestational diabetes mellitus 

Concentration of (A-C) plasma glucose and (D-F) insulin during a subcutaneous glucose tolerance test 
in (A,D) lean (non-pregnant n=62, anti-IL-1β treated non-pregnant n=43, pregnant n=35, anti-IL-1β 
treated pregnant n=28), (B,E) oGDM (non-pregnant n=25, anti-IL-1β treated non-pregnant n=24, 
pregnant n=12, anti-IL-1β treated pregnant n=13) and (C,F) oGH (non-pregnant n=21, anti-IL-1β 
treated non-pregnant n=25, pregnant n=10, anti-IL-1β treated pregnant n=5) mice. Bodyweight was 
assessed in (G) lean, (H) oGDM and (I) oGH on the day of GTT. (J) Average fetal weight per pregnant 
mouse was assessed one day after GTT in pregnant lean (pregnant n=13, anti-IL-1β treated pregnant 
n=8), oGDM (pregnant n=12, anti-IL-1β treated pregnant n=13) and oGH (pregnant n=10, anti-IL-1β 
treated pregnant n=5) mice. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 ((A-F) Two-way ANOVA 
followed by Sidak’s multiple comparison analysis (only significance of pregnant vs. pregnant anti-IL-
1β treated represented), (G-J) Dunn's Kruskal-Wallis multiple comparisons)  

Fig. 5: Changes in steroid hormones in gestational diabetes mellitus 

(A) Progesterone, (C) corticosterone and (E) 11-deoxycorticosterone (G) aldosterone was measured 
in serum of non-pregnant (n=8), anti-IL-1β treated non-pregnant (n=3), pregnant (n=7) and anti-IL-1β 
treated pregnant (n=11) lean mice. (B) Progesterone, (D) corticosterone, (F) 11-deoxycorticosterone 
(H) aldosterone was measured in serum of non-pregnant (n=18), anti-IL-1β treated non-pregnant 
(n=17), pregnant (n=7) and anti-IL-1β treated pregnant (n=8) oGDM mice. (I) Corticosterone/11-
deoxycorticosterone ratio was calculated from the measurements of D and F. Gene expression of 
Cyp11b2 was measured in adrenal tissue of (J) oGDM (non-pregnant n=10, anti-IL-1β treated non-
pregnant n=10, pregnant n=8, anti-IL-1β treated pregnant n=3) and (K) oGH (non-pregnant n=14, 
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anti-IL-1β treated non-pregnant n=14, pregnant n=8, anti-IL-1β treated pregnant n=3) mice. *P<0.05, 
**P<0.01, ***P<0.001, ((A-G) Dunn's Kruskal-Wallis multiple comparisons, (H-I) Mann-Whitney test) 

Supplementary Fig. S1 

(A)IL-1β per mg tissue in uterus and placenta of pregnant oGDM (n=4) mice and pregnant oGH (n=7) 
mice. Concentration of (B) serum IL-1Ra measured in non-pregnant (n=7), anti-IL-1β treated non-
pregnant (n=8), pregnant (n=6) and anti-IL-1β treated pregnant (n=8) oGDM mice. Concentration of 
(C) serum IL-1Ra measured in non-pregnant (n=17), anti-IL-1β treated non-pregnant (n=19), pregnant 
(n=10) and anti-IL-1β treated pregnant (n=4) oGH mice. Concentration of (D) plasma glucose and (E) 
insulin during a subcutaneous glucose tolerance test in HFD-fed Il1bfl/fl Lyz2-Cre (non-pregnant n=20, 
pregnant n=4) and WT (non-pregnant n=18, pregnant n=6) at an age of 15.5 weeks. (F) Aldosterone, 
(G) 11-dehydrocorticosterone, (H) testosterone, (I) androstenedione, (J) 17-hydroxyprogesterone 
was measured in serum of non-pregnant (n=8), anti-IL-1β treated non-pregnant (n=3), pregnant (n=7) 
and anti-IL-1β treated pregnant (n=11) lean mice. (K) Aldosterone, (L) 11-dehydrocorticosterone, (M) 
testosterone, (N) androstenedione, (O) 17-hydroxyprogesterone was measured in serum of non-
pregnant (n=18), anti-IL-1β treated non-pregnant (n=17), pregnant (n=7) and anti-IL-1β treated 
pregnant (n=8) oGDM mice. NQ= not quantifiable, *P<0.05, **P<0.01, ***P<0.001, ((A-J) Dunn's 
Kruskal-Wallis multiple comparisons) 
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6.2 Abstract 
Aim: Impaired islet function is a key element of impaired glucose homeostasis in type 2 diabetes. 
Chronic local low-grade inflammation driven by Interleukin-1β (IL-1β) in the islets was associated 
with impaired islet function. However, the source and the importance of islet driven IL-1β remains 
unclear. The aim was to increase β-cell-derived IL-1β in mice to identify a causal role of local IL-1β on 
glucose homeostasis. 

Methods: We generated an inducible knock-in mouse to overexpress pro-IL-1β and crossed it with 
two Cre-driver mouse lines containing either the inducible Pdx1ER or the constitutive Rip promoter 
driving Cre recombinase expression, to obtain two mouse lines overexpressing pro-IL-1β in β cells. 
Mice were fed standard chow diet or high-fat diet to investigate the effect of the pro-IL-1β 
overexpression in lean and obese mice. We developed a bioassay to detect biologically active IL-1β. 

Results: Both strains had increased islet-derived active IL-1β as indicated by increased islet mRNA 
expression of Il1b and IL-1β-dependent cytokines, as well as by increased IL-1β bioactivity. When fed 
a high-fat diet, insulin secretion was impaired in both transgenic lines compared to their littermate 
controls. However, only Pdx1ER Cre-driven pro-IL-1β overexpressor mice had impaired glucose 
tolerance along with decreased islet size and function. Treatment of these mice with an anti-IL-1β 
antibody rescued the deterioration of islet function. 

Conclusion: β-cell-specific overexpression of pro-IL-1β results in local, biologically active IL-1β 
production with subsequent inflammation and impairment of insulin secretion. 
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6.3 Introduction 
Type 2 diabetes (T2D) is a global health burden, and insufficient production of the anabolic hormone 
insulin to promote glucose uptake is a key element of this disease [1]. β cells secrete insulin in 
pancreatic islets and mediators of the immune system impair or increase insulin secretion depending 
on the context [9, 16]. The innate immune system and proinflammatory cytokines are associated 
with a reduction of β-cell mass and function in mice and humans [9, 125, 126]. 

To model destruction of β cells, human islets have been treated with a cocktail of the 
proinflammatory cytokines IL-1β, tumor necrosis factor α (TNF-α) and interferon-γ [127, 128] and the 
pro-inflammatory factors IL-6, IL-8, IL-1β, C-X-C Motif Chemokine Ligand 1 (CXCL1), C-C Motif 
Chemokine Ligand 2 , and TNF-α are induced by a diabetic milieu (high fatty acid and/or glucose 
concentrations) [22], which indicates that local islet inflammation is inducible and can impair β-cell 
function. Treatment with IL-1 receptor antagonist (IL-1Ra), an endogenous competitive inhibitor of 
IL-1 signaling, almost completely prevented the induction of proinflammatory cytokines in islets [22] 
and partially reversed glucotoxicity induced β-cell dysfunction in human pancreatic islets [61]. 

The importance of the IL-1 system is underlined by research showing that endogenous IL-1Ra 
expression was decreased in β cells in histological sections from patients with T2D. Furthermore, 
various studies showed that IL-1 blockade, in particular IL-1β blockage, improves insulin secretion in 
humans [129] or prevents impairment of insulin secretion in rodents [62, 130]. 

Furthermore, mouse β cells have the highest IL-1 receptor type I expression of all tissues analyzed 
and it is the most abundant cell surface receptor on mouse β cells, indicating the relevance of IL-1β 
as a potent signaling molecule in β cells [22]. Islets upregulate their Il1b expression upon IL-1β 
treatment and amplify the local IL-1β signal [22, 89]. It has been a matter of debate if β cells 
themselves can produce and process pro-IL-1β to its active form for paracrine signaling or whether 
immune cells within the islet are responsible for the amplification of the IL-1β signal. Even though 
the elements needed to produce caspase-1 and cleave pro-IL-1β can be detected on a low-level in 
fluorescence-activated cell sorting (FACS)-isolated β cells [88, 89], the biologically relevant source of 
IL-1β affecting the islets remains controversial [63, 64, 71]. The acute direct effect of IL-1β on insulin 
secretion has been demonstrated by injecting IL-1β before a glucose tolerance test (GTT) and 
subsequent increase of glucose-stimulated insulin secretion and improved glucose tolerance [16]. 
Furthermore, IL-1β contributes to postprandial insulin secretion [16]. This demonstrates that IL-1β 
has a physiological and not only a pathological role in insulin secretion. However, the line between 
the physiologic and pathophysiologic effects of IL-1β is not always clear cut. Acute signals from the 
nutrition such as glucose, fatty acids, and microbiome-derived signals may induce secretion of IL-1β 
to support post-prandial insulin secretion [16], while the long-term chronic increase of this signal 
induces β-cell stress, dedifferentiation and impairs function [62, 125, 126]. 

Since cytokines and in particular IL-1β have been shown to play a critical role in diabetes and 
pancreatic islet signaling, we decided to generate β-cell-specific pro-IL-1β overexpressor mouse lines 
to increase IL-1β locally and in combination with chow and high-fat diet (HFD) feeding to investigate 
the consequences on glucose metabolism and diabetes development.  
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6.4 Methods 
6.4.1 Mice 
6.4.2 β-cell-specific pro-IL-1β overexpressor mice 
An inducible pro-IL-1β expressing knock-in mouse line was generated on a C57BL/6N genetic 
background based on the Rosa26 locus by insertion of a loxP flanked TKneo-STOP cassette in front of 
pro-IL-1β cDNA by PolyGene AG (Rümlang, Switzerland) (Fig. 1A,B). The pro-IL-1β cDNA used to clone 
the targeting vector was kindly provided by SooHyun K. (Institute of Biomedical Science and 
Technology, Konkuk University, Korea). The correct homologous recombination of embryonal stem 
cells was verified by Southern blotting. Chimeric mice were generated by blastocyst injection of 
embryonal stem cells and offsprings of the chimera were screened for germline transmission of the 
knock-in gene. Of note, a TK-neo-STOP cassette with a single polyA signal did not give rise to 
germline transmission from the chimera probably because the single STOP cassette was leaky. Only a 
loxP site-flanked neo cassette followed by a quadruple polyA site resulted in successful germline 
transmission. To remove the FRT-flanked neo cassette a chimeric mouse was crossed to a flipase 
mouse (Gt(Rosa)26SORtm1(FLP1)Dyn) on a C57BL/6N genetic background. A stop-pro-IL-1β positive and 
neo negative founder mouse was further crossed a C57BL/6N mouse to remove the flipase gene 
which resulted in an inducible stop-pro-IL-1β mouse on a C57BL/6N background (B6.Cg-
Gt(ROSA)26Sor<tm1(stop-Il1b)Boe>) termed in the following “stop-pro-IL1bfl/fl mice”. The wild-type 
allele (Fig. 1A) was distinguished from the TGdelneo allele by a triple primer PCR with the following 
primer sequences: D076.8: 5’ – CATCAAGGAAACCCTGGACTACTG – 3’, D076.9: 5’ – 
GGGAGGGGAGTGTTGCAATAC– 3’, D076.10: 5’ – AAAACTTCCCGACAAAACCGA – 3’. The PCR product 
from the wild-type allele is 260 bp and the of TGdelneo allele 166 bp. 
For the production of a tamoxifen-inducible β-cell-specific pro-IL-1β overexpressor mouse the 
Pdx1ER Cretg/o mouse (B6-Tg(Pdx1-cre/Esr*)<Mga>) was used. This mouse was kindly provided by M. 
Wheeler (Toronto, Canada) and backcrossed for 10 generations to C57BL/6N genetic background 
prior to crossing with the stop-pro-IL1bfl/fl mouse. Cre recombinase-negative control littermate stop-
pro-IL1bfl/fl Pdx1ER Cre0/0 mice (CTRL) served as controls for the Cre recombinase-positive pro-IL1b-
overexpressor mice stop-pro-IL1bfl/fl Pdx1ER Cretg/0 (PβpIL1βover). Overexpression was induced at the 
age of 8 weeks by 3 times oral application of tamoxifen (125 mg/kg body weight) to all mice. 

For the production of a constitutive β-cell-specific pro-IL-1β overexpressor mouse, a rat insulin 2 
promoted-driven Cre recombinase expressing mouse (RIP Cretg/0 (B6-Tg(Ins2-cre)<Herr>)) was used 
(Herrera PL, Development, 2000, 127:2317) (Fig. 1D). This mouse was kindly provided by P. Herrera 
and backcrossed for 10 generations to C57BL/6N genetic background prior to crossing with the stop-
pro-IL1bfl/fl mouse. Cre recombinase-negative littermate stop-pro-IL1bfl/fl Rip Cre0/0 mice (CTRL) 
served as controls for the Cre recombinase-positive pro-IL1b-overexpressor mice stop-pro-IL1bfl/fl Rip 
Cretg/0 mice (RβpIL1βover). 

The RβpIL1βover mice breeding resulted in non-specific expression in toes of 12% of the mice (data not 
shown). These animals were excluded (2% of Cre

 0/0 and 20% of Cretg/0). We assume that gametal 
excision of the stop cassette underlies this non-specific il1b expression. Male mice were used for in 
vivo experiments. Pancreatic islets from female mice were used to confirm experiments with 
pancreatic islets from male mice. All experiments were done with the approval of the authorities of 
Basel, Switzerland. Animals had free access to food and water. Body weight and health status were 
controlled every week. Individually ventilated cages (Greenline-Tecniplast) containing 2-5 animals, 
environmental enrichment, bedding material (ABEDD classic 4604) were kept at 21-25 °C in a specific 
pathogen-free facility. The light phase of the 12-hour light-dark cycle was during the day. 
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6.4.3 Diet 
If indicated, mice were fed HFD with 60 kJ% fat and 21 kJ% carbohydrates (Lard; EF D12492; ssniff 
Spezialdiäten, Soest, Germany) starting at the age of 10 weeks. All other mice received a standard 
rodent-chow diet (3436, Provimi Kliba, Kaiseraugst, Switzerland).  

6.4.4 Tamoxifen preparation 
Tamoxifen was dissolved (25 mg/ml) in warm corn oil and stored at -20° C in aliquots of 2 ml to avoid 
precipitation upon repeated defrosting. 

6.4.5 Glucose tolerance test 
Mice were fasted for 6 hours starting in the morning and were injected 2 g/kg body weight glucose 
for glucose-tolerance testing. Glucometers (FreeStyle Lite; Abbott AG, Baar, Switzerland) were used 
for glucose measurements. For insulin measurements, blood samples were collected into tubes 
containing EDTA. Plasma insulin was measured with the MSD Mouse/Rat Insulin Kit (Meso Scale 
Discovery, Rockville MD, USA) according to the manufacturer’s instructions. 

6.4.6 Insulin tolerance test 
For the insulin tolerance test (ITT), mice were fasted for 3 hours starting in the morning and were 
injected insulin (Actrapid®, Novo Nordisk A/S, Bagsværd, Denmark) (1 U/kg body weight in chow-fed 
animals, 2 U/kg body weight in HFD-fed animals if not reported otherwise). Blood glucose 
concentrations were measured with a glucometer. 

6.4.7 Antibodies 
A murine anti-IL-1β antibody (BSUR05, with the same specificity as canakinumab; kindly provided by 
Novartis, Switzerland) applied in previous studies [62] was used in vivo and in vitro.  

6.4.8 In vivo anti-IL-1β treatment 
 HFD-fed animals with impaired glucose tolerance at an age of 23 weeks received an intraperitoneal 
(i.p.) dose of 10 µg/kg body weight anti-IL-1β antibody (Ab) followed by a weekly dose of 5 µg/kg 
body weight anti-IL-1β Ab. GTT was performed at the age of 24 weeks and 32 weeks to detect the 
effect of short-term anti-IL-1β treatment. After the GTT at the age of 32 weeks, glucose AUC of this 
GTT was calculated and PβpIL1βover were split into two body weight- and glucose AUC-matched 
groups: In one group treatment was switched to the vehicle (TS), in the other group weekly anti-IL-1β 
Ab treatment was continued (TC). Weekly Ab treatment in the CTRL was continued (CTRL TC). A GTT 
was done at the age of 52 weeks to assess the effect of long-term anti-IL-1β treatment for prevention 
of progression of diabetes symptoms in mice. 

6.4.9 Acute il-1β treatment 
Il-1β (1 μg/kg) was given i.p. 15 min before one of two GTTs in a within-subject, crossover-design 
study to increase glucose-stimulated insulin secretion as previously described [16]. The recovery time 
between the two timepoints of the GTTs was 2 weeks. 

6.4.10 Serum Preparation 
Serum was obtained by allowing fresh blood obtained by cardiac puncture or by the tail vein bleeding 
to stand for 30-120 min at room temperature, followed by centrifugation at 2000 g for 20 min. 

6.4.11 IL-1β measurements in serum 
IL-1β measurements were performed with the MSD mouse IL-1β Kit (K152QPD; Meso Scale 
Discovery) according to the “alternative protocol 2” of the manufacturer’s instructions. Of note, this 
assay not only detects active IL-1β but also biologically inactive pro-IL-1β. 
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6.4.12 Bioassay to detect active IL-1β 
Samples and calibrators 

Samples consisted of 50 live islets, 50’000 non-immune cells such as β cells or 10ul serum. Calibrators 
were obtained by diluting a stock aliquot of 10ng/µl recombinant mouse IL-1β (401-ML-025, Bio-
techne) in Min6 Medium (DMEM (41965062,ThermoFisher Science) supplemented with 15% fetal 
bovine serum(10500, Invitrogen), 0.1% 2-Mercaptoethanol 50 mM solution (31350-010, GIBCO), 
100 U/ml penicillin, and 100 mg/l streptomycin, 1% NaPyruvate (11360-039, GIBCO)) to final 
concentrations of 1 ng/ml, 100 pg/ml, 10 pg/ml, 5 pg/ml, 1 pg/ml, 0.5 pg/ml, 0.1 pg/ml. Each sample 
was prepared as a duplicate and to one of each replicate the neutralizing anti-IL-1β Ab was added.  

Assay setup 

25’000 cells/well from a murine pancreatic β-cell line (Min6 B1) [131], which have a high expression 
of Il1r1 [22] were seeded in a flat bottom 96 well plate (92096, TPP, Switzerland) 24 hours prior to 
testing. After removing the Min6 culture medium, 150 ul of Min6 medium, 150 ul sample in Min6 
medium or 150 ul recombinant mouse IL-1β in Min6 medium were added. After another 24 hours, 
120 ul of cell supernatant was collected from every well, centrifuged at 3000 g for 5 min and 100 ul 
kept at -80° C until measurement. 
CXCL1 was measured in cell culture supernatants by using the MSD Mouse KC/GRO Kit (K152BKB, 
Meso Scale Discovery) according to the “alternative protocol 2” of the manufacturer’s instructions. 
Supernatants were diluted to fit the range of the MSD Mouse KC/GRO Kit when necessary. Bioactive 
IL-1β signal IL-1β-specific induction of CXCL1 is the difference between the CXCL1 concentration in 
the absence of anti-IL-1β Ab and the presence of the anti-IL-1β Ab (5 µg/ml).  

6.4.13 Pancreas histology 
Formalin-fixed pancreata embedded in paraffin were cut into sections (5 μm), deparaffinized, 
rehydrated, stained, imaged and analyzed. Comparisons were made between littermate CTRL and 
pro-IL-1β overexpressor mice and 3 slides per animal were used. For insulin staining, a guinea pig 
anti-insulin antibody (DAKO, A0564) was used followed by detection with Alexa657-conjugated goat 
anti–guinea pig IgG (Thermo Fischer Scientific). Nuclei were labeled with DAPI (0.2 µg/ml), and 
sections were mounted in mounting medium (S3023, DAKO). The sections were imaged using a Nikon 
Ni with Prior slide robot, a Nikon Ds-Fi3 camera, a CFI Plan Apo Lambda 4X (NIKON-MRD00045, 
Nikon) objective, and NIS-Elements 5.11 imaging software (Nikon). Multichannel images were 
analyzed using ilastik software [132] for segmentation, followed by semi-automatic islet detection 
using a custom Fiji [133] macro. 

6.4.14 Islet isolation 
Islets were isolated by collagenase digestion and hand-picking as previously described [23]. After the 
isolation a picture of the isolated islets of each animal was taken with an Evos M5000 imaging system 
(ThermoFisher Scientific) using FL EVOS 2x Objective (AMEP4931, ThermoFisher Scientific) and 
analyzed using a custom script in Fiji [133]. 

6.4.15 Fluorescence-activated cell sorting of pancreatic islets 
Clean handpicked islets from each animal were isolated. To obtain single cells, islets were repeatedly 
gently dispersed over a time period of 1.5 min with a 0.0125 % trypsin-EDTA (GIBCO) solution in a 
37° C water bath, washed with cold buffer for FACS (FACS buffer) (PBS with 0.5 % w/v BSA and 5 mM 
EDTA), centrifuged at 300 g, 4° C for 5 min and resuspended in FACS buffer. After incubating with an 
Fc blocker (14-0161-82, Thermo Fisher Scientific) for 10 min, single islet cells were stained with Cd45 
antibody (17-0451-82, eBioscienceTM) for 30 min at 4° C in the dark. DAPI (0.1 μg/mL) was added 
shortly before sorting with a FACS ARIA III cell sorter (BD Biosciences) using FACS Diva software (BD 
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Biosciences). After gating for live cells, Cd45+ singlet cells were collected as previously described [23] 
and considered as “immune cell fraction”. From the Cd45- fraction, the forward scatter (FSC)high side 
scatter (SSC)high cells were sorted as singlets and considered “β-cell fraction”. Cd45- FSClow SSClow cell 
fraction containing α-cells but also various other cell types including delta cells and small β cells were 
considered as “other cell fraction” and sorted as singlets. FACS isolated fractions from at least 
150 islets were used for subsequent quantitative PCR (qPCR) or testing for IL-1β bioactivity on the 
Min6 assay. 

6.4.16 Homogenized tissue samples 
Homogenized tissue samples were obtained by adding the tissue piece (20-30 µg), a 5 mm stainless 
steel bead (69989; Qiagen, Maryland, USA) and lysis buffer (20 mM Tris buffer pH 7.5, 1 % Triton X-
100, 150 mM NaCl, 10 % glycerol, 10 % cOmplete™ Protease Inhibitor Cocktail (Roche), 10 mM 
Na3VO4, 100 mM NaF, 5 mM PMSF and 5 mM EDTA) and run in TissueLyser (85300; Qiagen, 
Maryland, USA) for 2.5 min at a frequency of 25/s at 4° C. 

6.4.17 qPCR 
Eighty whole islets, 3000-50’000 cells of FACS-isolated islet fractions or homogenized tissue samples 
were lysed in 350 µl lysis buffer of the ribonucleic acid (RNA) extraction kit and total RNA was 
isolated using the NucleoSpin RNA II Kit (Macherey Nagel, Düren, Germany) according to the 
manufacturer’s instructions. Complementary deoxyribonucleic acid was prepared using the 
GoScript™ Reverse Transcriptase (A5003, Promega, Catalys, Switzerland) and used for Taqman 
quantitative PCR (qPCR) or Sybr Green qPCR on a ViiA 7 real-time PCR system (Thermo Fischer 
Scientific, USA). For Taqman qPCR, we used GoTaq polymerase mixes (A6102, GoTaq Probe qPCR 
Master mix, Promega, Dübendorf, Switzerland) and the ABI Taqman probes (Thermo Fisher Scientific, 
Reinach, Switzerland) listed in Table 1. For Sybr Green qPCR we used GoTaq qPCR Master Mix 
(A6002, Promega, Catalys, Switzerland) and the primers listed in Table 1.: 

6.4.18 Table 1: Primers used for qPCR 
Function Forward (5’->3’) Reverse (5’->3’) 

Housekeeping gene (Sybr) for 
whole islets and FACS-isolated 
fractions 

Gapdh: 

AGGTCGGTGTGAACGGATTTG 

Gapdh: 

TGTAGACCATGTAGTTGAGGTCA 

Housekeeping gene (Sybr) for 
whole islets and FACS-isolated 
fractions 

Actb: 

GGCTGTATTCCCCTCCATCG 

Actb: 

CCAGTTGGTAACAATGCCATGT 

Gene of interest (Sybr) for whole 
islets 

Slc7a11: 

GGCACCGTCATCGGATCAG 

Slc7a11: 

CTCCACAGGCAGACCAGAAAA 

Gene of interest (Sybr) for whole 
islets FACS-isolated fractions 

Gcg: 

GCGTACCCTGACACCAATCTC 

Gcg: 

CTCCTCTTCGCACTTCTGCTC 

Gene of interest (Sybr) for whole 
islets and  

Ins2: 

TGGCTTCTTCTACACACCCAAG 

Ins2: 

ACAATGCCACGCTTCTGCC 

Gene of interest (Sybr) for whole 
islets 

Adgre1: 

GCCCAGGAGTGGAATGTCAA 

Adgre1: 

CAGACACTCATCAACATCTGCG 
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Gene of interest (Sybr) for whole 
islets and FACS-isolated fractions 

Cd68: 

GCAGCACAGTGGACATTCAT 

Cd68: 

AGAGAAACATGGCCCGAAGT 

Gene of interest (Sybr) for whole 
islets 

Ccna2: 

GCCTTCACCATTCATGTGGAT 

Ccna2: 

TTGCTGCGGGTAAAGAGACAG 

Gene of interest (Sybr) for whole 
islets 

Ccnd1: 

GCGTACCCTGACACCAATCTC 

Ccnd1: 

CTCCTCTTCGCACTTCTGCTC 

Gene of interest (Sybr) for whole 
islets 

E2f1: 

TAGCCCTGGGAAGACCTCAT 

E2f1: 

CCCCAAAGTCACAGTCAAAGAG 

Gene of interest (Sybr) for whole 
islets 

Mki67: 

ATCATTGACCGCTCCTTTAGGT 

Mki67: 

GCTCGCCTTGATGGTTCCT 

Function Assay ID 

Housekeeping gene for whole 
islets and FACS-isolated fractions 
(Taqman) 

Gapdh: Mm99999915_g1 

Housekeeping gene whole islets 
and FACS-isolated fractions 
(Taqman) 

Actb: Mm00607939_s1 

Gene of interest for FACS-isolated 
fractions (Taqman) 

Il1b: Mm00434228_m1 

Gene of interest for whole islets 
(Taqman) 

Il1rn: Mm00446185_m1 

Gene of interest for whole islets 
(Taqman) 

Nos2: Mm01309902_m1 

Gene of interest for whole islets 
(Taqman) 

Cxcl1: Mm00433859_m1 

Gene of interest for whole islets 
(Taqman) 

Ptprc: Mm01293577_m1 

Gene of interest for whole islets 
(Taqman) 

Cd86: Mm00444543_m1 

Gene of interest for whole islets 
(Taqman) 

Adgre1: Mm00802529_m1 

 

6.4.19 Single islet glucose-stimulated insulin secretion 
After isolation, single islets were transferred into 96 V-bottom well plates (83.3926, Sarstedt, 
Germany) to perform a single islet glucose-stimulated insulin secretion test (siGSIS) after 48 hours 
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attachment time as previously reported [134]. In addition, we took stack images of every well, 
detected the layer of the islet in focus and analyzed the area of each islet using Fiji [133] Software. 
From every mouse, 8-12 round islets with varying sizes in the size range of the respective isolation 
were analyzed. 

6.4.20 Statistics 
The following statistical tests were performed where appropriate: Two-way ANOVA followed by 
Sidak’s multiple comparison analysis, One-way ANOVA followed by Tukeys multiple comparison 
analysis, Unpaired t-test, Wilcoxon test, Welch’s t-test. Tests, as stated in the figure legends, were 
used for comparison of groups and p<0.05 was considered significant. Data analysis was performed 
using GraphPad Prism v8.3.0 Software. Preliminary experiments that require confirmation due to low 
sample numbers are presented with symbols for each sample on the bar plot.  
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6.5 Results 
6.5.1 Validation of the β-cell-specific pro-IL-1β overexpressing model 
To confirm pro-IL-1β overexpression in vivo, we measured IL-1β mRNA expression of FACS-isolated 
islet endocrine cells-enriched fractions and found that PβpIL1βover had significantly increased Il1b 
expression compared to cell isolates from littermate control mice (CTRL) (Fig. 2A). The 
overexpression was detectable in cohorts with an age of 14 weeks as well as an age of 52 weeks, 
indicating fast and sustainable induction of the overexpression (comparison not shown). Pro-IL-1β 
has to be processed to its mature form in order to induce biological activity [79]. To provide evidence 
of active IL-1β in the islets, we measured the expression of genes that become upregulated when 
induced by IL-1β. Il1b overexpression led to significantly increased expression of Il1rn, Cxcl1, and 
Slc7a11, as well as a trend in the barely detectable Il1rn expression in whole islets of PβpIL1βover, 
compared to CTRL in HFD mice of an age of 30-52 weeks (Fig. 2B). To put the β-cell overexpression-
induced Il1b transcription in a relation to endogenous islet immune-cell Il1b transcription, we 
compared the immune cell fraction to the β-cell fraction (Fig. 2C). The immune cell fraction expresses 
approximately 1300 fold more Il1b than β cells and approximately 10 fold the expression of an 
overexpressing β cell of PβpIL1βover compared to CTRL at an age of 14-52 weeks on chow diet (Fig. 
2C). The local overexpression of pro-IL-1β had no systemic effects: IL-1β concentrations in serum 
were not significantly changed in a pool of chow and HFD-fed PβpIL1βover (Fig. 2D) nor when 
separated according to diet (data not shown). 

We confirmed the overexpression of Il1b in whole islets of the second β-cell-specific pro-IL-1β 
overexpressor mouse line and thus compared chow-fed RβpIL1βover to CTRL islets at an age of ranging 
from 14 to 23 weeks (Fig. 2E). In this mouse line and at this age, we detected only a trend to 
increased Cxcl1 expression and no effect on expression of Il1rn and Slc7a11, but a significant increase 
of the expression of the inducible inflammation marker Nos2, with more samples in the detection 
range of the method in islets from RβpIL1βover compared to CTRL (Fig. 2E).  

To investigate, if this upregulation of RNA translates on the protein level and has a biologic effect, we 
developed a bioassay to detect biologically active IL-1β. The Min6 cells in the bioassay strongly 
reacted to IL-1β by secreting CXCL1, which could be abrogated by the addition of anti-IL-1β Ab (Fig. 
2F). Islets and β cells both induced an increased bioassay signal when added to Min6 cells (Fig. 
2G,J,I,L). The signal induced by FACS-isolated β cells was preliminary and close to the detection limit, 
but still, there was a trend to increased CXCL1 in both RβpIL1βover compared to CTRL (Fig. 2I) and 
PβpIL1βover compared to CTRL (Fig. 2L). The signal induced by islets was clear and significant. The 
bioassay signal (Fig. 2G) was significantly reduced by the addition of anti-IL1β Ab to RβpIL1βover islets 
but not when added to CTRL (Fig. 2H), indicating biologically active IL-1β from these islets. With 
PβpIL1βover islets compared to CTRL, the same trend was observed, with fewer replicates in this 
preliminary dataset (Fig. 2J,K).  

6.5.2 Minor changes detected in islet composition between pro-IL-1 β overexpressor and 
control islets. 

To confirm the selectivity of the FACS sort and to ensure a similar sort pattern between PβpIL1βover 
and CTRL, we measured the expression of the major cell identity genes in FACS-isolated fractions. As 
expected, Ins2 was primarily expressed in the β-cell fraction (Fig. 3A), Gcg was primarily expressed in 
the other cells fraction (Fig. 3B), and Cd68 was primarily expressed in the immune cell fraction (Fig. 
3C). There was no significant difference detected in cell identity genes of FACS isolated fractions 
between PβpIL1βover and CTRL. 

To investigate the islet composition, we measured the expression of cell identity genes and 
proliferation genes in whole islets. In PβpIL1βover compared to CTRL none of the measured cell 
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identity genes were significantly changed (Fig. 3D). Interestingly, the whole islets of RβpIL1βover 
showed a significantly increased Ins2 expression compared to CTRL, but no significant change in 
other identity markers Cd45 and Gcg (Fig. 3E). The proliferation gene Mki67 expression measured in 
HFD-fed PβpIL1βover at an age of 30-54 weeks was significantly increased, while the expression of all 
other measured proliferation genes was not changed (Fig. 3F). We could not detect this change in 
Mki67 expression in the younger (14-23 weeks) chow-fed RβpIL1βover compared to CTRL (Fig. 3G). 

6.5.3 Minor effect of β-cell-specific overexpression on glucose homeostasis on chow diet 
To investigate the role of β-cell-specific pro-IL-1β overexpression on in vivo glucose homeostasis, we 
performed GTTs and ITTs in mice at the age of 10, 23 and 52 weeks. At the age of 10 weeks, glucose 
tolerance was significantly impaired and insulin secretion was reduced at the 15-minute time point in 
PβpIL1βover compared to CTRL, while body weight remained unchanged (Fig. 4A-C). This difference 
was no longer detectable at the age of 23 weeks on chow diet (Fig. 4D-F). At the age of 52 weeks, 
glucose tolerance was impaired in PβpIL1βover compared to CTRL, without altered insulin secretion 
(Fig. 4G-I). In the ITT, we detected increased insulin resistance in PβpIL1βover compared to CTRL (Fig. 
4J) that disappeared when normalized to fasting glucose concentrations at time point 0 (Fig. 4K). The 
body weights at the age of 52 weeks were not significantly different (Fig. 4I), however, 6 of 50 (12 %) 
animals did not exceed a body weight of 40 g. The exclusion of these 6 animals from the analysis 
resulted in no significant difference in glucose tolerance (Fig. 4L). 

No significant differences in glucose tolerance, insulin secretion, body weight or insulin resistance 
were detected in chow-fed RβpIL1βover compared to CTRL at the ages of 10 and 23 weeks (Fig. 4M-R). 

6.5.4 β-cell-specific overexpression impairs insulin secretion in HFD-fed mice 
To further mimic the diabetic situation in vivo and to enhance chronic low-grade inflammation, we 
fed animals with HFD, starting after the first GTT at the age of 10 weeks. Upon HFD feeding and  at 
the age of 23 weeks, glucose tolerance was significantly impaired in PβpIL1βover compared to CTRL 
with a trend to impaired insulin secretion (Fig. 5A-B). This phenotype was enhanced at the age of 52 
weeks when not only glucose tolerance but also insulin secretion was impaired (Fig. 5D-E). Body 
weight was not significantly changed at any time point (Fig. 5C,F). 

To confirm the involvement of active IL-1β in this impairment, we did IL-1β signal altering 
pharmacological intervention studies. 

We treated PβpIL1βover and CTRL with a neutralizing anti-IL-1β Ab to potentially rescue the 
genetically-induced overexpression of IL-1β and its subsequent impairment in glucose tolerance and 
insulin secretion. Short-term treatment (up to 8 weeks) of HFD-fed mice at 23 weeks of age only 
induced a non-significant trend towards improvement of glucose tolerance (data not shown). To 
investigate the long-term treatment effect of anti-IL-1β Ab treatment, the cohort was divided into 
the treatment continuing (CTRL TC and PβpIL1βover TC) and the treatment stopped group (PβpIL1βover 

TS) by matching glucose AUC and body weight. Glucose tolerance of PβpIL1βover TS was significantly 
impaired at age 52w compared to CTRL TC while PβpIL1βover TC was not (Fig. 5G). The insulin pattern 
of the PβpIL1βover TS showed a clear trend to impaired glucose-stimulated insulin secretion compared 
to the other two groups (Fig. 5H). Insulin incremental AUC (iAUC), a measure that shows insulin 
secretion increase upon glucose stimulation was also significantly impaired in TS but not in TC (Fig. 
5I). These results indicate that anti-IL-1β treatment can rescue the impairment of glucose tolerance 
in PβpIL1βover. 

To test whether chronic IL-1β overexpression induces resistance against IL-1β signaling, we used 
single IL-1β injections, which are known to improve insulin secretion in the subsequent GTT [16]. 
Acute IL-1β in HFD-fed mice at the age of 51-53 weeks improved insulin secretion and glucose 



Manuscript II 

42 | P a g e  
 

tolerance significantly in CTRL but not in PβpIL1βover (Fig. 5J-L). Of note, the lower number of animals 
in the PβpIL1βover  (n=4) and the different glucose curves upon saline-only injections limits the validity 
of this comparison.  

HFD also led to impaired insulin secretion but not to impaired glucose tolerance in RβpIL1βover 
compared to CTRL at an age of 23 weeks (Fig. 5M,N). There was a trend towards reduced body 
weight in these animals (Fig. 5O).  

6.5.5 Overexpression of pro-IL-1β in β cells reduces islet number, size and function 
The decreased insulin secretion in HFD-fed β-cell-specific overexpressing mice of HFD-fed compared 
to CTRL (Fig. 5E,K,N) suggested that impaired islets drive the in vivo insulin phenotype of β-cell-
specific overexpression. To investigate in which way the islets were altered, we analyzed histology 
slides of pancreata of HFD-fed PβpIL1βover compared to CTRL at the age of 53 weeks as well as 
pictures taken from isolated islets of HFD-fed PβpIL1βover compared to CTRL at the age of 30-54 
weeks. Mean islet sizes and numbers were significantly reduced in the PβpIL1βover compared to CTRL 
in both pancreas sections as well as isolated islets (Fig. 6A-D). The frequency distribution of the islet 
sizes indicates a trend to an increased number of small islets and a decreased number of large islets 
on histology slides of PβpIL1βover compared to CTRL (Fig. 6E). The same pattern was observed in the 
analysis of pictures of the isolated islet of this mouse line (Fig. 6F). The β-cell mass was reduced by 
71% in PβpIL1βover compared to CTRL (Fig. 6G). Isolated islet area per animal calculated from average 
islet size multiplied by the number of isolated islets was also significantly reduced (Fig. 6H). β-cell 
mass correlated with insulin AUC during the GTT 5 days before sacrifice (R2=0.8969, p=0.0041) (Fig. 
6I), indicates a link between β-cell mass and insulin secretion.  

To link the change in size and number to the impaired insulin secretion, we did a single islet glucose-
stimulated insulin secretion test in isolated islets from 54 weeks old HFD-fed PβpIL1βover compared to 
CTRL. Insulin secretion upon glucose stimulation and insulin content were significantly reduced in 
islets with only a trend to decreased basal insulin secretion and islet size in islets of PβpIL1βover 
compared to islets of CTRL (Fig. 5J). 
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6.6 Discussion: 
It is well-established that inflammation, in particular IL-1β, plays a role in diabetes [19, 64]. However, 
the cellular source of islet IL-1β is still a matter of debate [21, 22, 63, 64]. β cells with 50-70% in 
humans and 60-80% in mice, are the most abundant cell type in islets [135]. β cells have been 
hypothesized to contribute to IL-1β production in human islets [61, 64]. However, Il1b expression, as 
well as mRNA expression of the genes of the machinery required to process pro-IL-1β to active IL-1β, 
are reported to be low in mouse β cells compared to mRNA levels of β-cell-associated proteins such 
as insulin [89]. In mice, NLRP3 – inflammasome components such as Casp1, Pycard, and Nlrp3, for 
example, were barely detectable in qPCR of FACS-isolated β cells [88]. It could even be postulated 
that this low-level expression might be the result of immune cells contaminating the β-cell fraction 
[88, 89]. Other work in human samples suggests that the NLRP1 pathway could be responsible for IL-
1β processing [136]. In mouse islets, however, Nlrp1a and Nlrp1b are even lower expressed than the 
NLRP3 – inflammasome components [88]. In line with this, the comparison of the immune cell 
fraction to the β-cell fraction showed that immune cells have a higher expression of Il1b in the CTRL, 
but also in the PβpIL1βover than in the β-cell enriched islet cell fractions. PβpIL1βover β-cell fractions 
express about 100 times less Il1b than immune cell fractions (Fig. 2C). Nevertheless, this 
overexpression of pro-IL-1β in β cells may locally be relevant due to β cells greatly outnumbering the 
immune cells in islets (Fig. 2C) [135]. In whole islets of pro-IL-1β overexpressor mice, we detected not 
only increased Il1b but also increased expression of markers associated with active inflammation (Fig. 
2B,E). In PβpIL1βover animals with a glucose phenotype, we detected increased mRNA expression of 
the downstream cytokine Cxcl1, a trend to increased Il1rn and an upregulated expression of Slc7a11, 
which have all been reported to be induced by IL-1β (Fig. 2B) [137-139]. In chow-fed RβpIL1βover 
animals in an age range where no insulin secretion impairment was detectable in vivo, only the 
expression of the inducible inflammation marker Nos2 was increased (Fig. 2E). These indicators of 
active inflammation could result from active IL-1β formation in β cells of RβpIL1βover animals. These 
findings contrast the observation of low expression of Il1b and pro-IL-1β processing components in β 
cells [88, 89] that have led to doubts not only about the relevance of IL-1β production in β cells [63], 
but also to doubts about their ability to process pro-IL-1β and secrete its active form. Secretion of 
active IL-1β has been associated with pyroptosis [68] and some have suggested that IL-1β secretion 
mandatorily leads to subsequent cell death [140], which would limit its role as a physiological β-cell 
signal molecule. Recent studies, however, have shown that there are conditions where IL-1β is 
secreted without subsequent cell death [68]. One way of secretion is via the gasdermin D pore [90]. 
Gasdermin D expression was higher than the expression of other pro-IL-1β processing components in 
FACS-isolated fractions [88] and delivers a possible mechanism of secretion. Alternatively, the 
phosphatidylinositol 4,5-bisphosphates have shown to regulate secretory mechanisms in β cells [141, 
142] and may also mediate the slow release or facilitate the GSMD pore-mediated release of IL-1β by 
co-localization of IL-1β with phosphatidylinositol 4,5-bisphosphate as this was described for 
macrophages [90]. We did not test if pyroptosis or secretion by extracellular vesicles of mature or 
pro-IL-1β play a role in the secretion of β-cell-derived IL-1β, but secreted pro-IL-1β could be cleaved 
by extracellular proteases [84]. Furthermore, β-cell-derived extracellular vesicles are relevant for 
diabetes [143, 144] and mediate cytokine-induced β-cell to β-cell communication in the INS-1 
insulinoma cell line [145]. Further, β-cell to immune-cell communication by activation of autoreactive 
mouse T cells induces proinflammatory cytokine production in mouse splenocytes [146]. 

Indeed, we showed that mouse whole islets and FACS-isolated β-cell fractions induced a signal in a 
bioassay, which tests for agents inducing secretion of CXCL1 from Min6 cells such as active IL-1β. 
With whole islets, the signal to noise ratio was strong enough to show with an anti-IL-1β Ab, that this 
signal was at least in part induced by active IL-1β (Fig. 2G-L). The trend in increased Ptprc expression 
(Fig. 3D) in islets of animals with an in vivo GTT phenotype (Fig. 5A-F) may indicate immune-cell 
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proliferation, which results in increased expression of Mki67 (Fig. 3D). The reason why we did not see 
this hint to islet immune-cell proliferation in the young chow-fed RβpIL1βover could be a protective 
mechanism linked to the upregulation of Ins2 that fails over time. To investigate this hypothesis, 
histology of the pancreas is needed, because a part of the immune cells is lost during the isolation 
process and in vitro culture, typically leading to high Ptprc (Cd45 marker) variation in qPCR 
measurement of whole islets.  

This overexpression of pro-IL-1β in β cells  has consequences for the glucose homeostasis in vivo. In 
particular in HFD-fed PβpIL1βover glucose tolerance and insulin secretion were impaired when mice 
were at higher age (Fig. 5). HFD-fed mice have more endotoxins in their circulation than chow-fed 
mice, which can increase activation of pro-IL-1β and induce inflammation [147, 148]. It remains 
unresolved, whether the glucose homeostasis phenotypes of the PβpIL1βover and RβpIL1βover is driven 
by the increased activation of the overexpressed pro-IL-1β in islets or simply due to HFD-induced 
systemic inflammation on top of the overexpression induced inflammation in islets. To investigate 
the magnitude and the interaction of inducible endogenous Il1b expression and overexpression 
mediated Il1b expression, future research could stimulate endogenous Il1b expression in islets [57] 
or FACS-isolated β cells in vitro of PβpIL1βover or RβpIL1βover compared to CTRL. 

The HFD-fed β-cell-specific overexpression model in particular with the PβpIL1βover (Fig. 4A-C, Fig. 5 
A-I), progresses age and diet dependently to glucose tolerance impairment and insufficient insulin 
secretion, similar to the pathology of human T2D. 

The phenotype of our model can be explained by smaller (Fig. 6A,B), fewer (Fig. 6C,D), and less 
functional islets (Fig. 6J) leading to an insufficient insulin secretion and therefore to impaired glucose 
tolerance in the PβpIL1βover compared to CTRL. Chronic local islet IL-1 action has previously been 
shown to impair β cell proliferation and impaired insulin secretion: β-cell-specific IL-1Ra knock out 
mice were reported to have reduced islet proliferation and impaired insulin secretion via 
downregulation of proliferation gene expression such as Mki67 and E2f1 [126]. However, in our study 
Mki67 was not found to be downregulated, possibly due to masking by immune-cell proliferation as 
discussed above. 

With the Rip-Cre promoter, the animals start to have impaired insulin secretion on HFD before 
glucose tolerance is impaired (Fig. 5M,N). This reduced insulin secretion possibly leads to a trend to 
reduced body weight (Fig. 5O), possibly because of the diminished anabolic effect due to lower 
insulin levels. Since in the GTT glucose is dosed per g of body weight, the glucose impairment may 
not have been detectable in RβpIL1βover compared to CTRL (Fig. 5M). 

While the RβpIL1βover compared to CTRL on chow diet showed limited effects by the pro-IL-1β 
overexpression (Fig. 4M,R), the picture is less clear for the PβpIL1βover. The impaired insulin secretion 
and impaired glucose tolerance detected at the age of 10 weeks (Fig. 4A,B) fits the much more 
drastically  impaired islet phenotype seen on HFD at later time points (Fig. 5A-F). At the age of 52 
weeks, however, glucose tolerance but not insulin secretion was impaired on PβpIL1βover compared 
to CTRL (Fig. 4G). The ITT showed impaired insulin sensitivity in the PβpIL1βover compared to CTRL at 
this age (Fig. 4J). However, it is difficult to interpret this ITT, since the effect disappeared when 
normalized to basal glucose (Fig. 4K). The phenotype may also have been driven by a low body 
weight in the CTRL for an unclear reason: 6 animals did not reach a body weight of 40 g at the age of 
52 weeks. Analysis with the exclusion of these 6 animals indicates no difference between the 
PβpIL1βover and CTRL (Fig. 4L) in glucose tolerance. Therefore, we cannot exclude that the phenotype 
of the old chow-fed PβpIL1βover is an artifact. 
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Cre expression, in particular driven by β-cell-specific promoters, were reported to influence glucose 
homeostasis [149, 150]. It cannot be excluded from the current set of experiments that the Cre 
expression itself could have an influence on the observed effects.  

However, rescue of glucose tolerance by long-term anti-IL-1β treatment suggests that a large part of 
the effect is indeed driven by active IL-1β. The experiment of acute IL-1β-induced increase of 
circulating insulin during a GTT in HFD-fed PβpIL1βover and CTRL at the age of 51-53 weeks (Fig. 5J-L) 
has limitations concerning the statistical interpretation. The lower sample number in the PβpIL1βover 
(n=4) compared to CTRL (n=7) could be the reason for the absence of significant effects in glucose 
tolerance (Fig. 5J) and insulin AUC (Fig. 5L). However, the effect size of the of acute IL-1β on insulin is 
numerically lower in PβpIL1βover as shown in insulin AUC (Fig. 5L). Furthermore, the insulin secretion 
profile during the GTT (Fig. 5K) can nevertheless be interpreted as tolerance to active IL-1β 
stimulation. An IL-1β-independent insulin secretion enhancing agent could be used as a comparison 
in future research to distinguish between tolerance to IL-1β and impaired islet function. 

Expression in other tissues than pancreatic β cells has been reported for both β-cell specific 
promoters such as the brain, duodenum, antral stomach, bile duct, pituitary gland and inner ear 
[149, 151-154]. Il1b expression in tissues other than islets needs to be systematically measured and 
possibly correlated with the in vivo phenotype to investigate the relevance of the promoter 
leakiness. The fact that β-cell-specific overexpression with two different promoters led to impaired 
insulin secretion in vivo, the pronounced islet phenotype when compared to the respective CTRL (Fig. 
6), as well as the detected locally active IL-1β (Fig. 2), are strong evidence for a primarily β-cell-
derived and IL-1β-induced phenotype. 

Taken together, we showed that overexpression of pro-IL-1β in β cells in mice leads to a subtle local 
increase of active IL-1β causing impaired insulin secretion in vivo. 
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6.8 Figures 
 

 

Flipase mouse  

Gt(Rosa)26SOR
tm1(FLP1)Dyn

  

x 

B6.Cg-Gt(ROSA)26Sor<tm1(stop-Il1b)Boe>/N  
stop-pro-Il1b

fl/fl
 

B6.Cg-Gt(ROSA)26Sor<tm1(stop-Il1b)Boe>/N  
stop-pro-Il1b

fl/fl
 

x 

RipCre
tg/0

 
B6-Tg(Ins2-cre)<Herr>/N 

stop-pro-Il1b
fl/fl 

Rip Cre
0/0

 

mice (CTRL) 

stop-pro-Il1b
fl/fl 

Rip Cre
tg/0

 

mice (RβpIL1β
over

) 

B6.Cg-Gt(ROSA)26Sor<tm1(stop-Il1b)Boe>/N  
stop-pro-Il1b

fl/fl
 

x 

Pdx1ER Cre
tg/0

 
B6-Tg(Pdx1-cre/Esr*)<Mga>/N  

stop-pro-Il1b
fl/fl 

Pdx1ER Cre
0/0

 

mice (CTRL) 

stop-pro-Il1b
fl/fl 

Pdx1ER Cre
tg/0

 

mice (PβpIL1β
over

) 

Figure 1 

A 

B 

C 



Manuscript II 

47 | P a g e  
 

 c
el

ls

im
m

une 
ce

lls
 c

el
ls

im
m

une 
ce

llsIl1
b

Il1
b

Cxc
l1

Cxc
l1

Il1
rn

Il1
rn

Slc7
a1

1

Slc7
a1

1

 c
el

ls
 c

el
ls

oth
er

 c
el

ls

oth
er

 c
el

ls

im
m

une 
ce

lls

im
m

une 
ce

lls

Il1
b

Il1
b

Cxc
l1

Cxc
l1

Il1
rn

Il1
rn

Nos
2

Nos
2

b
io

ac
ti

ve
 IL

-1
si

g
n

a
l (

C
X

C
L

1
 p

g
/m

l)

50
'00

0 
 c

el
ls

50
'00

0 
 c

el
ls

30
'00

0 
 c

el
ls

30
'00

0 
 c

el
ls

50
'00

0 
 c

el
ls

50
'00

0 
 c

el
ls

20
'00

0 
 c

el
ls

20
'00

0 
 c

el
ls

C
X

C
L

1
 (

p
g

/m
l)

 



Manuscript II 

48 | P a g e  
 

 c
el

ls
 c

el
ls

oth
er

 c
el

ls

oth
er

 c
el

ls

im
m

une 
ce

lls

im
m

une 
ce

lls

In
s2

 (
re

la
ti

v
e 

e
xp

re
ss

io
n

)

 c
el

ls
 c

el
ls

oth
er

 c
el

ls

oth
er

 c
el

ls

im
m

une 
ce

lls

im
m

une 
ce

lls

 c
el

ls
 c

el
ls

oth
er

 c
el

ls

oth
er

 c
el

ls

im
m

une 
ce

lls

im
m

une 
ce

lls

G
cg

 (
re

la
ti

ve
 e

xp
re

ss
io

n
)

In
s2

In
s2

Gcg Gcg
Ptp

rc
Ptp

rc

Adg
re

1

Adg
re

1
Cd6

8
Cd6

8

re
la

ti
ve

 e
xp

re
ss

io
n

Ccn
a2

Ccn
a2

Ccn
d1

Ccn
d1

E2f
1

E2f
1

M
ki6

7

M
ki6

7

re
la

ti
ve

 e
xp

re
ss

io
n

In
s2

In
s2 Gcg Gcg

Ptp
rc

Ptp
rc

re
la

ti
ve

 e
xp

re
ss

io
n

M
ki

67
 r

el
at

iv
e 

ex
p

re
ss

io
n

 



Manuscript II 

49 | P a g e  
 

 



Manuscript II 

50 | P a g e  
 

g
lu

co
se

 (
m

M
)

 



Manuscript II 

51 | P a g e  
 

0
50

00

10
00

0

15
00

0

20
00

0

25
00

0

30
00

0

35
00

0

40
00

0

45
00

0

50
00

0

re
la

ti
ve

 f
re

q
u

en
c

y
 (

%
)

bas
al

bas
al

st
im

ula
te

d

st
im

ul
at

ed

co
nt

en
t

co
nte

nt
+ are

a
+ ar

ea

-c
el

l 
m

as
s 

(m
g

)

0
50

00

10
00

0

15
00

0

20
00

0

25
00

0

30
00

0

35
00

0

40
00

0

45
00

0

50
00

0

55
00

0

re
la

ti
ve

 f
re

q
u

en
c

y 
(%

)

 

  



Manuscript II 

52 | P a g e  
 

6.8.1 Figure legends 
Figure 1 Schematic illustration of the β-cell-specific overexpression mouse breeding 

Schematic illustration of stop-pro-Il1bfl/fl breeding (A) and subsequent breeding of PβpIL1βover (B) and 
RβpIL1βover (C). 

Figure 2 Validation of the β-cell-specific pro-IL-1β overexpressing model 

Measurement of expression of Il1b, expression of genes downstream of IL-1β, IL-1β protein, and 
induced CXCL1 signal of islets or FACS-isolated islet fractions of CTRL and PβpIL1βover (A,B,C,D,J,K,L), 
and of CTRL and RβpIL1βover (E,G,H,I). Comparison of Il1b expression in FACS-isolated fractions 
between CTRL (n=13) and PβpIL1βover (n=11) at the age of 14-52weeks, mean of CTRL=1 (A) and 
between β-cells and immune-cell fraction, mean of CTRL β cells=1 (C). Measurement of IL-1β protein 
in serum after sacrifice in CTRL (n=28 (12 chow-fed; 16 HFD-fed)) and PβpIL1βover (n=27 (8 chow-fed; 
19 HFD-fed)) (D). Comparison between whole islets RNA expression of genes downstream of IL-1β 
between HFD-fed CTRL (n=14) and PβpIL1βover (n=15) at the age of 30-54 weeks (B) and CTRL (n=6) 
and RβpIL1βover (n=14) at the age of 23 weeks (E). Anti-IL-1β inhibited the reaction of the Min6 
bioassay to the addition of active IL-1β detected as CXCL1 (F). 50 islets of CTRL (n=4) and RβpIL1βover 
(n=7) at the age of 23 weeks (G) and of HFD-fed CTRL (n=3) and PβpIL1βover (n=2) at the age of 54 
weeks (J) induced CXCL1 signal on the bioassay assay. Anti-IL-1β partially inhibited this induction 
resulting in a delta CXCL1 signal considered as bioactive IL-1β signal in 50 islets from CTRL (n=4) and 
RβpIL1βover (n=5) at the age of 23 weeks (G) and of HFD-fed CTRL (n=3) and PβpIL1βover (n=2) at the 
age of 54 weeks (J). The FACS-isolated β-cells fraction of islets of CTRL (n=4) and RβpIL1βover (n=7) at 
the age of 23 weeks (I) and of HFD-fed CTRL (n=2) and PβpIL1βover (n=1) at the age of 54 weeks (L) 
induced CXCL1 signal in the bioassay (*P<0.05, **P<0.01, ***P<0.001,****P<0.0001, Mann-Whitney 
test (A,B,E), unpaired t-test (G,H), n.d= not detectable) 

Figure 3 Minor changes detected in islet identity gene expression between pro-IL-1 β overexpressor 
and control islets 

Genotypes and cell fraction comparison of RNA of FACS-isolated islet fractions (A,B,C) and whole 
islets (D,E,F) measured by qPCR. Comparison of expression of Ins2 (A), Gcg (B), Cd68 (C) in FACS-
isolated islet fractions between CTRL (n=5) and PβpIL1βover (n=6) at the age of 14-52 weeks. 
Comparison of expression of whole islet cell identity genes between HFD-fed CTRL (n=15) and 
PβpIL1βover (n=14) at the age of 30-54 weeks (D), and between CTRL (n=6) and RβpIL1βover (n=14) at 
an age of 23 weeks (E). Comparison of expression of whole islet proliferation genes of HFD-fed CTRL 
(n=14) and PβpIL1βover (n=15) at the age of 30-54 weeks (F), and of CTRL (n=15) and RβpIL1βover 
(n=14) at the age of 23 weeks (G). ((D,E,F,G)*P<0.05,Mann-Whitney test (E,F), n.d.= not detectable) 

Figure 4 Minor effect of β-cell-specific overexpression on glucose homeostasis on chow diet 

Concentration of plasma glucose (A,D,G,L,M,P) and insulin (B,E,H,N,Q) during an i.p. GTT and body 
weight of animals at the time of the experiment (C,F,I,L,O,R). Concentration of plasma glucose (J,K) 
during an insulin tolerance test. CTRL (n=52) and PβpIL1βover (n=57) at the age of 10 weeks (A,B,C), 
CTRL (n=20) and PβpIL1βover (n=18) at the age of 23 weeks (D,E,F), CTRL (n=35) and PβpIL1βover (n=26) 
at the age of 52 weeks (G,H,I), CTRL (n=28) and PβpIL1βover (n=22) at the age of 54 weeks (J,K), CTRL 
(n=28) and PβpIL1βover (n=22) at the age of 52 weeks (L), CTRL (n=33) and RβpIL1βover (n=32) at the 
age of 10 weeks (M,N;O), CTRL (n=11) and RβpIL1βover (n=8) at the age of 23 weeks (P,Q,R) were 
compared (*P<0.05, Two-way ANOVA followed by Sidak’s multiple comparison analysis 
(A,B,D,E,G,H,J,K,L,M,N,P,Q)). 

Figure 5 β-cell-specific overexpression impairs insulin secretion in HFD-fed mice 
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Concentration of plasma glucose (A,D,G,J,M) and insulin (B,E,H,I,K,L,N) during an i.p. GTT and body 
weight of HFD-fed animals at the time of the experiment (C,F,O). CTRL (n=25) and PβpIL1βover (n=30) 
at the age of 23 weeks (A,B,C), CTRL (n=13) and PβpIL1βover (n=10) at the age of 52 weeks (G,H,I), 
HFD-fed long-term anti-IL-1β Ab treated CTRL TC (n=7) and PβpIL1βover TC (n=5) and HFD-fed vehicle-
treated PβpIL1βover TS (n=5) at the age of 52 weeks (G,H,I), HFD-fed acute IL-1β-treated and vehicle 
treated (crossover -within-subject) CTRL (n=7) and PβpIL1βover (n=4) at the age of 51-53 weeks (J,K,L), 
CTRL (n=21) and RβpIL1βover (n=28) at the age of 23 weeks (M,N,O) were compared (*P<0.05, 
**P<0.01, Two-way ANOVA followed by Sidak’s multiple comparison analysis 
(A,B,D,E,G,H,J,K,L,M,N,P,Q), One-way ANOVA followed by Tukeys multiple comparison analysis (I), 
Unpaired t-test (C,F, O), Wilcoxon test (L)). 

Figure 6 Overexpression of pro-IL-1β in β cells reduces islet number, size and function 

Analysis of pancreatic islet size, number, mass, and function by slides of paraffin-embedded 
pancreata of HFD-fed CTRL (n=9 slides from 3 animals) and PβpIL1βover (n=9 slides from 3 animals) (A, 
C, E, G, I) at the age of 53 weeks and by pictures taken from isolated pancreatic islets of HFD-fed 
CTRL (n=17 animals) and PβpIL1βover (n=17 animals) at the age of 30-54 weeks (B, D, F, H). 
Comparison of islets CTRL (n=1358 islets) and PβpIL1βover (n=873 islets) on histology slides (A) and 
isolated islets CTRL (n=3418 islets) and PβpIL1βover (n=2037 islets) on pictures (B). Comparison of 
number of islets of CTRL (n=9 slides) and PβpIL1βover (n=9 slides) on histology slides (C) and number 
of isolated islets of CTRL (n=17 animals) and PβpIL1βover (n= 17 animals) on pictures (D). Relative 
frequency distribution (Bin width 5000, center of last Bin 50000) of islets from histology slides (E) and 
of isolated islets (F). Comparison of the β-cell mass of CTRL (n=3) and PβpIL1βover (n=3) (G). 
Comparison of isolated islet area per animal of CTRL (n=17) and PβpIL1βover (n=17) (H). Correlation of 
insulin AUC during the i.p. GTT done in vivo at the age of 52 weeks with β-cell mass (n=6 animals) 
measured by on histology slides (I). Islet function of HFD-fed CTRL (n=3) compared to PβpIL1βover 
(n=5) at the age of 52 weeks tested with a single islet glucose-stimulated insulin secretion test (J). 
(*P<0.05, **P<0.01, ****P<0.0001, Welch’s t-test (A,B,C,D,H,J)). 
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7 Overexpression of pro-IL-1β in Myeloid Cells Induces Insulin 
Resistance and Impairs Insulin Secretion in Mice 
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7.2 Abstract 
Aim: Chronic low-grade inflammation is observed in obese patients and is associated with defective 
insulin production and action with subsequent type 2 diabetes (T2D). The aim was to induce a subtle 
systemic, interleukin-1β (IL-1β)-driven inflammation in mice to generate a model of IL-1β-dependent 
aspects of chronic-low-grade inflammation. 

Methods: We generated a Lyz2 Cre recombinase-driven pro-IL-1β overexpressing mouse to 
specifically overexpress pro-IL-1β in myeloid cells. We confirmed the overexpression in various 
myeloid cells-containing tissues. We assessed glucose tolerance and insulin secretion and insulin 
tolerance at various ages.  

Results: Myeloid cells-specific overexpression of pro-IL-1β resulted in a subtle increase of baseline IL-
1β protein in morning serum and in peritoneal macrophages as well as in islets in chow-fed animals. 
Glucose tolerance was transiently impaired and insulin resistance was increased in chow-fed myeloid 
cells-specific pro-IL-1β overexpressor mice at the age of 23 weeks compared to littermate controls. 
Upon high-fat diet feeding, insulin secretion but not glucose tolerance was impaired in myeloid cells-
specific pro-IL-1β overexpressor mice at the age of 52 weeks compared to littermate controls. 

Conclusion: Myeloid cells-specific overexpression of pro-IL-1β impairs glucose tolerance and 
increases insulin resistance and mimics aspects of human T2D.  
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7.3 Introduction 
The incidence rate of the metabolic syndrome is a growing problem on a worldwide scale and is 
often accompanied by chronic sub-clinical inflammation, so-called chronic low-grade inflammation 
[15, 155]. Chronic low-grade inflammation is a risk factor for the development of T2D and is 
characterized by a chronic increase of proinflammatory cytokines such as tumor necrosis factor α , 
Interleukin-1β (IL-1β) and Interleukin-6 (IL-6), and by an increased number and activation of immune 
cells in various tissues [44, 45]. IL-1β is of particular interest because of the key role of the IL-1 
pathway in obesity and diabetes [15, 156]. The involvement of IL-1β in the development of insulin 
resistance via various pathways disturbing insulin signaling is well described [156, 157], and shown in 
animal models and cell lines of insulin target tissues from rodents and humans [51, 53, 54]. 
Conversely, IL-1 receptor I knock out mice are protected from high-fat diet (HFD)-induced adipose 
tissue inflammation [47]. IL-1β is also associated with insulin resistance in humans [48, 158], but the 
inconsistent effect of anti-IL-1 treatment on insulin resistance in clinical trials indicates the need for a 
better understanding of the underlying mechanism [114, 156, 159, 160]. 

Several theories regarding the initiation and progression of insulin resistance exist. According to “the 
portal theory” insulin resistance starts in the liver mediated by compounds delivered by the portal 
vein [161]. The portal vein absorbs nutrients and inflammation-inducing compounds such as 
lipopolysaccharides, contains two- to threefold more insulin than the general circulation [147, 162] 
and transports these factors to the liver where these compounds activate Kupffer cells to produce 
proinflammatory cytokines such as IL-1β and induce insulin resistance in the liver [163]. Indeed, 
short-term high-fat diet (HFD)-feeding promotes a more proinflammatory gut microbiome and 
induces hepatic insulin resistance [164]. Another hypothesis is that the chronic low-grade 
inflammation results from obesity and starts in the adipose tissue, where fatty acids and toll-like 
receptor agonists change the phenotype of macrophages to a more pro-inflammatory state induce 
them to produce proinflammatory cytokines [51, 156].  

Although specific organs play a distinct role in the development of chronic low-grade inflammation, 
chronic overfeeding leads to an excess of nutrients in tissues all over the body. The immune system 
usually gets resources allocated in the event of the need to mount a host defense [10]. The state of 
chronic excessive nutrient intake leads to activation of innate cells of the immune system [10]. 

Macrophages are cells with a high degree of plasticity and are polarized towards a pro-inflammatory 
state in various tissues in obesity [165, 166]. When activated, they fulfil their roles as potent 
producers of IL-1β [87]. Macrophages are also involved in the pathogenesis and complications of 
diabetes. Macrophage infiltration and increased numbers of resident macrophages can be detected 
in fat and liver of obese patients [165, 166]. In the case of the liver, the increase of macrophages 
augments the risk of progression from nonalcoholic fatty liver disease to nonalcoholic steatohepatitis 
[167]. 

Furthermore, macrophages are a major source of pancreatic islet inflammation in T2D [21, 65, 71]. 
Even though there are only a few macrophages in pancreatic islets of healthy subjects, their number 
and proinflammatory potential are increased in T2D [21, 65, 168]. Depletion of macrophages 
prevented islet amyloid-induced islet gene expression of pro-inflammatory markers including Il1b in 
human islet amyloid polypeptide transgenic mice, suggesting a key role of macrophages in IL-1β 
mediated in vivo islet inflammation [70]. 

IL-1β secretion has mostly been reported to be a process requiring two signals [169]. The first signal 
induces pro-IL-1β mRNA transcription while the second signal induces cleavage of pro-IL-1β to its 
active form [79, 169]. Inhibition of the cleavage process is considered a promising therapy concept 
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for many IL-1β related diseases [86]. Physiological consequences of the induction of increased pro-IL-
1β without alteration of the inflammasome remain to be explored.  

To investigate if increased pro-IL-1β expression, as a model for low-grade inflammation, is sufficient 
to induce diabetes-like symptoms we generated a mouse model specifically overexpressing pro-IL-1β 
in myeloid cells. 

7.4 Methods 
7.4.1 Mice 
For the production of the myeloid cells-specific pro-IL-1β overexpressor mouse model, the B6.129P2-
Lyz2<tm1(cre)Ifo> Cre-driver mouse was used. This mouse was obtained from S. Wüest (University 
Children’s Hospital Zürich, Zürich) and was backcrossed for 10 generations to C57BL/6N background 
prior to crossing with the Rosa-26 knock-in stop-pro-IL-1β mouse (B6.Cg-Gt(ROSA)26Sor<tm1(stop-
Il1b)Boe>). Cre recombinase-negative littermate stop-pro-IL1bfl/fl Lyz2 Cre0/0 mice (CTRL) served as 
controls for the Cre recombinase-positive pro-IL1b-overexpressor mice stop-pro-IL1bfl/fl Lyz2 Cretg/0 
(MCpIL1βover) (Fig. 1). 

Of note, the Rosa26 locus is separate from the endogenous pro-IL-1β production. Therefore, pro-IL-
1β production from the Rosa26 locus is not enhanced by stimuli that activate the IL-1β gene 
promoter. Rather, there is constitutive and additional production of pro-IL-1β independent of 
induction by external stimuli. All animal trials were approved by the authorities of Basel, Switzerland. 
Hyperinsulinemic euglycaemic clamp experiments were approved by the authorities of Zürich, 
Switzerland. 

7.4.2 Glucose tolerance test 
Mice were fasted for 6 hours starting in the morning and were injected 2 g/kg body weight glucose 
for glucose tolerance testing (GTT). A glucometer (FreeStyle Lite; Abbott AG, Baar, Switzerland) was 
used for glucose measurements. For insulin measurements, blood samples were collected into tubes 
containing EDTA. Plasma insulin was measured with the MSD Mouse/Rat Insulin Kit (Meso Scale 
Discovery, Rockville MD, USA) according to the manufacturer’s instructions. 

7.4.3 Insulin tolerance test 
For the insulin tolerance test (ITT) mice were fasted for 3 hours starting in the morning and were 
injected insulin (Actrapid®, Novo Nordisk A/S, Bagsværd, Denmark) (1 U/Kg body weight in chow-fed 
animals). Blood glucose was measured with a glucometer. 

7.4.4 Diet 
If indicated, mice were fed a HFD containing 60 kJ% fat and 21 kJ% carbohydrates (Lard; EF D12492; 
ssniff Spezialdiäten, Soest, Germany) starting at the age of 10 weeks. All other mice received a 
standard rodent-chow diet (3436, Provimi Kliba, Kaiseraugst, Switzerland).  

 

7.4.5 Hyperinsulinemic euglycaemic clamp 
After implantation of a catheter, hyperinsulinemic euglycaemic clamp studies were performed in 
freely moving mice at the University of Zürich by the group of Prof. Daniel Konrad as previously 
described [170]. To assess basal glucose turnover, mice were infused with [3-3H] glucose 
(0.05 µCi/min, Perkin Elmer, Waltham, Massachusetts, USA) for 80 min. After blood collection from 
the tail tip hyperinsulinemia was induced by a constant insulin infusion (12 mU/kg*min) and blood 
glucose was clamped at ~5-6 mM by adjusting infusion of 20% glucose every 5 min. 80-90 min after 
the start of the insulin infusion, glucose infusion rate needed to keep blood glucose at ~5-6 mM 
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reached a steady-state level for 15-20 min and the final glucose infusion rate was calculated 
subsequently. After reaching the steady-state for glucose infusion, mice received a bolus of 2-
[14C]Deoxy-glucose (10 µci; Perkin Elmer) to calculate tissue-specific glucose uptake. Glucose 
disposal rate was calculated by the ratio of [3-3H] glucose infusion to plasma [3-3H] glucose-specific 
activity [171, 172]. Endogenous glucose production was calculated by subtraction of glucose infusion 
rate from glucose disposal rate [173, 174]. Glucose uptake into peripheral organs was calculated 
based on the organ-specific 2-[14C]Deoxyglucose-6-phosphate content and the plasma decay profile 
of 2-[14C]Deoxyglucose over time in the steady-state [175]. 

7.4.6 IL-1β measurements in serum 
IL-1β measurements were performed with the MSD mouse IL-1β Kit (K152QPD; Meso Scale 
Discovery) according to the “alternative protocol 2” of the manufacturer’s instructions. “Morning 
serum” was measured in fasted mice between 7:30 am and 9:00 am. Serum after dead was 
measured between 10:00 am and 4:00 pm. 

7.4.7 Isolation of Kupffer cells-enriched fluorescence-activated cell sorting fractions  
Kupffer cells-enriched fluorescence-activated cell sorting (FACS) fractions were isolated using a 
Percoll gradient as previously described [16], followed by a FACS gating for DAPI-CD45+ and 
subsequent exclusion of CD11b- F4/80- cells. 

7.4.8 Peritoneal lavage and peritoneal macrophages 
Peritoneal lavage was obtained by injecting 10 ml of buffer for FACS (FACS buffer) (PBS with 0.5 % 
w/v BSA and 5 mM EDTA) i.p. into mice euthanized by CO2. Subsequently, the lavage was filtered 
through a 70 μm cell strainer (BD). Peritoneal lavage was either used to obtain peritoneal 
macrophages (pMacs) or spun down and lysed in 200 µl protein lysis buffer (20 mM Tris buffer pH 
7.5, 1 % Triton X-100, 150 mM NaCl, 10 % glycerol, 10 % cOmplete™ Protease Inhibitor Cocktail 
(Roche), 10 mM Na3VO4, 100 mM NaF, 5 mM PMSF and 5 mM EDTA) or lysis buffer from the 
NucleoSpin RNA II Kit (Macherey Nagel, Düren, Germany). For pMacs, peritoneal lavage was stained 
with CD45, F4/80, CD11b antibodies (Table 1) and isolated by FACS of the CD45+ CD11b+ F4/80+ 
fraction of peritoneal lavage. Depending on subsequent measurements, pMacs were lysed in protein 
lysis buffer or lysis buffer from the NucleoSpin RNA II Kit. 

7.4.9 Peripheral blood mononuclear cell isolation 
Peripheral blood mononuclear cells (PBMC) were isolated from 1 ml blood from cardiac puncture. 
Blood was mixed with 9 ml FACS buffer, spun down and resuspended in 4ml PBS. After the addition 
of 3 ml Lymphocyte Separation Medium (SKU 0850494X, MP Biomedicals, Illkirch-Graffenstaden, 
France) two phases were maintained during a 600 g 20 min spin and the layer of PBMCs was 
collected from the interphase. Collected cells were spun down and used for quantitative PCR (qPCR) 
analysis. 

7.4.10 Islet isolation 
Islets were isolated by collagenase digestion and hand-picking as previously described [23]. After the 
isolation, a picture of the isolated islets of each animal was taken with an Evos M5000 imaging 
system (ThermoFisher Scientific) using FL EVOS 2x Objective (AMEP4931, ThermoFisher Scientific) 
and analyzed using a custom script in Fiji [133]. 

7.4.11 FACS analysis of stromal vascular cell fraction from adipose tissue 
Epididymal fat pads were minced and digested at 37° C while shaking at 400 rpm for 30 min using a 
collagenase in HBSS solution (1.4 g/l; collagenase type 4; Worthington). The digested tissue lysate 
was filtered and cells were pelleted. The supernatant was discarded and pellets were resuspended in 
red-blood-cell lysis buffer (NH4Cl (154 mM), KHCO3 (10 mM), EDTA (0.1 mM)) until red blood cells 
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were lysed. After vortexing and addition of 2 ml of FACS buffer, the suspended cells were spun down 
to obtain the stromal vascular cell fraction (SVC), which was resuspended in FACS buffer. After 
subsequent filtration through cell strainer snap caps (352235, Corning, USA), SVC was treated with an 
Fc blocker (14-0161-82, Thermo Fisher Scientific) and stained using the panel of table 1. Gating for 
immune cells, eosinophils and macrophages was done as previously described [176] and analyzed 
using a CytoFLEX platform (Beckman Coulter) and FLOWJO software. 

7.4.12 Table 1 FACS staining of SVC 
Antigen Clone Fluorophore Brand Reference 

number 

CD45 30-F11 BV421 Biolegend 103134 

F4/80 BM8 PE Ebioscience 12-4801-80 

CD11b M1/70 PerCPCy5.5 Biolegend 101227 

SIGLEC-F E50-2440 BV510 BD bioscience 740158 

CD206 (M2) C068C2 Alexa Fluor 647 Biolegend 141712 

CD11c (M1) N418 PE Cy7 Ebioscience 25-0114-81 

7.4.13 qPCR 
Pellets of peritoneal lavages, PBMCs, 80 isolated islets, 5000 cells of Kupffer cells-enriched FACS 
fraction or macrophages, or homogenized tissue samples were lysed in 350 µl lysis buffer of the 
ribonucleic acid (RNA) extraction kit and total RNA was isolated using the NucleoSpin RNA II Kit 
according to the manufacturer’s instructions. Complementary deoxyribonucleic acid was prepared 
using the GoScript™ Reverse Transcriptase (A5003, Promega, Catalys, Switzerland) and used for 
Taqman qPCR or Sybr Green qPCR on a ViiA 7 real-time PCR system (Thermo Fischer Scientific, USA). 
For Taqman qPCR we used GoTaq polymerase mixes (A6102, GoTaq Probe qPCR Master mix, 
Promega, Dübendorf, Switzerland) and the ABI Taqman probes (Thermo Fisher Scientific, Reinach, 
Switzerland) listed in table 2. For Sybr Green qPCR we used GoTaq qPCR Master Mix (A6002, 
Promega, Catalys, Switzerland) and the primers listed in table 2. 

7.4.14  Table 2 primers used for qPCR 
Function Forward (5’->3’) Reverse (5’->3’) 

Housekeeping gene (Sybr) for 
peritoneal lavage, pMacs, PBMCs, 
Kupffer cell enriched fraction 

Ppia: 

GAGCTGTTTGCAGACAAAGTTC 

Ppia: 

CCCTGGCACATGAATCCTGG 

Housekeeping gene (Sybr) for 
whole liver 

Gapdh: 

AGGTCGGTGTGAACGGATTTG 

Gapdh: 

TGTAGACCATGTAGTTGAGGTCA 

Housekeeping gene (Sybr) for 
whole liver 

Actb: 

GGCTGTATTCCCCTCCATCG 

Actb: 

CCAGTTGGTAACAATGCCATGT 

Gene of interest (Sybr) for 
peritoneal lavage, pMacs, PBMCs, 

Il1b: 

GCAACTGTTCCTGAACTCAACT 

Il1b: 

ATCTTTTGGGGTCCGTCAACT 
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Kupffer cell enriched fraction, 
whole liver 

Gene of interest (Sybr) for whole 
liver 

Cxcl1: 

CTGGGATTCACCTCAAGAACATC 

Cxcl1: 

CAGGGTCAAGGCAAGCCTC 

Gene of interest (Sybr) for whole 
liver 

Il1r1: 

GTGCTACTGGGGCTCATTTGT 

Il1r1: 

GGAGTAAGAGGACACTTGCGAAT 

 

Gene of interest (Sybr) for whole 
liver 

Casp3: 

TGGTGATGAAGGGGTCATTTATG 

Casp3: 

TTCGGCTTTCCAGTCAGACTC 

Function Assay ID 

Housekeeping gene for whole 
liver and whole islets (Taqman) 

Gapdh: Mm99999915_g1 

Housekeeping gene whole islets 
(Taqman) 

Actb: Mm00607939_s1 

Gene of interest (Taqman) Il1b: Mm00434228_m1 

7.4.15 Single islet glucose-stimulated insulin secretion 
After isolation, single islets were transferred into a 96 V-bottom well plate (83.3926, Sarstedt, 
Germany) to perform a single islet glucose-stimulated insulin secretion test (siGSIS) as previously 
reported [134] after 48 hours attachment time. From every mouse, 8-12 round islets with varying 
sizes in the size range of the respective isolation were analyzed. 

7.4.16 Statistics 
The following statistical tests were performed where appropriate: Two-way ANOVA followed by 
Sidak’s multiple comparison analysis, Unpaired t-test, Welch’s t-test. Tests, as stated in the figure 
legends, were used for comparison of groups and p<0.05 was considered significant. Data analysis 
was performed using GraphPad Prism v8.3.0 Software. Preliminary experiments that require 
confirmation due to low sample numbers are presented with symbols for each sample on the bar 
plot. 

7.5 Results 
7.5.1 Low-level IL-1β overexpression is detectable in unstimulated states 
We measured IL-1β protein and Il1b mRNA expression to confirm the overexpression of pro-IL-1β in 
myeloid cells in MCpIL1βover compared to littermate control mice (CTRL). Systemic IL-1β was 
significantly increased in morning serum after 6h fasting in MCpIL1βover mice compared to control 
mice (Fig. 2A). Peritoneal lavage from MCpIL1βover mice showed a significant increase in IL-1β protein 
compared to CTRL (Fig. 2B), probably mediated by the increase of IL-1β RNA and protein in peritoneal 
macrophages (pMacs) (Fig. 2C, D), which make up the largest cell fraction of the peritoneal lavage 
[16]. Il1b mRNA is not only increased in peritoneal macrophages, but also in whole islets (Fig. 2E), 
where immune cells are the cell fraction with the highest Il1b mRNA expression (section 6.5.1, 
section 6.8).  
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Interestingly, in serum of euthanized animals (Fig. 2F) and isolated PBMCs (Fig. 2G), overexpression 
was not detectable in an age range of 23-56 weeks. In the Kupffer cells-enriched FACS fraction (Fig. 
2H), overexpression was not detected. To investigate the magnitude of the overexpression compared 
to the endogenous Il1b mRNA expression in macrophages, we plated pMacs and subsequently 
stimulated plated pMacs with various inducers of Il1b gene expression such as lipopolysaccharides 
and inducers of IL-1β release such as Adenosine triphosphate. We could not detect a difference 
between MCpIL1βover compared to CTRL in these plated pMacs (data not shown). A simple 
preliminary analysis of Il1b expression of plated compared to directly ex vivo lysed unstimulated 
pMacs revealed that in the process of adhering to the plate, macrophages upregulate their 
endogenous IL-1β mRNA production to a much higher degree than was reached by the pro-IL-1β 
overexpression alone (Fig. 2I). This increase of the endogenous Il1b gene expression upon culturing 
masked the overexpression of the Il1b transgene expression from the Rosa26 locus and, therefore, 
in-vitro experiments using adherent macrophages were not continued. 

7.5.2 Overexpression of pro-IL-1β in myeloid cells alters glucose tolerance 
To investigate the role of myeloid cell-specific overexpression of pro-IL-1β in glucose homeostasis, 
we performed GTTs with mice fed standard chow or HFD at the age of 10 weeks, 14-15 weeks, 23 
weeks and 52 weeks. In Figure 3, we present a selected set of results with relevant changes in 
glucose homeostasis, while negative data are presented in Figure 4. Glucose tolerance was impaired 
in chow-fed MCpIL1βover compared to CTRL at the age of 23 weeks (Fig. 3A). There was a trend to 
increased basal insulin secretion and numerically less of an increase in insulin 15 min after glucose 
stimulation (Fig. 3B) and numerically increased body weight in MCpIL1βover compared to CTRL (Fig. 
3C). 

To increase inflammation and metabolic stress, we fed animals HFD. In contrast to the chow-fed 
condition, there was no impaired glucose tolerance (Fig.3 D,G). Basal insulin tended to be increased 
and insulin levels 15 min after glucose stimulation were numerically reduced in MCpIL1βover 
compared to CTRL (Fig. 3E), similar to the insulin pattern in chow-fed animals (Fig. 3B). Body weight 
tended to be decreased (Fig. 3F). At the age of 52 weeks, insulin secretion was significantly impaired 
and there was a trend to decreased body weight in HFD-fed MCpIL1βover compared to CTRL (Fig. 
3H,I). A comparison of the insulin AUCs at the age of 23 and 52 weeks showed that MCpIL1βover failed 
to increase their insulin secretion on HFD (Fig. 3J). 

7.5.3 The effect of myeloid cell-specific pro-IL-1β overexpression on GTT is partly transient  
Figure 4 can be considered as a supplemental Figure to Figure 3. On chow diet, except for the 23 
week timepoint described above, glucose tolerance and insulin secretion did not differ between 
MCpIL1βover and CTRL at 10, 15 and 52 weeks of age (Fig. 4 A,B,D,E,G,H). Similarly, in HFD-fed mice, 
except for at the timepoint at the age of 52 weeks described above, glucose tolerance and insulin 
secretion were not significantly different at the age of 15 weeks (Fig. 4J,K). Body weight was also not 
significantly different at any time point analyzed (Fig. 4C,F,I,L). 

 

7.5.4 Overexpression of pro-IL-1β alone in myeloid cells is sufficient to induce pronounced 
insulin resistance 

Since the impaired GTT of chow-fed MCpIL1βover mice at 23 weeks indicated increased insulin 
resistance compared to CTRL, we performed hyperinsulinemic euglycaemic clamp experiments to 
measure insulin resistance with this “gold standard” method. The clamp tests revealed a significantly 
reduced and delayed glucose infusion rate necessary to keep the blood glucose levels constant in 
MCpIL1βover compared to CTRL (Fig. 5A,B,C). Glucose uptake was significantly reduced in epididymal 
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white adipose tissue (epi WAT) and quadriceps in MCpIL1βover compared to CTRL (Fig. 5D). Hepatic 
glucose production was significantly increased in MCpIL1βover compared to CTRL (Fig. 5E). Altogether, 
this revealed pronounced insulin resistance in MCpIL1βover, which was not evident with the less 
sensitive method ITT (Fig. 5F).  

7.5.5 Organs relevant to insulin resistance and secretion 
To further investigate this pronounced insulin resistance effect, we examined islets, liver, and 
epididymal fat of chow-fed MCpIL1βover and CTRL at the age of 23 weeks. The mean islet size of 
isolated islets measured by microscope picture analysis was not changed (Fig. 6A), and the GSIS did 
not reveal any functional difference at this age (Fig. 6B). 

To detect inflammation in the liver, we measured gene expression of Il1b, Cxcl1 and Il1r1. There was 
no difference in gene expression of these genes in whole liver tissue (Fig. 6C), but there was a trend 
to increased liver weight (Fig. 6D) in MCpIL1βover compared to CTRL. Since glucose uptake was 
reduced in epididymal white adipose tissue, we did a FACS analysis to investigate if immune-cell 
infiltration plays a role in this reduction. Indeed, there was an increased proportion of macrophages 
in the immune cells infiltrating the epididymal fat pad (Fig. 6E) and a trend to a shift from the anti-
inflammatory CD206+CD11c- marker to double-positive (CD206+CD11c+) markers in macrophages of 
the SVC in MCpIL1βover compared to CTRL (Fig. 6F). 
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7.6 Discussion 
Chronic low-grade inflammation is a phenomenon associated with a large number of diseases and 
contributes to impaired glucose homeostasis [124]. IL-1β plays a particularly relevant role in chronic 
low-grade inflammation that characterizes diabetes [18, 177]. We developed a mouse model that 
mimics aspects of this phenomenon. Myeloid cell family members, in particular macrophages, 
monocytes, and dendritic cells, are potent producers of active IL-1β [87]. The Rosa26 gene is 
moderately expressed [178] and by driving gene expression from the Rosa26 locus we induced a 
subtle systemically detectable overexpression of pro-IL-1β in myeloid cells without inducing 
symptoms of sepsis. The overexpression of pro-IL-1beta was clearly detectable in pMacs on mRNA 
and protein level (Fig. 2C,D). The expression from the endogenous IL-1β gene upon stimulation is 
disproportionally higher than the expression induced by the overexpression (Fig. 2I). Interestingly, 
there was no significant change in IL-1β concentration in serum after euthanization with CO2, no 
significant change in Il1b gene expression in liver and PBMCs, and there was a decrease in the Il1b 
expression in Kupffer cells-enriched FACS fraction. Endogenous cytokine production could be 
increased by the CO2 euthanizing procedure as reported in previous studies [179]. The endogenous 
Il1b gene expression of cells of serum, PBMCs and kupffer cells-enriched FACS fraction possibly 
masks the effect of transgene-induced pro-IL-1β overexpression, when measured after sacrifice 
depending on the harshness of the sacrifice and isolation procedure. The significant decrease in Il1b 
gene expression of kupffer cell-enriched FACS fraction (Fig. 2H) requires further investigation to be 
fully explained. IL-1β itself can induce Il1b gene expression [22, 180] and chronic IL-1β leads to the 
development of a tolerance against Il1b inducing signals [181]. Therefore, autoinduction of IL-1β 
secreted during harsh isolation procedures could be more pronounced in CTRL compared to 
MCpIL1βover, due to overexpression induced IL-1β tolerance formation in MCpIL1βover. Alternatively, 
the kupffer cells-enriched FACS fraction could have a differential composition in MCpIL1βover 
compared to CTRL. Furthermore, counterregulatory mechanisms such as release of IL-1Ra may play a 
role. Future research could investigate these mechanisms by analysis of histology of liver slides, in 
dept FACS analysis of the Kupffer cells-enriched fraction or qPCR of gene expressions such as identity 
genes or Il1rn with or without prior stimulation of myeloid liver cells. 

In our previous study (section 6.5.1, section 6.8), we demonstrated in β cells that overexpression of 
pro-IL-1β increases active IL-1β by using a bioassay in which the upregulation of the IL-1β-induced KC 
release is measured. Therefore, the overexpression of pro-IL-1β in myeloid cells can be viewed as a 
model for active IL-1β-dependent aspects of chronic low-grade inflammation. 

The effect of myeloid cells-specific overexpression in chow-fed mice on glucose tolerance was 
relatively subtle (Fig. 3) and partly transient (Fig. 4). Furthermore, no difference in glucose tolerance 
was detected in HFD-fed MCpIL1βover compared to CTRL (Fig. 3,4), indicating that the effect of HFD on 
glucose homeostasis is stronger and masks the effect of the overexpression or that there are 
compensatory mechanisms activated at higher glucose levels. 

The effect of myeloid cells-specific overexpression of IL-1β on insulin resistance was drastic when 
compared to clamps done in the context of other cytokines tumor necrosis factor α or IL-10 [182, 
183]. Such a drastic effect indicates the involvement of several organs. Indeed, almost all measured 
organs displayed increased insulin resistance in MCpIL1βover compared to controls (Fig. 5D,E). This 
confirms previous mouse models which found that IL-1β is involved in fat and liver insulin resistance 
formation [51]. Impaired glucose uptake in the quadriceps of MCpIL1βover compared to controls (Fig. 
5) contradicts a study detecting increased glucose uptake after prolonged IL-1β treatment in a rat 
muscle cell line [56]. However, the high IL-1β doses (up to 10-50 ng/ml) needed to detect this in vitro 
effect, vastly exceeds the cytokine load in patients with chronic low-grade inflammation [184] or the 
IL-1β serum concentrations of MCpIL1βover (Fig. 2A). The absence of a significant difference in glucose 
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uptake of the immune-cell-rich spleen indicates that the myeloid cells change the glucose uptake of 
the tissue in their environment and do not drastically increase their own glucose uptake or other 
immune-cell glucose uptake as a result of the pro-IL-1β overexpression. 

In the ITT, where the readout reflects insulin-induced whole-body blood glucose disposal, we did not 
see an effect pointing to insulin resistance (Fig. 5F). This and the large contribution of hepatic glucose 
production during the clamp (Fig. 5E) indicate that increased gluconeogenesis may play a key role in 
pro-IL-1β induced insulin resistance in MCpIL1βover. There is an increased macrophage proportion 
(Fig. 6E), a trend to altered macrophage markers (Fig. 6F) and a trend to increased liver weight (Fig. 
6C) in MCpIL1βover compared to CTRL possibly associated with the observed increased insulin 
resistance (Fig. 5A-E). However, the trend to increased body weight alone (Fig. 3C) may explain the 
changes detected in the organs [176]. Further investigations of tissue-specific macrophage 
phenotypes and tissue histology are needed to fully explain the local mechanisms of insulin 
resistance formation in the various organs.  

The finding that subtle chronic overexpression of pro-IL-1β alone can induce pronounced insulin 
resistance underlines the impact of chronic low-grade inflammation in the development of T2D. 
Short term HFD has been shown to induce hepatic insulin resistance [164]. It has been argued that 
this hepatic insulin resistance is caused either by acute lipid overload or by an increase of 
inflammation. With the current study, we show in chow-fed animals that increased pro-IL-1β alone in 
the absence of an acute lipid overload can cause hepatic insulin resistance (Fig. 5E). This is in line 
with a recent clinical study that showed that systemic IL-1β correlates with insulin resistance in non-
diabetic patients [158]. Furthermore, anti-IL-1 treatment improved insulin resistance in T1D patients 
[120], despite the fact that T1D patients are rarely obese. 

Myeloid cells-specific overexpression of pro-IL-1β led to a trend to increased basal insulin and 
decreased insulin secretion upon glucose stimulation at 23 weeks and to strongly decreased insulin 
secretion in HFD-fed animals at the age of 52 weeks. This can be interpreted as an attempt of the 
islets to compensate for the insulin resistance by increasing basal insulin to maintain glucose 
homeostasis. This may induce significant stress on the β cell, eventually leading to a reduced insulin 
secretion response to a glucose stimulus. In the in vitro single islet glucose-stimulated insulin 
secretion test, we did not see the same trend to secretion impairment as observed in vivo. The 
absence of difference may be due to loss of islet immune cells, during the 48 hours attachment time.  

Increased Il1b expression measured in whole islets of chow-fed MCpIL1βover at the age of 23 weeks 
(Fig. 2E) indicate that myeloid cells-specific overexpression of pro-IL-1β induces islet inflammation. 
HFD-feeding acts as an additional inducer of inflammation [147, 148]. The chronic inflammation 
induced by the overexpression and HFD combined may cause long-term β-cell stress-induced 
reduction of insulin secretion and eventually a trend towards lower body weight in MCpIL1βover 
compared to CTRL (Fig. 3H). These findings are in line with the insulin and weight phenotype of a 
previous study, in which β-cell-specific IL-1Ra knock out mice were used as a model for chronic IL-1 
signaling [126]. 

Insulin resistance was not measured at this age due to the technical challenges of hyperinsulinemic 
euglycaemic clamps at this age and the confounding difference in body weight. Nevertheless, high 
insulin exposure may mask chronic low-grade inflammation-induced insulin resistance. This is also 
indicated by clinical trials, where anti-IL-1 treatment increased insulin secretion but had no or only 
minor effects on insulin resistance in patients with metabolic syndrome or T2D [114, 156, 159, 160]. 
When inflammation exceeds “low-grade” and becomes symptomatic, anti-IL-1β treatment can 
effectively reduce insulin resistance as shown in a study of rheumatoid arthritis patients with a co-
morbidity of T2D [185]. 
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An alternative interpretation of the phenotype of HFD-fed MCpIL1βover at the age of 52 weeks could 
be, that myeloid cells-specific overexpression protects against HFD-induced oversecretion of insulin, 
which represents a pre-diabetic state. Former or current insulin resistance might act as a defense 
mechanism against metabolic stress [186] represented by the numerically lower body weight (Fig. 3I) 
and the absence of impaired glucose tolerance (Fig. 3G) in MCpIL1βover . Therefore, insulin resistance 
reduces the anabolic action of insulin [187] in the absence of insulin oversecretion. Insulin resistance 
measurements of HFD-fed MCpIL1βover compared to CTRL at the age of 52 weeks and at earlier 
timepoints on HFD could be used to investigate this in more detail. 

Furthermore, it is known that the Lyz2 Cre promoter is also expressed in cells of the brain such as 
microglia and neurons [188]. Therefore, mechanisms via the brain can currently not be excluded. 
Increased IL-1β levels in the brain was also shown to reduce food intake [189], which may explain the 
trend in reduced body weight. Lower body weight requires less insulin production and could 
therefore drive the decreased insulin phenotype at 52 weeks on HFD (Fig. 3H,I). Metabolic cages 
detecting food intake could be used to investigate food intake patterns in MCpIL1βover. 

A further aspect is that we did not investigate is the circadian secretion of IL-1β, which is closely 
linked to endogenous steroid production [25-28]. Overexpression of pro-IL-1β might disturb the 
circadian rhythm and lead to impaired insulin sensitivity through that mechanism [190, 191]. 

Taken together, we can conclude that overexpression of pro-IL-1β alone is sufficient to induce 
pronounced insulin resistance and transiently impaired glucose tolerance in mice. Further research 
such as analysis of islet function, β-cell mass, and food intake and insulin resistance at the age of 52 
weeks, has to be done to determine whether mice with myeloid cells-specific overexpression of  pro-
IL-1β progress similarly to the human T2D on the long-term. 
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7.8 Figures 
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Figure 4
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7.8.1 Figure legends 
Figure 1  

Schematic illustration of the MCpIL1βover breeding. 

Figure 2 Low-level IL-1β overexpression is detectable in unstimulated states 

In CTRL and MCpIL1βover, IL-1β protein and Il1b expression was measured in serum (A,F), myeloid 
cells (C,G,H,I), and myeloid cell-containing tissues (B,E). IL-1β protein measured in fasted morning 
serum of CTRL (n=18) and MCpIL1βover (n=20) at the age of 20-52 weeks (A), in peritoneal lavage of 
CTRL (n= 7) and MCpIL1βover (n=11) at various ages (B), in FACS -isolated peritoneal macrophages of 
CTRL (n=7) and MCpIL1βover (n=4) at the age of 23 weeks (C), and in serum after death of chow- and 
HFD-fed CTRL (n=10) and MCpIL1βover (n=10) at various ages (F). Il1b expression was measured by 
qPCR in FACS-isolated peritoneal macrophages of CTRL (n=6) and MCpIL1βover (n=8) at the age of 23 
weeks ex vivo (D,I) and plated (I), in whole islets of MCpIL1βover (n=8) and MCpIL1βover (n=7) at the 
age of 23 weeks (E), in PBMCs of MCpIL1βover (n=12) and MCpIL1βover (n=12) of various ages (G), and 
in the Kupffer cells-enriched FACS fraction of MCpIL1βover (n= 5) and MCpIL1βover (n=12) at the age of 
25 weeks (H) (*P<0.05, **P<0.01, ****P<0.0001, Welch’s t-test (A,B,C,E,H)). 

Figure 3 Overexpression of pro-IL-1β in myeloid cells alters glucose tolerance 

Concentration of plasma glucose (A,D,G) and insulin (B,E,H,J) during an i.p. GTT and body weight of 
animals at the time of the experiment (C,F,I). CTRL (n=27) and MCpIL1βover (n=29) at the age of 23 
weeks (A,B,C), HFD-fed CTRL (n=22) and MCpIL1βover (n=19) at the age of 23 weeks (D,E,F), and HFD-
fed CTRL (n=7) and MCpIL1βover (n=8) at the age of 52 weeks (G,H,I) were compared. Subsequent 
analysis of the insulin AUC secreted during the i.p. GTT of HFD-fed CTRL (n=7) and MCpIL1βover (n=8) 
compared 23 weeks and 52 weeks timepoints (J) (*P<0.05, **P<0.01, ***P<0.001, Two-way ANOVA 
followed by Sidak’s multiple comparison analysis (A,B,D,E,G,H), Unpaired t-test (C,F,I,J)).  

Figure 4 The effect of myeloid cells-specific pro-IL-1β overexpression on GTT is partly transient 

Concentration of plasma glucose (A,D,G,J) and insulin (B,E,H,K) during an i.p. GTT and body weight of 
animals at the time of the experiment (C,F,I,L). CTRL (n=34) and MCpIL1βover (n=36) at the age of 10 
weeks (A,B,C), CTRL (n=28) and MCpIL1βover (n=26) at the age of 15 weeks (D,E,F), CTRL (n=21) and 
MCpIL1βover (n=23) at the age of 52 weeks (G,H,I), HFD-fed CTRL (n=11) and MCpIL1βover (n=12) at the 
age of 14 weeks (J,K,L). 

Figure 5 overexpression of pro-IL-1β alone in myeloid cells is sufficient to induce pronounced insulin 
resistance 

Hyperinsulinemic euglycaemic clamp studies were performed on CTRL (n=5) and MCpIL1βover (n=4) at 
the age of 23 weeks (A,B,C,D,E). Mice received an infusion of [3-3H] glucose to assess basal 
endogenous glucose production (E). Subsequently, hyperinsulinemia was induced by a constant 
insulin infusion and blood glucose was kept constant (C) by co-infusion of glucose. After the glucose 
infusion rate (B) reached a steady-state level for 15-20min, the final glucose infusion rate (A) and 
insulin-mediated endogenous glucose production (E) was calculated. Mice received a bolus of 2-
[14C]Deoxy-glucose to calculate tissue-specific glucose uptake (D). Concentration of plasma glucose 
(F) during an insulin tolerance test was measured in CTRL (n=14) and MCpIL1βover (n=15) at the age of 
23 weeks (*P<0.05, ****P<0.0001, Unpaired t-test (A,B,C,D,E)). 
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Figure 6 Organs relevant to insulin resistance and secretion 

Organs of CTRL and MCpIL1βover were collected and analyzed (A,B,C,D,E,F). Islets of CTRL (n=1271 
islets from 5 mice) and MCpIL1βover (n=1076 islets from 4 mice) at the age of 23 were isolated and 
islet size was analyzed from corresponding pictures (A). Islets of CTRL (n= 42 islets from 5 mice) and 
MCpIL1βover (n= 42 islets from 5 mice). were used to do a single islet glucose-stimulated insulin 
secretion test (B). Gene expression of liver tissue was measured in HFD-fed CTRL (n= 4) and 
MCpIL1βover (n= 5). Liver weight of CTRL (n=12) and MCpIL1βover (n=20) at the age of 23 weeks were 
compared (D). SVC of epididymal fat from CTRL (n=5) and MCpIL1βover (n=8) at the age of 23 weeks 
was analyzed using FACS (E,F) (*P<0.05, Unpaired t-test (E)). 



 

 
 

8 Overall Summary 
These studies underline the critical role of IL-1β in diabetes. First, IL-1β was studied in the context of 
pregnancy, then we studied the overexpression of pro-IL-1β in two different cell types using 
genetically modified mouse strains. In all three studies, we modeled a state of increased aseptic 
chronic inflammation. 

The studies contribute to the debate about the source of IL-1β in T2D, by showing that different 
sources lead to different but overlapping phenotype patterns. While the GDM model seems to be 
driven by uterine IL-1β-induced glucose intolerance (Illustration 3A), the β-cell-specific 
overexpression of pro-IL-1β primarily leads to impaired insulin secretion (Illustration 3B), and the 
myeloid cells-specific overexpression first leads to insulin resistance (Illustration 3C) and when on 
HFD eventually to impaired insulin secretion (Illustration 3D). 

Impairment of insulin secretion was observed in all 3 IL-1β-overexpressing mouse lines compared to 
their CTRL when fed HFD and aged long enough. Whole islet Il1b expression is increased in all 3 
transgenic pro-IL-1β-overexpressing models. This commonality indicates that local chronic low-grade 
IL-1β ultimately impairs insulin secretion independently of its cellular source (Illustration 3D, B). We 
cannot conclude from our data through which mechanisms β cells processed pro-IL-1β to its active 
form, but we can conclude that there were relevant local activation mechanisms that induced 
subsequent inflammation. 

Notably, impairment of insulin secretion was previously difficult to model, since mice remain in a pre-
diabetic state characterized by impaired glucose tolerance, increased insulin secretion, increased 
insulin resistance, and increased body weight and with the exception of a few models do not 
progress to late-stage diabetes in few mouse models [192]. Recently, a study in which β-cell-specific 
IL-1Ra knock out mice were used as a model for chronic IL-1α and IL-1β signaling demonstrated 
reduced insulin secretion compared to littermate controls [126]. With the current studies, we have 
shown, that local overexpression of pro-IL-1β alone is sufficient to impair insulin secretion. 

 

The GDM and the myeloid cells-specific overexpression both result in insulin resistance and in both 
we detected significantly increased systemic IL-1β levels/concentrations. From the myeloid cells-
specific overexpression, we can learn that IL-1β induces insulin resistance without metabolic stress 
factors such as HFD or pregnancy-induced body weight gain. This is in line with data that systemic IL-
1β levels correlate with insulin resistance in humans [158]. 

Limitations of the present studies include gender and species-related constraints. Most experiments 
were only done in one sex, despite reports of gender differences in the IL-1 pathway [193]. However, 
due to technical limitations, we consider this limitation inevitable. The GDM model is a sex-specific 
model, and in non-pregnant female mice compared to male mice show a lower magnitude of effect 
sizes in parameters like body weight gain or glucose tolerance impairment upon HFD. Therefore, 
more female animals would be needed to reach a comparable statistical power, and pooling of 
measurements of male and female cohorts would distort the data. Furthermore, albeit in different 
models, we showed the relevance of IL-1β in models of diabetes in both sexes.  

All three studies show relatively subtle effect sizes in or close to the physiological range. High-dose 
pharmacological in vivo and in vitro interventions were primarily used to demonstrate the 
involvement of IL-1β. The mild overexpression brings the advantage of a good representation of 
diabetes as a chronic slowly progressing disease, with all the limitation of being long-term in vivo 
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research models, including work intensity, long study durations until the symptoms manifest and 
relatively high financial and resource costs. 

  

Illustration 3: Schematic summary of the main results of the 3 studies 

Mouse model of GDM induces a systemic increase of IL-1β originating from the uterus (A). β-cells-
specific overexpression of pro-IL-1β leads to impaired insulin secretion (B). Myeloid cells-specific 
overexpression leads to insulin resistance (C). Myeloid cells-specific overexpression leads to impaired 
insulin secretion (D). 

9 Conclusion 
With the work described in this thesis, we show that physiological increase of IL-1β or genetic 
overexpression of pro-IL-1β induces can induce impaired glucose tolerance, impaired insulin 
secretion, and insulin resistance, therefore presenting a promising novel way to model inflammatory 
aspects of diabetes. 

10 Contributions to this thesis 
The substudy entitled “Inhibition of IL-1β improves Glycaemia in a Mouse Model for Gestational 
Diabetes” was designed and initiated by Friederike Schulze with the support of Marianne Böni-
Schnetzler, Marc Y. Donath and Daniel T. Meier. After completion of her fellowship in our lab, in vivo 
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Odermatt and Denise V. Kratschmar measured the hormones described in section 5.4.4. Friederike 
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Wehner, Marianne Böni-Schnetzler, Daniel T. Meier and Marc Y. Donath. Sections 5.2 and 5.3 overall 
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section 5.3.5. Section 5.4 was mainly revised by Josua Wehner and corrected by Marianne Böni-
Schnetzler and Daniel T. Meier. Section 5.5 was written to equal parts by Friederike Schulze, Josua 
Wehner and Marc Y. Donath. Section 5.8.1 was written by Josua Wehner. The Manuscript I was 
revised and accepted by all authors prior to submission. Figures (section 5.8) were done by Friederike 
Schulze and Josua Wehner with equal contribution. 

Emily Wren (Emily Wren Illustration) drew illustrations 1, 2 and 3, which were further adopted by 
Josua Wehner. 

The description of pancreas histology in section 6.4.13 was corrected by Loïc Sauteur (DBM 
Microscopy Core Facility) and the hyperinsulinemic euglycaemic clamp in the method section 7.4.2 
was corrected by Dr. Stephan Wüest (Kispi Zürich). 

Josua Wehner wrote all other sections of this thesis and performed the experiments, if not 
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