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Type 1 diabetes (T1D) is a disease of severe insulin deficiency through loss of β cells
in the endocrine pancreas. The T1D dogma maintains that a precipitating event unleashes
autoimmunity in at-risk individuals, often measured through autoantibodies against β cell
antigens. This is followed by the death of β cells at the hands of autoreactive cytotoxic T cells.
However, several findings have not found their place within this dogma; first, the immune cell
infiltrate in islets is usually located outside the islets, and second, there is a pronounced impact
on the exocrine pancreas with lower pancreatic weight and fibrosis surrounding the ducts. In
this thesis, pancreata from human subjects without diabetes (ND) as well as with T1D or type
2 diabetes (T2D) have been examined in an attempt to clarify the aetiology of T1D.

The consensus definition of insulitis (≥15 CD45+ cells per islet in ≥3 islets) was validated
against ND pancreata. In paper I we show that this definition cannot sufficiently discriminate
between the findings in T1D and T2D pancreata, due to an increase in exocrine infiltration in
T2D, predominantly made up by macrophages. As exocrine infiltration is also a common finding
in T1D, we propose a new definition. In paper II we found tissue resident memory T (TRM) cells
in association to islets in both ND and T1D pancreata, and they made up a significant proportion
of the insulitic lesion in T1D. Islets contain on average 60% β cells. In paper III we found that
despite the seeming loss of this predominant cell type in the T1D islets, islet size remained the
same. Instead, islet density was markedly reduced. The islets contained mainly α cells, some
of which expressed PDX1, a transcription factor marker of β cells. In paper IV we examined
pancreata from ND organ donors aged 1-81 years. For the first time, the islet transcriptome
was analysed without prior enzymatic digestion of the tissue. We corroborate earlier findings
of reduced cell cycle activity and increased senescence with increasing age, as well as present
a hypothesis of how islet age might affect T1D.

The findings in this thesis sprout an alternative hypothesis that disturbed establishment of β
cells in early life, due to lower islet density and lower pancreatic weight, would lead to β cell
stress as insulin demand increases with physical growth. However, as islets do not decrease in
size, we suggest that the disappearance of β cells could be explained by transdifferentiation into
glucagon-producing cells.
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Introduction 

Diabetes mellitus is the common name for diseases in the glucose homeosta-
sis. Translated from ancient Greek into “passing through” for the excessive 
amounts of urine and “sweet” for the taste of the urine. Mentions of this sweet- 
or honey-tasting urine dates back to ancient Egypt. It took several thousand 
years before it was linked to the pancreas, when Joseph von Mering and Oskar 
Minkowski in 1889 saw diabetes in dogs who had undergone pancreatectomy 
and that implanted pancreatic tissue prevented this1. In 1921 Frederick Bant-
ing and Charles Best managed to prepare a pancreatic extract that could re-
verse diabetic symptoms, by first causing the major exocrine region of the 
pancreas to atrophy through duct ligation. The resulting substance was named 
insulin and was successfully tested in humans in 1922. 

Today diabetes is estimated to affect 463 million people across the globe2. 
A majority of which suffer from type 2 diabetes (T2D), a disease characterized 
by insulin resistance and a relative deficiency of insulin secretion3. This leads 
to hyperglycemia and over time to chronic complications: atherosclerotic car-
diovascular disease and microvascular complications such as retinopathy, 
neuropathy and chronic kidney disease4,5. Apart from these chronic complica-
tions, individuals with type 1 diabetes (T1D) who almost or completely lack 
the inability to produce insulin, face the daily risk of dying from diabetic ke-
toacidosis or hypoglycemia if they do not get the insulin they need or if they 
get too much, respectively6. Albeit improved over the past century, insulin 
therapy remains as the only available treatment for type 1 diabetes. 

In this thesis human pancreata have been interrogated for features of the 
immune cells and the pancreatic islets that could lead to new insights of type 
1 diabetic aetiology. 

The Pancreas 
Situated dorsally in the abdomen as a secondary retroperitoneal organ, the 
pancreas is to 98% an exocrine gland weighing about 50-100 grams7. It con-
sists of a branching ductal system surrounded by acinar cells that produce the 
exocrine enzymes; trypsin, chymotrypsin, lipase and amylase. They flow out 
through the main pancreatic duct, joining the common bile duct, before being 
secreted into the duodenum through the ampulla of Vater where the enzymes 
aid in digestion of nutrients8. The remaining 2% is made up of the endocrine 



 12 

compartment, the islets of Langerhans, that are tiny micro-organs scattered 
throughout the pancreas and made up of five endocrine cell types; α cells, β 
cells, δ cells, ε cells and γ cells that produces glucagon, insulin, somatostatin, 
ghrelin and pancreatic polypeptide, respectively. 

Anatomically the pancreas is divided into the three regions, the head (ca-
put), body (corpus) and tail (cauda). It originates from two separate locations 
during embryogenesis. The ventral anlage from the common bile duct and the 
dorsal anlage directly from the foregut. When these fuse in week 7 of embry-
ological development, the ventral anlage becomes part of the head, containing 
the common bile duct and ampulla of Vater, as well as the uncinated process 
while the dorsal anlage makes up the remainder of the head as well as body 
and tail of the pancreas8. 

The Islets of Langerhans 
The endocrine compartment has a mass of about 1-2 grams in adults from a 
few million islets9. Numbers and mass of islets and their constituting endo-
crine cells show marked heterogeneity between individuals, but also in differ-
ent areas of the pancreas of the same individual. Islets can range in size from 
clusters of just a few endocrine cells to several thousand. On average, β cells 
are the most prominent cell type, constituting about 60% of the islet cells, 
followed by α cells at 30% and δ cells at about 10%10,11. PP-cells make up a 
significant fraction of the islets in the PP-rich regions of the uncinate pro-
cess12. In murine islets, these cells organize with α cells and delta cells as a 
mantle around the periphery of the islet, with β cells in the islet core13. In 
human islets, all cell types can be seen throughout the islet. It has been sug-
gested that this represents subunits each resembling the mantle-core architec-
ture of murine islets14. Or a laminar architecture with a layer of α cells cover-
ing blood vessels, with layers of β cells in between15. While α cells are pref-
erentially located adjacent to blood vessels, it is not exclusive16. A recent study 
examining islets three dimensionally could not support either of these sug-
gested architectures, only confirming that the endocrine cell types have a weak 
preference of clustering together with the same cell type11. 

In order to release their hormones systemically, the islets are richly per-
fused, receiving a blood flow 5-10 times higher than the surrounding exocrine 
parenchyme17. This blood flow is controlled by pericytes by contracting the 
vessels18 and in mice, islet blood flow is markedly increased during hypergly-
cemia19. Further facilitating efficient protein transport is the highly fenestrated 
capillaries20. Most islets receive only one afferent arteriole, regardless of islet 
size21. This arteriole and the capillaries of the islet is covered by a double 
basement membrane with both a vascular sheet and an endocrine sheet22. Sim-
ilarly, the islets are surrounded by both an endocrine and an exocrine basal 
membrane, in most islets the space between these sheets is filled with a thin 
layer of collagen, often referred to as the islet capsule23. 
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Glucose homeostasis 
The human body normally maintains blood glucose levels in the narrow range 
4-6 mmol/L, regardless of intake or increased need. The endocrine pancreas 
is a key player in maintaining this balance. 

Insulin, is produced as a prohormone, preproinsulin, that is converted rap-
idly into proinsulin. When proinsulin is cleaved by prohormone convertase 
1/3 it results in insulin and c-peptide, the latter which is a stable marker in 
blood of insulin production and release24 

Insulin is released when β cells are exposed to higher levels of blood glu-
cose. Glucose influx leads to rapidly increasing ATP levels, in turn turning of 
an ATP-sensitive K+ channel. This leads to depolarization of the cell mem-
brane and Ca2+ influx, which leads to exocytosis of insulin granules25. The 
glucose-induced insulin secretion can also be affected by the metabolic am-
plifying pathway, which is also glucose-dependent but independent on mem-
brane depolarization. Instead it is affected by secretagogues such as the in-
cretin GLP-1 which can potentiate insulin secretion, by increasing cAMP, af-
ter being released from the gut after feeding26. 

Insulin, once released into the bloodstream, acts upon the insulin receptor. 
This has several downstream effects with translocation of GLUT4 to the mem-
brane and subsequent glucose uptake being the most well known27. It has a 
general anabolic effect, stimulating fatty acid synthesis and glycogen synthe-
sis, inhibiting glycogenesis and production of ketone bodies. On the other 
hand, glucagon, which is a counter-regulatory hormone, stimulates gly-
cogenolysis, gluconeogenesis and ketogenesis, to maintain blood glucose lev-
els in the fasted state.  

Islet development and aging 
During pancreatic organogenesis, endocrine progenitors originate from the 
same early system of epithelial tubules, also known as the plexus, as the exo-
crine compartment’s acinar and ductal cells28. Endocrine progenitors bud and 
form islets at the outside of these tubules29. Postnatally through childhood and 
adolescence, expansion of the endocrine compartment is suspected to occur 
through continued islet neogenesis and an increase in islet size, with the latter 
being the main contributor30. The postnatal islet neogenesis is thought to orig-
inate from pancreatic ductal glands from a population of Sox9 positive cells31. 

Βeta cells in adults are generally regarded as post-mitotic, based on several 
findings. Levels of Ki67, a proliferation marker present throughout active 
phases of the cell cycle, diminishes with age30,32. Instead p16ink4a, a tumour 
suppressor coded by CDKN2A is a marker for senescent cells. It is present in 
adult β cells and increases with age33,34. Several findings support the view that 
β cell turnover is mostly limited to the initial two to three decades of life. Perl 
et al studied both incorporation of radioactive nucleotides into the β cells of 
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autopsy subjects previously participating in clinical cancer trials as well as 
comparing levels of carbon-14 isotopes present in β cells with the levels in the 
atmosphere at different time points across the 20th century35. Incorporation 
was limited to the first 20 and 30 years of life, respectively. The same conclu-
sion was reached by measuring the accumulation of lipofuscin bodies in β 
cells36. Shortening of β cell telomeres is rapid during childhood and adoles-
cence attributed to cell division but decreases past 20 years of age, though 
there is a slow continuous decline in adulthood37. 

Despite these findings, it is unclear what level of adaptability that is held 
by the β cell population. In a 2014 study, insulin-resistant non-diabetic sub-
jects had a significantly higher density of islets, larger islets, as well as an 
increased level of small islets (<8 endocrine cells) and ductal cells positive for 
insulin38. Similar results of increased β cell mass, an increased number of 
small islets and insulin-positive duct cells has been seen in human preg-
nancy39. While Ki67 expression in β cells of adults is usually low in studies, a 
possible confounder could be how the organ is procured. In mice and pigs a 
delay before fixation, such as is the case with human autopsy samples, led to 
a marked decline in Ki67 positive cells40. In organ donors, Ki67 has been seen 
to increase after a prolonged stay in intensive care prior to brain death and 
organ donation, suggesting at least a capability for proliferation41,42. And even 
if only 0,1% of β cells express Ki67 at a given timepoint, it would still mean 
that the turnover rate of the β cell population would be roughly three years43. 

Type 1 Diabetes 
Type 1 diabetes onset can be dramatic, in many children presenting with dia-
betic ketoacidosis. A state of severe insulin deficiency leading to hepatic glu-
coneogenesis leading to hyperglycaemia and production of ketone bodies 
leading to acidosis44.  A less dramatic onset can be polydipsia and polyuria 
due to the osmotic diuresis caused by hyperglycaemia. While onset seems sud-
den to patients and clinicians it is usually preceded by several years of dysgly-
caemia, often in the form of a reduction in the first phase insulin response, 
with an accelerated decline approximately 2 years before onset45–47. A com-
mon model to describe T1D pathogenesis is that of Eisenbarth48. It postulates 
that a “precipitating event”, brought on by genetic predisposition and possibly 
environmental factors, initiates islet autoimmunity. During a period of several 
years, β cell mass is continuously lost until endogenous insulin production 
drops beneath a critical threshold and glucose homeostasis can no longer be 
upheld.  Islet autoimmunity is often measured by the presence of autoantibod-
ies. This is reflected in a 2015 statement by several associations involved in 
diabetes research and treatment where T1D progression was divided into three 
stages49. Stage 1 represents more than 2 autoantibodies toward islet autoanti-
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gens but no effect on glucose homeostasis. Stage 2 is the addition of dysgly-
caemia as seen for instance in an oral glucose tolerance test. Stage 3 represent 
clinical onset of disease with the addition of clinical symptoms. In children at 
risk of T1D the peak incidence for seroconversion of autoantibodies is prior 
to 2 years of age50,51. The risk of developing autoantibodies is then estimated 
to decline exponentially52. 

While T1D occurs at all ages, incidence is highest in childhood and adoles-
cence, a period in life of physical growth and hence increasing insulin de-
mand53. Indeed, the risk of type 1 diabetes in childhood is associated to in-
creased height and weight as well as with rapid early growth54,55. This could 
suggest that not only β cell loss, but also an inability to expand β cell mass to 
compensate for this increasing demand could be a factor in T1D aetiology. 
After disease onset and initiation of insulin therapy many patients  experience 
a partial clinical remission, colloquially known as “the honeymoon period”, 
wherein the need for exogenous insulin declines and metabolic control im-
proves, reflecting a partial β cell recovery and improved insulin sensitivity56.  
In the best of cases, patients can maintain euglycemia without exogenous in-
sulin. Indeed, islets from recent-onset type 1 diabetics improve their insulin 
secretion when cultured in a non-diabetogenic milieu57. Reflecting a compo-
nent of β cell stress at T1D onset that can be improved by normalising meta-
bolic factors. Beyond this period, C-peptide levels and correspondingly β cell 
mass continue to decline, albeit at a slower rate in patients with older age at 
onset58.  Despite this continuous decline after diagnosis, many patients retain 
detectable C-peptide levels even after more than 50 years59. Having a higher 
level of C-peptide was again, associated with older age at onset, and among 
these patients several responded with an increased insulin production to a 
mixed meal tolerance test. Postmortem examination of these patients show 
that all had residual β cells, often scattered as single cells or clusters, but a 
majority also had a few β cells left within a few islets60. 

Epidemiology, genetics and environment 
While T1D incidence rate is higher in childhood and adolescence, it is more 
common to get the diagnosis in adulthood, on the basis of it being longer than 
childhood. In an American study of 32 thousand cases, 13 thousand were 0-
19 years at diagnosis, compared to 19 thousand at 20-64 years of age. But the 
incidence rate was 34,3 cases vs 18,6 cases per 100,000 person-years for ages 
0-19 years and ages 20-64, respectively61. In Sweden type 1 diabetes incidence 
has doubled across the last 4 decades62. In line with numbers from other West-
ern countries63. T1D incidence rate varies greatly by country, by as much as 
400-times between Finland, the country with the highest incidence, and China 
and Venezuela, with the lowest known incidence63. 

Most of the genetic risk for T1D is associated to the HLA 2 locus on chro-
mosome 6, conferring about 50% of the genetic risk. The HLA-DR3-DQ2 
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(DQ2) and HLA-DR4-DQ8 (DQ8) haplotypes are associated to the highest 
risk. Remaining genes are both related to the immune system and to the β cell, 
such as IL27 or INS, respectively64. However, several findings prove that the 
genetic risk is not always the same. Comparing Finland and Russian Karelia 
the incidence is 4 times higher in Finland despite sharing common ancestry 
and HLA profiles65. The rise in incidence across the last decades has seen a 
rising frequency of lower risk HLA haplotypes compared to the highest risk 
DQ2/DQ8 heterozygote66,67. Children born in Sweden to immigrant parents 
showed a 60-70% higher incidence than those children arriving in Sweden 
after birth68. And the concordance between monozygotic twins is only 23-61% 
despite sharing the same set of genes69. This proves that there must be envi-
ronmental factors of importance for T1D incidence. Many studies have fo-
cused on dietary differences in the first year of life, such as breastfeeding, the 
introduction of gluten or cows’ milk and vitamin D levels. While some studies 
show an increase in T1D incidence, others show the opposite70. Caesarean 
section and antibiotic treatment during the first year of life has been seen to 
slightly increase the risk for T1D71,72. Higher growth rate in childhood as well 
as obesity also increases the risk54,55,73. 

Autoantibodies in type 1 diabetes 
Today four autoantibodies are used for T1D diagnosis and for determining 
risk of T1D in studies. These autoantibodies are directed to insulin (IAA), ty-
rosine phosphatase (IA-2), glutamate decarboxylase (GAD65) and zinc trans-
porter 8 (ZnT8)3. Recently, a new autoantibody was identified against tetra-
spanin-7. Similar to the other autoantigen epitopes the tetraspanin-7 epitopes 
are located in the cytoplasmic domain. And similar to GAD65 and IA-2 it is 
also present in brain among other tissues74. 

The autoantibodies are an important diagnostic and screening tool. Chil-
dren with multiple autoantibodies run a severe risk of developing type 1 dia-
betes. Within 10 years of seroconversion to multiple autoantibodies, 70% of 
children develop the disease. However, presence of only one autoantibody 
against an islet autoantigen is much less predictive of disease, as only 15% 
develop T1D within 10 years50. Among those with only one autoantibody, 35-
53% revert back to being antibody negative, depending on age at initial sero-
conversion, below or above 8 years of age respectively75. 

In adults, presence of autoantibodies is more complicated. Among pancre-
ata from adult organ donors with one or several antibodies, only very rarely 
can islet inflammation be detected. In one study only 2/62 donors had islet 
inflammation76, in another 0/32 donors exhibited the finding77. Also, β cell 
mass seems to remain unaffected in these autoantibody positive adults76–78. 

Type 1 diabetics also often have antibodies directed against autoantigens 
in exocrine tissue such as carbonic anhydrase II, lactoferrin or cytokeratin79,80, 
suggesting that the exocrine compartment is also affected by disease. In fact, 
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when staining for C4d, a marker of classical complement pathway activation 
initiated by binding of antibodies, it seems to affect ducts and blood vessels to 
a higher degree than the islets81. 

T-cells and insulitis 
The term insulitis was coined in 1940 by von Meyenburg to describe immune 
cell infiltration of islets82. In a seminal paper by Gepts in 1965 this was seen 
in 15/22 patients with recent onset disease and was often more pronounced at 
the islet periphery, what is today referred to as peri-insulitis83. In 2010 Peter 
In’t Veld did an overview of the literature to find in total 150 cases of insulitis 
published between 1902-2010 and could conclude that the lesion was most 
common in young subjects (<14 years of age) with recent onset disease (<1 
year)82. The definition of insulitis has however varied between studies, for ex-
ample 5 T-cells per islet84or even as low as 2 T-cells85. In 2013 a consensus 
definition was reached: ≥15 CD45+ cells in at least 3 islets, to account for 
presence of other immune cells e.g. B cells, macrophages. Included in the def-
inition is the presence of pseudo-atrophic islets – islets not containing insu-
lin86. There is a large variation in how many insulin-containing islets that are 
affected by insulitis, ranging from a few percent to a majority of islets84,87. 
While insulitis in humans can be discreet and often only present outside the 
islets, in the NOD mouse, the most widespread animal model for T1D, the 
immune cell infiltration is massive. Immune cells can make up 40% of the 
total cell count within the islet88, even up to the point of aggregating into ter-
tiary lymphoid follicles, a structure normally present in lymph nodes89. 

The most prominent immune cell in the insulitis is the CD8+ cytotoxic T 
cell84. Capable of killing adjacent cells by secretion of granzymes and per-
forin. However, it has been suggested that children below the age of 7 have a 
predominant B cell infiltration90.  

Several studies have shown autoantigen-specific T cells to a wide range of 
β cell epitopes, such as preproinsulin or ZnT8a, in peripheral blood of type 1 
diabetes patients91–93. Comparable frequencies of autoreactive cells can be 
seen in non-diabetics, however, in some cases, showing less signs of being 
antigen experienced91,92. The presence of these T cells in healthy individuals 
could be explained by lacking or divergent expression of β cell epitopes in the 
thymus, leading to poor negative selection of these cells94. In context, a T cell 
receptor capable of killing β cells in vitro was estimated to be capable of bind-
ing to a million different decamer peptides95. Though non-diabetic individuals 
rarely have autoantigen-specific T cells in the pancreas, they have been found 
in a patient with chronic pancreatitis93. In T1D, the insulitic lesions of nearby 
islets are populated by T cells of different specificities96. To this day there is 
no proof of T-cell mediated killing of β cells in the insulitic lesion97, in fact, 
most T cells are not even in contact with β cells16 and are of an unknown 
specificity96. 
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Islet cells in type 1 diabetes 
While initially thought of as innocent victims of the immune assault, islets and 
β cells are now suspected of playing their part. Loss of tolerance to β cells by 
T cells could be explained not only by a defective negative selection in the 
thymus. The stress on β cells to keep up with the demand to produce insulin 
could lead to translational errors forming neoepitopes that are not part of the 
negative selection in the thymus98. Βeta cells also seem to downregulate IDO1, 
an immune regulatory molecule, prior to insulitis and β cell loss99. Β cells can 
for instance produce IL-1β in response to hyperglycaemia100.  This, in turn, 
can lead to production of cytokines such as CXCL9, CXCL10, and CXCL11, 
especially in the presence of IFN-γ101. 

Exocrine pancreas in type 1 diabetes 
T1D was long considered a β cell-specific disease. However, in many patients 
there is a component of exocrine dysfunction. 27 to 56% of T1D patients have 
low levels of faecal elastase, a common marker of pancreatic exocrine func-
tion102. In line with this, pancreatic weight is reduced in T1D patients. This 
difference does not increase with time after onset, suggesting that this happens 
prior to or in connection with clinical onset7. Curiously, first-degree relatives 
of T1D patients seem to have a slightly lower pancreatic volume measured by 
MRI103. Which could represent an underlying predisposition for disease. 

The exocrine pancreas in T1D contains more immune cells than the non-
diabetic pancreas104. Indeed, the overall immune cell density is higher in exo-
crine tissue than in islets with regards to cytotoxic T cells, T helper cells, mac-
rophages and neutrophils16. Immune cell infiltrates can be seen at the pancre-
atic ducts83. In T1D, these ducts are commonly surrounded by periductal fi-
brosis105. Apart from the effect on ducts, the exocrine pancreas in subjects with 
T1D contains more non-functional area in the form of fibrosis and fat106. 
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Aims 

Paper I 
Leucocyte infiltration of islets has a central role in the pertaining view of type 
1 diabetes aetiology. In 2013 a consensus definition was decided to make re-
sults more coherent between studies and groups. This consensus definition 
was set as ≥15 CD45+ cells per islet in at least three islets86. This consensus 
definition separates type 1 diabetic pancreases from those of non-diabetic con-
trols. However, type 2 diabetes has also been suggested to be adversely af-
fected by islet inflammation.  

• Characterise inflammation in type 2 diabetic pancreata. 
• Evaluate if the consensus criteria for insulitis can distinguish between 

findings in type 1 and type 2 diabetes. 

Paper II 
The presence of T cells at the islet in T1D has been known for long. A few of 
these T cells have been shown to have an autoreactive T cell receptor (TCR)96. 
However, many clinical trials aimed at perturbating T cells responses have 
been unable to save β cells in the long term107. The knowledge of T cell subsets 
has increased over the past decade. One such subset is tissue resident memory 
T cells (TRM). While central memory T cells recirculate through lymphoidal 
tissue and effector memory recirculate through non-lymphoidal tissue, resi-
dent memory T cells remain at the site of the initial response108. Mostly these 
cells are present in epithelial barrier tissues such as the intestines or airways.  

• Investigate the presence of tissue resident memory T cells in islets 
from pancreata of non-diabetic controls and individuals recently di-
agnosed with type 1 diabetes. 

Paper III 
Loss of β cell mass is believed to occur for several years before diagnosis until 
normoglycemia can no longer be upheld and clinical symptoms appear109. We 
postulate that if the β cells, making up a major fraction of islets, die due to 
apoptosis then islets would decrease in size. 
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• Assess islet size and density in pancreata of subjects with recent-onset 
T1D, long-standing T1D and non-diabetic controls. 

Paper IV 
It is well known that glucose tolerance generally decreases with age and that 
the incidence of type 2 diabetes rises110. Previously studies have been under-
taken to study this phenomenon in mice and in isolated human islets that have 
been digested into single cells. However, islet isolation, culture and dissocia-
tion could affect the transcriptomes. Laser capture microdissection (LCM) can 
be used to selectively analyse islet tissue without these steps. 

• To find genes in islets that co-vary with age and could explain the age 
dependant decline in islet function. 
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Research Design and Methods 

In this section are general considerations on the methods used throughout 
this thesis. For specific methods please read the respective material and 
methods sections in papers I-IV 

Biopsy material from type 1 diabetic pancreata 
Since the literature review by In’t Veld82, listing 150 cases of insulitis through-
out the last century, several ambitious endeavours have been undertaken, such 
as nPOD and DiViD to increase our knowledge of what happens inside the 
pancreas prior to and in connection with T1D onset. 

They represent two different ways of acquiring this material. The Network 
for Pancreatic Organ Donors (nPOD)111 is set up to collect pancreases from 
organ donors that have type 1 diabetes or screen positive for autoantibodies. 
Organ donors still have beating hearts and as such are to be preferred over 
material gathered at autopsy, such as the Foulis material112. However, organ 
donors are not healthy – prerequisites include being intubated before brain 
death sets in. As such, many donors have had critical, life-threatening condi-
tions and been subjected to treatment at intensive care units. 

The Diabetes Virus Detection study (DiViD) was instead set up to acquire 
biopsies from living type 1 diabetic patients 3-9 weeks after diagnosis through 
laparoscopic minimal tail resection of the pancreas113. While avoiding the dis-
advantages of organ donor material, the procedure proved to yield unexpected 
adverse events, such as post-operative bleeding and pancreatic leakage. Due 
to this the study was aborted after 6 patients had been included. Material from 
these 6 donors have been used in Paper II and III. 

All four papers have utilised material procured through the Nordic Network 
for Islet Transplantation. This biobank collects tissue from organ donor pan-
creata mainly from non-diabetics that are received with the intention of islet 
isolation and subsequent transplantation. From each pancreas received, biop-
sies are saved in the biobank. In the case of type 1 or type 2 diabetics additional 
biopsies are taken or islets isolated for research purposes. 
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Visualisation of protein expression – Immunohistochemistry, 
Immunofluorescence and the Opal Polaris platform. 
Throughout paper I, II and III different methods of visualising protein expres-
sion in pancreatic sections have been used. All of them rely on the binding of 
primary antibodies to the protein being interrogated. In many cases, secondary 
antibodies targeting the primary antibody is used to amplify the signal. Both 
of these need to be evaluated for optimal concentration, incubation time and 
temperature to achieve true staining with minimal background. This is often 
done using positive control tissue, where the protein is known to be expressed. 
Negative controls can be tissues where the opposite is true, however a true 
negative control is only achievable through removing protein expression in 
the tissue being investigated, for instance through the use of knockout mice. 

Blocking is performed before antibody incubation to minimize unspecific 
binding and binding to Fc-receptors, this can be done with specific blocking 
agents, sera or even milk. When using secondary antibodies, blocking is usu-
ally performed with sera from the same species. 

Immunohistochemistry is the oldest of the techniques used herein. It is 
based on the secondary antibodies carrying an enzyme that can cleave a sub-
strate, leaving a permanent stain on the section. The most commonly used 
combination is horseradish peroxidase (HRP) and diaminobenzidine (DAB). 
This is lastly combined with a counterstain e.g. haematoxylin, to visualise 
non-stained tissue for analysis in a bright-field microscope. 

Immunofluorescence instead utilises fluorophores, molecules that can be 
excited by light at one wavelength and emit light at another wavelength. This 
allows for simultaneous detection of more proteins on a single section. The 
technique is limited by overlap in excitation and emission spectrum of differ-
ent fluorophores and more advanced fluorescence or confocal microscopes 
needs to be used to distinguish between signals. Fluorophores also have the 
advantage of being able to be conjugated easily to either primary or secondary 
antibodies. In immunofluorescence, nuclear stains such as DAPI or Sytox Or-
ange usually serve as the counter-stain. 

The Opal Polaris platform is a combination of both these methods. In es-
sence it is an immunohistochemical protocol with the exception that the sub-
strate is a fluorophore binding covalently to the tissue. To visualize more than 
one epitope, the previous antibodies are removed through microwave treat-
ment, while the fluorophore remains. This can be repeated up to 5 times for 
simultaneous analysis of 6 proteins in a single section. Visualising more anti-
gens in the same section allows for deeper phenotyping of cells, analysing 
multiple surface markers or transcription factors in one cell type. Other novel 
methods for multiplex tissue analysis is imaging mass cytometry and the 
Akoya CODEX platform. Imaging mass cytometry utilises heavy-metal con-
jugated antibodies and laser ablation of the tissue coupled with detection in a 
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mass spectrometer. For this method, the limitations are time required for anal-
ysis and resolution, as tissue must be incinerated pixel-by-pixel. However, 
thanks to the incredibly narrow spectrums of heavy metals, there is no bleed 
between channels and theoretically all markers can be individually identified 
in the same cell. The CODEX platform utilises oligonucleotides barcodes con-
jugated to antibodies. Detection is performed of three antibodies/barcodes at 
a time through hybridisation with fluorescently labelled detector sequences. 
However, at the end these of analyses, only the digital image remains. 
These novel technologies promise a future where even more secrets can be 
elucidated from tissue sections. However, as automation of analysis becomes 
a necessity, the importance of optimising e.g. antibody clones and incubation 
conditions increase exponentially. Inherent disadvantages of antibody-based 
detection such as non-specific staining remains. 

Laser Capture Microdissection 
Laser capture microdissection (LCM) is a technology whereby specific re-
gions of tissue sections are extracted for subsequent analysis, e.g of the tran-
scriptome. This allows for analysis of selected cells without the risk of chang-
ing them through the process of tissue dissociation, which is necessary for 
flow cytometric cell sorting of select cells. 

In paper II and III, we have used the Arcturus platform. Frozen sections are 
placed on PEN membranes and kept at -80 C. Sections are dehydrated in in-
creasing alcohol concentration before they are put in the machine. Islets are 
then identified through autofluorescence using excitation with light at a green 
wavelength and emission caught by a long-pass filter above 515nm. Islets 
were then dissected from surrounding exocrine tissue using a UV laser. Fi-
nally, an IR-laser is used to melt the plastic of a collection cap down onto the 
section. The cap is removed from the section, bringing with it the dissected 
tissue. 

As the work is done on non-fixed frozen sections, RNA is at risk of degra-
dation during the LCM procedure. As such, swift execution is of the essence. 

Transcriptomics – PCR array and AmpliSeq analysis 
There are different ways of analysing RNA levels, ranging from qPCR of sin-
gle genes to whole genome transcriptomics. In paper II a qPCR array was 
used. In paper IV AmpliSeq was used. 

The array performed in paper II was done using a designed panel by Qi-
agen, focused on pathways of an inflammatory immune response. RNA was 
prepared followed by cDNA synthesis and pre-amplification of the 84 genes. 
Finally, expression levels of the pre-amplified genes were analysed by qPCR. 
Readout is fluorescence from finished transcripts after each cycle. Normaliza-
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tion is done with house-keeping genes, expressed at similar levels in all sam-
ples, to remove variation caused by varying levels of genetic starting material 
in different samples. 

In paper IV, a whole transcriptome analysis was used, differing on a few 
main points from the protocol in paper II. Briefly, cDNA was pre-amplified 
using AmpliSeq kit containing primers encompassing the entire transcrip-
tome. The prepared amplicons are referred to as a library. These are then con-
jugated to wells on a chip. Each nucleotide sequence is sequenced using next-
generation sequencing, utilising fluorescent nucleotides and detecting each in-
corporation. Readout is sequences from all amplicons on the chip. These can 
be aligned to the genome and finally converted into raw counts. There are 
several important steps to analyse this massive amount of data. Filtering is the 
step where genes expressed at low levels, or in only a few samples, are re-
moved as it will not be possible to extract important information from them. 
Normalisation has to take into account, not only the library size (the total 
amount of reads in sample) but also the library composition. For instance, if a 
set of genes are very highly expressed in some samples, they make up a greater 
proportion of the library and thus skew the relative expression of other genes 
downward. To combat this, normalisation is performed against genes whose 
average expression is similar in most samples. This then yields a conversion 
factor for each sample that all genes are multiplied with. 

After significance testing of, in the case of paper IV 14.794 genes, many 
genes reach a p-value of 0.05 or below. However, after correcting for multiple 
comparisons not many are left. This leads to a high degree of type II errors, as 
many truly significant differences are discarded. The Benjamini-Hochberg 
method of determining false-discovery rate (FDR) uses the assumption that 
all non-differentially expressed genes will have p-values evenly distributed 
from 0 to 1. While true positives will always be skewed towards 0. Choosing 
genes with an FDR-adjusted p-value of <0.05 then means 5% are false posi-
tives. 

In order to make sense of the hundreds or thousands of supposedly true 
positives one can use pathway enrichment analysis. Basically, interpreting a 
long list of genes into a shorter list of pathways. While there are many differ-
ent softwares and pathway databases to use, the ones used in paper IV, 
GSEA114 and g:profiler115, represents two different methods. Comparing either 
all genes or a list of genes passing a significance threshold, respectively. In 
g:profiler, a list of genes deemed to be the most differentially expressed, e.g 
by a threshold of FDR-adjusted p-value and fold change, are used as input. 
The list is then compared to the pathways of choice in order to find pathways 
in which the genes of interest are over-represented (i.e. enriched). In GSEA, 
all genes are ranked based upon a chosen metric, for instance -log10(p-value) 
multiplied by the sign of log fold change. Starting at the highest ranked gene, 
the pathways enrichment score (ES) increases if the gene is a part of the path-
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way and decreases otherwise. The final sum of the ES is then normalized rel-
ative to pathway size, yielding a normalized enrichment score (NES). P-values 
and false-discovery rates are calculated through re-running the analyses with 
permutated gene sets. In the “leading edge” one can then identify the genes 
that contributes most to the ES. As there is often considerable redundancy 
between pathways, software such as Enrichment Map116 can be used to visu-
alize this overlap and aid in interpretation. 
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Results and Discussion 

Paper I – Insulits in Human Diabetes: a Histological 
Evaluation of Donor Pancreases 

Current definition of islet inflammation is not specific for type 1 
diabetes 
Using the consensus definition ≥15 CD45+ cells in more than 3 islets, 14 out 
of 50 (28%) type 2 diabetic donors fulfilled the criterion. The mean frequency 
for insulitis in these donors was 2.8%, a number comparable to a study in type 
1 diabetics84. In the consensus definition CD45 was used as a marker in order 
to reliably diagnose insulitis even when a significant proportion of immune 
cells are not T cells, such as shown in children when B cells make up the 
majority of the insulitic infiltrate90. The limit of 15 CD45+ cells per islet was 
used to increase specificity against the level of inflammation that could be 
seen in the non-diabetic pancreas. As for instance, inflammation in non-dia-
betic pancreata generally increase with time in intensive care42. This limit held 
true in this material as well as only 1 out of 2130 islets had ≥ 15 CD45+ cells 
per islet. However, the insulitis definition was not validated against type 2 
diabetics. In this paper we show that the current definition for islet infiltration 
cannot differentiate between T1D and T2D. This only worsened when the old, 
less stringent criterion ≥5 CD45+ cells in ≥3 islets was used. 42/50 donors 
with T2D and 10/44 non-diabetic donors fulfilled the criterion, illustrating the 
need for a consensus definition. 

In the T2D pancreata, most immune cells were not preferentially located 
near the islets. Instead, several were classified as insulitic due to immune cells 
scattered in the surrounding exocrine parenchyme or in some cases, in the sur-
rounding fibrosis. The most frequent cell type in the immune infiltrate were 
CD68+ cells at 102 per mm2, interpreted as macrophages, followed by MPO+ 
neutrophils and CD3+ T cells at 49 and 20 cells per mm2, respectively. CD20+ 
B cells were only rarely found. Even when not exacerbated by surrounding 
inflammation, islet-associated macrophages have been seen to be increased in 
type 2 diabetes117,118.  T cells were however less prevalent in our material. The 
highest number of CD3+ cells in or adjacent to an islet was 18, however apart 
from that outlier, multiple islets had 6-10 CD3+ islet-associated cells. To dif-
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fer between the infiltrate seen in T1D and T2D we therefore suggest a thresh-
old of ≥15 CD3+ cells per islet. As a single section can contain thousands of 
islets we suggest that “≥3 islets” is an arbitrary number. Instead, we suggest 
that in sections containing more than 100 islets, a threshold of ≥3% of islets 
should be used. Both acute onset donors in this material fulfilled our new mod-
ified criteria, as well as recent onset T1D donors in another study87. Neither 
long-standing T1D donors or T2D donors fulfilled the modified criteria. 

Consequence of islet inflammation in T2D 
Islet inflammation has been suggested as an important detrimental factor in 
T2D119. Among all islets in the insulitic T2D donors, only a few were insulin-
deficient or contained only a few β cells. However, in 5/14 HLA class I hy-
perstaining was seen in at least one islet. This pattern of hyperstaining has 
been a defining feature of T1D, however it is still unclear if it is due to in-
creased transcription, a reduced turnover or cross-reactive proteins being pro-
duced by the β cells120,121. As in T1D120, HLA class I hyperstaining in T2D 
was present in islets with and without insulitis. 

Glucose-stimulated insulin secretion was perturbed in isolated islets of 
T2D donors compared to non-diabetic controls. But there was no difference 
between donors with and without insulitis. Neither was there any difference 
in BMI or in HbA1c. However, the analysed islets may or may not be affected 
by insulitis and BMI and HbA1c are affected by other factors, such as diabetes 
treatment. 

Importance of a consensus definition 
The clear presence of insulin-deficient islets easily allows for distinguishing a 
T1D from a T2D pancreas. However, as we have shown, the current criteria 
for immune cell infiltration does not. Insulitis is considered an important mor-
phological hallmark of T1D. Exocrine inflammation is increased in T1D as 
well as in T2D104. Under the current definition, a similar level of diffuse im-
mune cell infiltration could be classified as insulitis, simply by the co-occur-
rence of insulin-deficient islets. The importance of a sensitive and specific 
consensus definition will increase as more and more image analysis is auto-
mated. 
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Paper II – Demonstration of Tissue Resident Memory 
CD8 T cells in Insulitic Lesions in Adult Patient with 
Recent-Onset Type 1 Diabetes 

CD8 T cells in the insulitic lesion coexpress the tissue residency 
markers CD69 and CD103  
Consistent with previous studies CD8+ T cells were more numerous in islets 
containing insulin and preferentially located in the endocrine-exocrine inter-
face84,87. CD8 T cells coexpressing the markers for tissue resident memory 
(TRM) cells, CD69 and CD103, were also preferentially located at this site. On 
average CD8+CD69+CD103+ cells made up 43% of all CD8+ cells per islet. 
While the number varied greatly between islets and donors, cells with the TRM 
phenotype were present in 35 of 37 (94,6%) islets containing at least one 
CD8+ T cell. Though the number of CD8+ cells differed between insulin-con-
taining and insulin-deficient islets, the proportion of CD8+CD69+CD103+ 
cells did not. Another T cell population capable of tissue residency, γδ T cells, 
were found only very rarely in the pancreas.   

In TRM cells CD69 blocks S1P1, a receptor for sphingosine-1-p hosphate 
and mediator of tissue egress, leading to cell retention in the tissue. CD69 is 
however most well known as a marker of T cell activation122. Curiously, in the 
insulitic lesions of recent onset T1D patients, no CD8+ T cells were CD69+ 
without also expressing the other residency marker CD103. This suggests that 
the non-TRM cells in the lesion are not conventionally activated cytotoxic T 
cells. In support of this, CD8+CD69+CD103+ cells were also found in islets 
of non-diabetic organ donors, making up a majority of islet-associated CD8 T 
cells in most islets, indicating that this population is not an artifact of T cell 
activation. This also corroborates earlier findings that CD8+CD69+CD103+ 
cells are present in association with islets in non-diabetics123. 

Insulitic islets lacks gene expression indicative of a conventional 
cytotoxic response 
Insulitic islet sections were captured using laser microdissection and analysed 
with an array for expression of 84 genes associated with inflammation of au-
toimmunity. 19 of these were not even detected. Surprisingly, among the 
genes not detected were several associated with activated cytotoxic T cells 
(IL2R, CD40LG, FASLG) and with an acute cytotoxic response (TNF, CCR7, 
LTA, IL1A). This is in line with a previous study where the gene expression in 
insulitis differed greatly when compared to the acute cytotoxic response of 
graft rejection87. Several genes connected with inflammation and the innate 
immune system (IFNG, IL15, IL18 and IL22) and several chemokines 
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(CXCL1, CXCL9, CXCL10, CCL3, CCL4, CCL5, CCL7, CCL11 and CCL19) 
were upregulated in T1D donors compared to non-diabetic donors. It is im-
possible to infer with certainty what part of this expression pattern can be at-
tributed to TRM cells. For instance, CCL5 has been seen to be expressed in 
islets in when peri-insulitis is present124. However, several of these cytokines 
and chemokines have been seen to be released by TRM (IFN-γ, IL-22, CCL3, 
CCL4) or by the local environment after TRM activation (CCL5, CXCL9, 
CXCL10)125,126. 

Several theories have been put forward for pathogens such as viruses or 
bacteria as causative agents in type 1 diabetes127,128. The presence of TRM cells 
could be a result of a previous pathogenic insult. In case of a repeat insult TRM 
cells could recruit more T cells. Curiously, IL-15 and IL-18 that were upreg-
ulated in insulitic islets have been known to induce bystander inflammation, 
an innate-like TCR-independent activation of T cells129,130. 

Paper III – Characterisation of the Endocrine Pancreas 
in Type 1 Diabetes: Islet Size is Maintained but Islet 
Number is Markedly Reduced 

Type 1 diabetic islets – Loss of β cells but preserved architecture 
In non-diabetic donors ≥60% of the endocrine area stained for insulin in 97% 
(92-100%) of islets. In subjects with recent-onset disease, 13% (3.0-40%) 
stained for ≥60% insulin area. 13% (5.1-22%) stained for 20-60% insulin. 
74% stained for ≤20% insulin containing area. The T1D donors with long-
standing disease had no insulin-containing islets but in 5 out 7, single insulin-
positive cells were found scattered throughout the exocrine parenchyma. De-
spite the loss of β cells in most islets of the subjects with recent-onset T1D 
and all islets of those with long-standing disease, most islets maintained their 
architecture without areas of fibrosis or necrosis corresponding to the propos-
edly lost β cells. Using circularity, a measure of the roundness of an object 
compared to a perfect circle which equals 1, there was a tendency to lower 
circularity in recent-onset disease, however this did not reach statistical signi-
fance. 

Islet size is maintained, but islet number is reduced 
Diabetic islets contained no trace of the β cell loss. The median of the mean 
in each donor was 4813 (1673-11 807) µm2 in control donors as compared to 
6127 (3623-6721) µm2 in recent-onset T1D and 3678 (2569-4608) µm2 in 
long-standing T1D. Corresponding to a diameter of 78, 88 and 66 µm2, re-
spectively, for a circle with the same area. While islets from the recent-onset 
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T1D subjects were significantly larger than from subjects with long-standing 
T1D (p<0.05), there was no statistically significant between the control donors 
and any of the T1D groups. In order to confirm that there was no size differ-
ence between the islet populations, an exponential curve (y = a * e-bx) was 
fitted to the islet size distribution, in the form of mean number of islets per 
mm2 per size category in each donor. There was no statistically significant 
difference when comparing the slope coefficient b between groups. However, 
the constant a differed greatly between controls and T1D (a= 9 in control do-
nors, 2.5 in recent-onset T1D subjects and 2.8 in long-standing T1D donors). 
This reflected the significantly lower median islet density in the recent onset 
T1D (1.7 islet per mm2, range 1.3-1.8) and long-standing T1D donors (1.8 
islet per mm2, range 0.6-2.4) compared to the non-diabetic control donors (4.4 
islet per mm2, range 3.4-7.7) (p<0.005). 

Reduced islet density was seen as early as in the 1965 Gepts paper83. How-
ever, the cause of this is unknown. There are two possible scenarios. Either 
whole islets have perished, or they were never formed. While it cannot be 
excluded, it would be farfetched to assume that the mild peri-insulitic infiltra-
tion seen in T1D would lead to destruction of entire islets. Instead, a near 
ubiquitous finding in T1D pancreata is periductal fibrosis105. As islets have 
been suggested to stem from the ductal epithelium, damage to this locale 
might preclude further islet neogenesis. 

α cells in type 1 diabetic pancreata express β cell marker PDX1 
In this patient material, islet size is maintained in T1D and most islets prefer-
entially contain glucagon. This could be due to a compensatory expansion of 
the α cells however no such findings have been published in human diabetes. 
Contrarily, β cell dedifferentiation has been seen in several contexts of β cell 
stress. Dissociation and reaggregation of islets leads to β cells becoming glu-
cagon producing while retaining the β cell-specific transcription factors PDX1 
and NKX6.1131. Similarly, expression of PDX1 and NKX6.1 mRNA is main-
tained in T1D islets despite the apparent loss of β cells, instead the expression 
of α cell-specific transcription factors MAFA and ARX is decreased132. In 
long-standing type 1 diabetics, many islets have been found to produce very 
low amounts of insulin, while also containing PDX1 and NKX6.124. 

We can confirm that PDX1 is expressed in glucagon-containing cells in 
both recent onset and longstanding T1D, however to a greater degree in the 
former. 
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β cell dedifferentiation due to deficiency in islet numbers and β 
cell mass? 
Type 1 diabetes incidence is highest during the period of life when insulin 
demand increases the most. If the reduced islet numbers seen in this material 
is a result of a deficiency in islet neogenesis and inability to establish an ade-
quate β cell mass, perhaps due to periductal fibrosis, it could constitute the 
necessary stressor to cause β cells to dedifferentiate. If β cells dedifferentiate 
rather than cease to exist, this would explain the maintained islet size seen in 
type 1 diabetics.  

Paper IV – Transcriptional analysis of islets of 
Langerhans from Organ Donors of Different Ages 

Comparison of islets of different ages 
The islets compared came from organ donors between 1-81 years of age, di-
vided into age groups: Children (1-12 years), Adolescents (13-18 years), 
Young adults (21-35 years), Middle-aged (50-63 years) and Elderly (72-81 
years). 

Isolated islets donors from Young adults, Middle-aged and Elderly groups 
exhibited similar absolute levels of insulin secretion when stimulated with 
20mM of glucose, however due to higher basal insulin secretion at 1.67mM, 
the oldest donors exhibited a reduced dynamic stimulation index.  

Whole transcriptome analysis of islets 
14,794 genes were expressed at a high enough level (≥10 counts per million) 
in enough samples (≥5) to pass filtering and be included in the remaining anal-
yses. Based on the expression of these genes there were no clustering accord-
ing to donor age in a principal component analysis or a hierarchical clustering. 
Suggesting that interindividual differences outweigh any age-related global 
changes in the islet transcriptome. 

However, using a generalised linear model with age as the continuous var-
iable, 383 genes were found to co-vary with age, 276 were upregulated and 
107 downregulated with increasing age (FDR<10%). A study by Arda et al 
found 567 genes that differed between children and adults33. 344 of those 
genes passed filtering in our analysis, 39 of which co-varied with age in our 
material, 36 that co-varied in the same direction. This discrepancy between 
the studies could be due to differences in study design. In this study laser cap-
ture microdissection was used, avoiding any changes in transcriptional profile 
during islet isolation, culture and dissociation. In a paper by Solimena et al it 
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was shown that samples cluster based on the isolation method. Such as that 
two samples from the same individual would cluster with the respective iso-
lation method, LCM or enzymatic isolation, rather than together133. 

Pathway enrichment analysis unravels decreased cell cycle 
activity 
Gene set enrichment analysis identified 318 gene sets that correlated signifi-
cantly with age, 158 were upregulated and 161 downregulated with increasing 
age (FDR<10%). Downregulated gene sets primarily concerned different as-
pects of mitosis and the cell cycle. A functional enrichment analysis using 
only genes significantly altered by age mirrored these results. This was cor-
roborated by age-related increase in cell-cycle inhibitors p16, p21 and p57 
(CDKN2A, CDKN1A and CDKN1C, respectively). Especially expression of 
CDKN2A has been connected to the aging β cell33,134. 

The age-related genes and diabetes 
As T2D incidence increases with age, it is highly interesting to ascertain if the 
aging islets resemble T2D. Data from six studies on the T2D transcriptome 
were used and genes overlapping at least two data sets were chosen to increase 
validity, resulting in 216 genes downregulated and 60 upregulated in type 2 
diabetes. Seven of the downregulated genes and five of the upregulated genes 
co-varied in our material. Notably, 2 genes that were seen to be downregulated 
in T2D were upregulated with age. Only 12 T2D-associated genes were dif-
ferentially expressed in this material. This would suggest that the general age-
related changes to the islet transcriptome is not an underlying driving force of 
T2D. 

Senescence-associated secretory phenotype (SASP) has been suggested as 
a possible cause of loss of β cells in both T1D and T2D34,135. Apart from ex-
pression of senescence markers CDKN2A and CDKN1A, it is also associated 
with secretion of SERPINE1, MMP2, IL6, CCL4, IL1A, CXCL10. While aging 
islets expressed the senescence markers, only SERPINE1 expression was pos-
itively correlated to increasing age. The remaining genes were not correlated 
to age, indeed, apart from MMP2 they did not even pass filtering. 

T1D incidence is highest in childhood and adolescence. In adulthood, the 
diabetes onset can come slowly, often initially misinterpreted as T2D. Curi-
ously, among the highest differentially expressed genes were SPP1, coding 
for osteopontin, a protein that has been linked both to protection from IL1β-
mediated cytotoxicity as well as hyperglycemia136,137.  
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Conclusions 

Paper I 
• The current consensus definition of insulitis (≥15 CD45+ in ≥3 islets) 

cannot sufficiently discriminate between the immune cell infiltration 
around islets in type 1 and type 2 diabetes. 

• Pancreatic inflammation is common in type 2 diabetic pancreata and 
made up predominantly of macrophages. 

• As exocrine inflammation is also prevalent in type 1 diabetes, we sug-
gest a new definition of insulitis ≥15 CD3+ in ≥3% of islets which has 
now been validated to not include type 2 diabetics. 

Paper II 
• Tissue resident memory T cells are present in association with islets 

in both type 1 diabetes and in the non-diabetic pancreas. They make 
up a substantial proportion of T cells in the insulitic lesion in type 1 
diabetes. Their presence in the pancreas suggests a possible role in 
protecting against pathogens.  

• Expression of genes associated with an acute cytotoxic response are 
not detected in the insulitic islets. Instead genes associated with an 
innate immune response were upregulated. 

Paper III 
• Islets do not decrease in size in type 1 diabetes, despite a presumed 

loss of a majority of the cells. The insulin-deficient islets are mostly 
made up of alpha-cells. 

• Islet density is markedly reduced already at type 1 diabetes onset. This 
in conjunction with lower pancreatic weight suggest a significantly 
lower β cell mass prior to disease onset. 

• α cells in both recent-onset and to a lesser degree in long standing type 
1 diabetes express the β cell marker PDX1. This could indicate a 
transdifferentiation of β cells into glucagon-producing cells. 
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Paper IV 
• As seen in previous studies of islets from enzymatic digestion, mark-

ers of senescence such as CDKN2A were upregulated and pathways 
concerning the cell cycle machinery were downregulated with in-
creasing age. 

• There was only a small overlap between our study of laser capture 
microdissected islets and a study on dissociated islet cells. 

• Among the novel genes found to increase significantly by age was 
SPP1, coding for Osteopontin. A protein that has been previously 
linked to protection from cytotoxicity and hyperglycaemia. 



 35

Comments and Future perspectives 

Insulitis – the importance of getting it right 
Insulitis, the inflammation of islets, is seen as an important morphological 
hallmark of type 1 diabetes. In paper I we showed that the consensus defini-
tion for insulitis cannot reassuringly differentiate between the immune cell 
infiltration in type 1 and type 2 diabetes. In a comment on our paper, the orig-
inal authors of the consensus definition stress the importance of pseudo-
atrophic islets, in order to differentiate between immune cell infiltrate in T1D 
from the general inflammation seen in chronic pancreatitis or T2D138. How-
ever, as exocrine inflammation is also seen in T1D16,104, this feature becomes 
useless if one needs to discern islet specific inflammation from general in-
flammation in the type 1 diabetic pancreata. 

While the insulitic immune cell infiltrate is present at the islet, it is most 
often present outside the islet in the form of peri-insulitis. No clear proof of 
T-cell mediated killing of β cells has been seen. We do not yet know the role 
of insulitis in T1D. As automated image analysis becomes more powerful and 
prevalent, it will be important to remember, that not all islets surrounded by 
immune cells necessarily have insulitis. 

The alternative history of T1D 
The so-called precipitating event initiating islet autoimmunity often happens 
early in life, as seen in at-risk children who seroconvert before 2 years of age50. 
This is an important period in the postnatal development of the endocrine pan-
creas30. As patients with T1D also exhibit autoantibodies against the exocrine 
tissue it is possible that this precipitating event also affects the exocrine pan-
creas79,80. This could be the origin of the lower pancreatic weight seen in type 
1 diabetics7. As well as the cause of lower islet density as seen in paper III 
and by others78. Lower islet density must also be further regarded in the con-
text of reduction in pancreatic weight seen in T1D, further reducing the total 
number of islets. 

The nature of this precipitating event is unknown. However, both viruses 
and bacteria have been suggested127,128. Tissue-resident memory T cells are 
usually present in barrier tissues such as skin or airway epithelium, as gate-
keepers prepared to respond immediately to re-infection139. In paper II we 
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found these TRM cells in association with islets in non-diabetic pancreata, but 
to a greater degree in islets of the T1D pancreata. Recently, it was shown that 
bacteria reside inside the pancreatic duct, with inter-individual differences in 
bacterial profiles but with similarities with the duodenal microbiome in the 
same individual, often containing bacteria commonly recognised as part of the 
oral flora140. Curiously, HLA allele combinations that confer susceptibility to 
T1D, the greatest genetic risk factor by far, are associated with a significant 
difference in the bacterial profile of the microbiome in stool samples141. Dis-
ruption of the pancreatic microbiome could lead to ductal inflammation and 
subsequently give rise to the periductal fibrosis seen in T1D. 

If the precipitating event leads to pancreatic damage and an inability to 
establish an adequate β cell mass, as the individual grows and insulin demand 
increases, this would eventually reach the point where β cells struggle to main-
tain glucose homeostasis. This would lead to β cell stress, which in turn can 
lead to production of cytokines and immune cell-recruiting chemokines such 
as IL-1β and CXCL9, CXCL10 and CXCL11100,101. In this scenario the β cells 
themselves would be responsible for initiation of insulitis. Alternatively, re-
activation of TRM could lead to the recruitment of an immune cell infiltrate. 
However, in paper II we found no CD8+CD69+ cells that were not classified 
as tissue resident memory cells in subjects recently diagnosed with T1D, sug-
gesting that the resulting infiltrate did not consist of cytotoxic T cells activated 
by recognition of cognate antigen. This was corroborated by the lack of ex-
pression of genes associated with a cytotoxic response in the insulitic lesion 
of these subjects. 

Later in the disease process, islets are found to be insulin-deficient. In pa-
per III we could not detect any reduction in islet size corresponding to a loss 
of ~60% of the cells within, in line with data by Rodriguez-Calvo et al78. While 
a modest increase in β-cell apoptosis could be seen in a study of recent-onset 
T1D there was no correlation to the presence of insulitis97. However, when 
attempting to measure cell death by detection of cell-free DNA in blood, as 
can be done in islet transplantation or multiple sclerosis, no β cell DNA can 
be detected142. If the β cells do die, a maintained islet size can only be ex-
plained by either a significantly larger islet size to begin with, or a substantial 
expansion of α cells. None of which has been reported in the literature. 

The remaining alternative is that β cells do not die, as much as simply cease 
being β cells. During T1D progression, β cells lose insulin expression while 
maintaining PDX1 and NKX6.1, markers of β cell identity16. Similarly, 
NKX6.1 has been found in α cells of subjects with T1D in conjunction with 
lower levels of ARX, an α cell transcription factor132. β cell markers in gluca-
gon-producing cells has been implied to be due to a partial α-to-β transition in 
an attempt to compensate for β cell loss. However, dissociation of human is-
lets can cause β cell degranulation and dedifferentiation into glucagon-pro-
ducing cells expressing PDX1 and NKX6.1131. Our findings in paper III of 
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PDX1 expression inside α cells in recent-onset and long-standing T1D could 
represent loss of β cells through transdifferentiation. 

If β cell stress is the cause of insulitis and the insulitis exacerbates this β 
cell stress, this would explain the findings in the recent clinical trial of tepli-
zumab, an anti-CD3 antibody. Nondiabetic relatives of T1D patients, with at 
least two autoantibodies and dysglycaemia were included into the study. A 
delay in diagnosis was only seen in the participants with under the median 
levels of C-peptide production in an oral glucose tolerance test143. In other 
words, those with the highest levels of β cell stress, and hypothetically, with 
the highest frequency of insulitis. This would also explain the honeymoon 
phase after diagnosis and commencement of insulin therapy, another avenue 
by which to decrease ongoing β cell stress. Indeed, presence of IL-15 and IL-
18 in the insulitic islet as seen in paper II could lead to bystander activation 
of T cells without recognition of cognate antigen. 

Older age at T1D onset is associated with a slower decline in C-peptide 
after diagnosis but also to higher residual C-peptide levels five decades after 
diagnosis59,144. If T1D is a β cell-centric disease, then there could be two ex-
planations for this. Either due to that the relative increase in insulin demand 
slows down with age or due to factors in the β cells themselves. In paper IV 
we identified an increased expression of SPP1 coding for osteopontin with 
increasing age. Osteopontin has in vitro been shown to protect β cells from 
both hyperglycaemia as well as cytotoxicity136,137. And to be increased in islets 
from hyperglycaemic T2D donors137. Factors such as osteopontin could be an 
explanation as to how β cells do not succumb to stress in the same manner in 
T2D as T1D, despite sometimes significant hyperglycaemia. 

Moving forward 
All of the recently diagnosed T1D subjects analysed throughout this thesis 
contracted the disease in adulthood. It is possible that they represent a sub-
group separate from those that contract the disease in childhood. The findings 
presented herein must therefore be confirmed in younger donors. This also 
highlights the greatest weakness in T1D research, the scarcity of human sam-
ples representing the progression of the disease. Luckily, most patients with 
T1D survive their diagnosis and as such, not many pancreases are available to 
teach us more about what happens at T1D onset. Technological innovations 
such as multiplex stainings, allowing for simultaneous visualisation of tens of 
markers and three dimensional stainings, allowing for morphologic descrip-
tion of entire islets and other structures, will enable us to extract more infor-
mation from these rare specimens. Not only interrogating immune cells or β 
cells, but the entire pancreas and findings such as periductal fibrosis or islet 
volume. It will also allow us to re-examine old truths. 



 38 

Acknowledgements 

First and foremost, my most humble thanks to the organ donors, their next of 
kin and the participants in the DiViD study for allowing us the ability to do 
this otherwise impossible research. 
 
Oskar Skog, main supervisor. For your striking ability to fulfill the roles of 
mentor, friend and boss. For always being available for a chat whether be it 
research or just life. 
 
Olle Korsgren, co-supervisor. For showing me the importance of not always 
using old truths to ask new questions. 
 
Enida Kuric, co-supervisor. For being there when I started to do diabetes 
research and for always picking me up when the stainings failed. 
 
Eva Örtqvist, co-supervisor. For holding my hand through the clinical study 
that isn’t even in here but will somehow prove to be the most important for 
my career as a researcher and clinician. 
 
Anton Stenwall. For being my partner in crime. I will always cherish the 
memories of our adventures, both those containing lasers as well as the ones 
containing jazzy dudes in ski-lifts. For being the same kind of crazy as me. 
 
Sofie Ingvast. For being our labs very own powerhouse. Carrying out more 
experiments than any one of us. 
 
Marie Karlsson. For teaching me all those things so long ago I have probably 
forgotten half of them.  
 
Marcus Lundberg. For all the discussions; politics, medicine, research. I en-
joyed them too. 
 
Marcus Bergström. For being there since the beginning, when the dreams 
were different. I will meet you on the other side of this journey! 
 
Angie Tegehall. For never yielding your ground and for standing up for what 
you believe in.  



 39

Louise Granlund. For circling back into my life after more than 15 years and 
somehow becoming my oldest friend. We are the real “old school”. 
 
Erik Yngve. For always listening to me like I am saying something important, 
even though I rarely do. 
 
Alexander Jonsson. For helping me all those times with the clinical samples, 
even in your spare time. I owe you many! 
 
Rosanna Skoog. For taking the reins at the islet lab when we needed you to. 
You were truly the right person at the right place and time. 
 
Gajana Gasparyan. Your bright positive spirit and the way you take on new 
challenges with enthusiasm truly lights up the lab. 
 
Max Backman. For being the cool guy I know at Pathology. And for always 
being full with cheer and sharing it with me. 
 
Malin Müller. For always being up for a discussion on immunology or flow 
cytometry. 
 
Anna Wiberg. For the work we’ve done. But mostly for our friendly banter. 
 
Anna-Maria Ullbors. For always taking care of the nasty mind-boggling ad-
ministration. 
 
Kerstin Aller, Britta Parwén, Kim Parwén. For always greeting me with 
warmth and helping me with the clinical study, despite being under pressure 
yourselves. Henrik Arnell. For making time where there was none. The rest 
of the crew at Barngastro. For helping out and making me feel a part of the 
team. 
 
Åke Svedström. For being the best roommate I could have asked for. For 
being my safe space and friendly face when I first came to Uppsala. I so wish 
you were here. 
 
Patrik Seiron. For being, not only the brother I was given, but also the brother 
I would choose every day. 
 
Carina & Lennart Seiron. Mom and Dad. For pushing me off the ledge all 
those years ago. I would not be where I am without you. 
 

 



 40 

 

Helen Kahsay Seiron. My wife. For being my lighthouse, always guiding me 
back to shore when I am in rough seas. For giving me the support I so desper-
ately need, but not always deserve. For going through hell to give us our won-
derful Aron. 



 41

References 

1.  Karamanou M. Milestones in the history of diabetes mellitus: The main 
contributors. World J Diabetes. 2016;7(1):1. doi:10.4239/wjd.v7.i1.1 

2.  Internation Diabetes Federation. IDF Diabetes Atlas 9th Edition.; 2019. 
3.  American Diabetes Association. 2. Classification and Diagnosis of Diabetes: 

Standards of Medical Care in Diabetes 2019. Diabetes Care. 
2019;42(January):S13-S28. doi:10.2337/dc19-S002 

4.  American Diabetes Association. 10. Cardiovascular disease and risk 
management: Standards of medical care in diabetes 2019. Diabetes Care. 
2019;42(January):S103-S123. doi:10.2337/dc19S010 

5.  American Diabetes Association. 11. Microvascular complications and foot 
care: Standards of medical care in diabetes 2019. Diabetes Care. 
2019;42(January):S124-S138. doi:10.2337/dc19-s011 

6.  Dahlquist G, Kallen B. Mortality in Childhood-Onset Type 1 Diabetes: A 
population-based study. Diabetes Care. 2005;28(10):2384-2387. 
doi:10.2337/diacare.28.10.2384 

7.  Campbell-Thompson ML, Kaddis JS, Wasserfall C, et al. The influence of 
type 1 diabetes on pancreatic weight. Diabetologia. 2016;59(1):217-221. 
doi:10.1007/s00125-015-3752-z 

8.  Campbell F, Verbeke CS. Pathology of the Pancreas. London: Springer 
London; 2013. doi:10.1007/978-1-4471-2449-8 

9.  Ionescu-Tirgoviste C, Gagniuc PA, Gubceac E, et al. A 3D map of the islet 
routes throughout the healthy human pancreas. Sci Rep. 2015;5(1):1-14. 
doi:10.1038/srep14634 

10.  Olehnik SK, Fowler JL, Avramovich G, Hara M. Quantitative analysis of 
intra-and inter-individual variability of human β-cell mass. Sci Rep. 
2017;7(1):1-7. doi:10.1038/s41598-017-16300-w 

11.  Dybala MP, Hara M. Heterogeneity of the human pancreatic islet. Diabetes. 
2019;68(6):1230-1239. doi:10.2337/db19-0072 

12.  Wang X, Zielinski MC, Misawa R, et al. Quantitative Analysis of Pancreatic 
Polypeptide Cell Distribution in the Human Pancreas. PLoS One. 
2013;8(1):1-7. doi:10.1371/journal.pone.0055501 

13.  Brissova M, Fowler MJ, Nicholson WE, et al. Assessment of Human 
Pancreatic Islet Architecture and Composition by Laser Scanning Confocal 
Microscopy. J Histochem Cytochem. 2005;53(9):1087-1097. 
doi:10.1369/jhc.5C6684.2005 

14.  Bonner-Weir S, Sullivan BA, Weir GC. Human Islet Morphology Revisited: 
Human and Rodent Islets Are Not So Different After All. J Histochem 
Cytochem. 2015;63(8):604-612. doi:10.1369/0022155415570969 

  



 42 

15.  Bosco D, Armanet M, Morel P, et al. Unique arrangement of α- and β-cells in 
human islets of Langerhans. Diabetes. 2010;59(5):1202-1210. 
doi:10.2337/db09-1177 

16.  Damond N, Engler S, Zanotelli VRT, et al. A Map of Human Type 1 Diabetes 
Progression by Imaging Mass Cytometry. Cell Metab. 2019;29(3):755-
768.e5. doi:10.1016/j.cmet.2018.11.014 

17.  Jansson L, Barbu A, Bodin B, et al. Pancreatic islet blood flow and its 
measurement. Ups J Med Sci. 2016;121(2):81-95. 
doi:10.3109/03009734.2016.1164769 

18.  Almaça J, Weitz J, Rodriguez-Diaz R, Pereira E, Caicedo A. The Pericyte of 
the Pancreatic Islet Regulates Capillary Diameter and Local Blood Flow. Cell 
Metab. 2018;27(3):630-644.e4. doi:10.1016/j.cmet.2018.02.016 

19.  Nyman LR, Ford E, Powers AC, Piston DW. Glucose-dependent blood flow 
dynamics in murine pancreatic islets in vivo. Am J Physiol - Endocrinol 
Metab. 2010;298(4):807-814. doi:10.1152/ajpendo.00715.2009 

20.  Lammert E, Gu G, McLaughlin M, et al. Role of VEGF-A in Vascularization 
of Pancreatic Islets. Curr Biol. 2003;13(12):1070-1074. doi:10.1016/S0960-
9822(03)00378-6 

21.  Fowler JL, Lee SS-Y, Wesner ZC, Olehnik SK, Kron SJ, Hara M. Three-
Dimensional Analysis of the Human Pancreas. Endocrinology. 
2018;159(3):1393-1400. doi:10.1210/en.2017-03076 

22.  Virtanen I, Banerjee M, Palgi J, et al. Blood vessels of human islets of 
Langerhans are surrounded by a double basement membrane. Diabetologia. 
2008;51(7):1181-1191. doi:10.1007/s00125-008-0997-9 

23.  Wang YJ, Traum D, Schug J, et al. Multiplexed In Situ Imaging Mass 
Cytometry Analysis of the Human Endocrine Pancreas and Immune System 
in Type 1 Diabetes. Cell Metab. 2019;29(3):769-783.e4. 
doi:10.1016/j.cmet.2019.01.003 

24.  Lam CJ, Chatterjee A, Shen E, Cox AR, Kushner JA. Low-Level Insulin 
Content Within Abundant Non-β Islet Endocrine Cells in Long-standing Type 
1 Diabetes. Diabetes. 2019;68(3):598-608. doi:10.2337/db18-0305 

25.  Röder P V, Wu B, Liu Y, Han W. Pancreatic regulation of glucose 
homeostasis. Exp Mol Med. 2016;48(3):e219-e219. doi:10.1038/emm.2016.6 

26.  Seino S, Sugawara K, Yokoi N, Takahashi H. β-Cell signalling and insulin 
secretagogues: A path for improved diabetes therapy. Diabetes, Obes Metab. 
2017;19(April):22-29. doi:10.1111/dom.12995 

27.  Wilcox G. Insulin and insulin resistance. Clin Biochem Rev. 2005;26(2):19-
39. http://www.ncbi.nlm.nih.gov/pubmed/16278749. 

28.  Bankaitis ED, Bechard ME, Wright CVE. Feedback control of growth, 
differentiation, and morphogenesis of pancreatic endocrine progenitors in an 
epithelial plexus niche. Genes Dev. 2015;29(20):2203-2216. 
doi:10.1101/gad.267914.115 

29.  Sharon N, Chawla R, Mueller J, et al. A Peninsular Structure Coordinates 
Asynchronous Differentiation with Morphogenesis to Generate Pancreatic 
Islets. Cell. 2019;176(4):790-804.e13. doi:10.1016/j.cell.2018.12.003 

  



 43

30.  Meier JJ, Butler AE, Saisho Y, et al. Β-Cell Replication Is the Primary 
Mechanism Subserving the Postnatal Expansion of Β-Cell Mass in Humans. 
Diabetes. 2008;57(6):1584-1594. doi:10.2337/db07-1369 

31.  Carpino G, Renzi A, Cardinale V, et al. Progenitor cell niches in the human 
pancreatic duct system and associated pancreatic duct glands: An anatomical 
and immunophenotyping study. J Anat. 2016;228(3):474-486. 
doi:10.1111/joa.12418 

32.  Mizukami H, Takahashi K, Inaba W, et al. Age-associated changes of islet 
endocrine cells and the effects of body mass index in Japanese. J Diabetes 
Investig. 2014;5(1):38-47. doi:10.1111/jdi.12118 

33.  Arda HE, Li L, Tsai J, et al. Age-dependent pancreatic gene regulation reveals 
mechanisms governing human β cell function. Cell Metab. 2016;23(5):909-
920. doi:10.1016/j.cmet.2016.04.002 

34.  Thompson PJ, Shah A, Ntranos V, Van Gool F, Atkinson M, Bhushan A. 
Targeted Elimination of Senescent Β Cells Prevents Type 1 Diabetes. Cell 
Metab. 2019;29(5):1045-1060.e10. doi:10.1016/j.cmet.2019.01.021 

35.  Perl SY, Kushner JA, Buchholz BA, et al. Significant human β-cell turnover 
is limited to the first three decades of life as determined by in vivo thymidine 
analog incorporation and radiocarbon dating. J Clin Endocrinol Metab. 
2010;95(10):234-239. doi:10.1210/jc.2010-0932 

36.  Cnop M, Hughes SJ, Igoillo-Esteve M, et al. The long lifespan and low 
turnover of human islet β cells estimated by mathematical modelling of 
lipofuscin accumulation. Diabetologia. 2010;53(2):321-330. 
doi:10.1007/s00125-009-1562-x 

37.  Tamura Y, Izumiyama-Shimomura N, Kimbara Y, et al. Telomere attrition in 
β and alpha cells with age. Age (Omaha). 2016;38(3). doi:10.1007/s11357-
016-9923-0 

38.  Mezza T, Muscogiuri G, Sorice GP, et al. Insulin resistance alters islet 
morphology in nondiabetic humans. Diabetes. 2014;63(3):994-1007. 
doi:10.2337/db13-1013 

39.  Butler AE, Cao-Minh L, R. Galasso, et al. Adaptive changes in pancreatic β 
cell fractional area and β cell turnover in human pregnancy. Diabetologia. 
2010;53(10):2167-2176. doi:10.1007/s00125-010-1809-6 

40.  Sullivan BA, Hollister-Lock J, Bonner-Weir S, Weir GC. Reduced Ki67 
staining in the postmortem state calls into question past conclusions about the 
lack of turnover of adult human β-CElls. Diabetes. 2015;64(5):1698-1702. 
doi:10.2337/db14-1675 

41.  Veld PI t., De Munck N, Van Belle K, et al. Β-Cell Replication Is Increased 
in Donor Organs From Young Patients After Prolonged Life Support. 
Diabetes. 2010;59(7):1702-1708. doi:10.2337/db09-1698 

42.  Smeets S, Stangé G, Leuckx G, et al. Evidence of Tissue Repair in Human 
Donor Pancreas After Prolonged Duration of Stay in Intensive Care. Diabetes. 
2020;69(3):401-412. doi:10.2337/db19-0529 

43.  Skog O, Korsgren O. On the dynamics of the human endocrine pancreas and 
potential consequences for the development of type 1 diabetes. Acta Diabetol. 
2019;(0123456789). doi:10.1007/s00592-019-01420-8 

  



 44 

44.  Nyenwe EA, Kitabchi AE. The evolution of diabetic ketoacidosis: An update 
of its etiology, pathogenesis and management. Metabolism. 2016;65(4):507-
521. doi:10.1016/j.metabol.2015.12.007 

45.  Sosenko JM, Skyler JS, Beam CA, et al. Acceleration of the loss of the first-
phase insulin response during the progression to type 1 diabetes in diabetes 
prevention trial-type 1 participants. Diabetes. 2013;62(12):4179-4183. 
doi:10.2337/db13-0656 

46.  Siljander HT, Hermann R, Hekkala A, et al. Insulin secretion and sensitivity 
in the prediction of type 1 diabetes in children with advanced b-cell 
autoimmunity. Eur J Endocrinol. 2013;169(4):479-485. doi:10.1530/EJE-13-
0206 

47.  Bingley PJ, Gale EAM. Progression to type 1 diabetes in islet cell antibody-
positive relatives in the European Nicotinamide Diabetes Intervention Trial: 
the role of additional immune, genetic and metabolic markers of risk. 
Diabetologia. 2006;49(5):881-890. doi:10.1007/s00125-006-0160-4 

48.  Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet. 
2014;383(9911):69-82. doi:10.1016/S0140-6736(13)60591-7 

49.  Insel RA, Dunne JL, Atkinson MA, et al. Staging Presymptomatic Type 1 
Diabetes: A Scientific Statement of JDRF, the Endocrine Society, and the 
American Diabetes Association. Diabetes Care. 2015;38(10):1964-1974. 
doi:10.2337/dc15-1419 

50.  Ziegler AG, Rewers M, Simell O, et al. Seroconversion to multiple islet 
autoantibodies and risk of progression to diabetes in children. JAMA - J Am 
Med Assoc. 2013;309(23):2473-2479. doi:10.1001/jama.2013.6285 

51.  Krischer JP, Lynch KF, Schatz DA, et al. The 6 year incidence of diabetes-
associated autoantibodies in genetically at-risk children: the TEDDY study. 
Diabetologia. 2015;58(5):980-987. doi:10.1007/s00125-015-3514-y 

52.  Hoffmann VS, Weiß A, Winkler C, et al. Landmark models to define the age-
adjusted risk of developing stage 1 type 1 diabetes across childhood and 
adolescence. BMC Med. 2019;17(1):1-8. doi:10.1186/s12916-019-1360-3 

53.  Rawshani A, Landin-Olsson M, Svensson AM, et al. The incidence of 
diabetes among 0-34 year olds in Sweden: New data and better methods. 
Diabetologia. 2014;57(7):1375-1381. doi:10.1007/s00125-014-3225-9 

54.  SUBSTUDY2 E. Rapid Early Growth Is Associated With Increased Risk of 
Childhood Type 1 Diabetes in Various European Populations. Diabetes Care. 
2002;25(10):1755-1760. doi:10.2337/diacare.25.10.1755 

55.  Liu X, Vehik K, Huang Y, et al. Distinct Growth Phases in Early Life 
Associated With the Risk of Type 1 Diabetes: The TEDDY Study. Diabetes 
Care. 2020;43(3):556-562. doi:10.2337/dc19-1670 

56.  Mortensen HB, Hougaard P, Swift P, et al. New definition for the partial 
remission period in children and adolescents with type 1 diabetes. Diabetes 
Care. 2009;32(8):1384-1390. doi:10.2337/dc08-1987 

57.  Krogvold L, Skog O, Sundström G, et al. Function of isolated pancreatic islets 
from patients at onset of type 1 diabetes: Insulin secretion can be restored after 
some days in a nondiabetogenic environment in vitro results from the divid 
study. Diabetes. 2015;64(7):2506-2512. doi:10.2337/db14-1911 

  



 45

58.  Hao W, Gitelman S, Di Meglio LA, Boulware D, Greenbaum CJ. Fall in C-
peptide during first 4 years from diagnosis of type 1 diabetes: Variable 
relation to age, HbA1c, and insulin dose. Diabetes Care. 2016;39(10):1664-
1670. doi:10.2337/dc16-0360 

59.  Keenan HA, Sun JK, Levine J, et al. Residual insulin production and 
pancreatic β-cell turnover after 50 years of diabetes: Joslin medalist study. 
Diabetes. 2010;59(11):2846-2853. doi:10.2337/db10-0676 

60.  Yu MG, Keenan HA, Shah HS, et al. Residual β cell function and monogenic 
variants in long-duration type 1 diabetes patients. J Clin Invest. 
2019;129(8):3252-3263. doi:10.1172/JCI127397 

61.  Rogers MAM, Kim C, Banerjee T, Lee JM. Fluctuations in the incidence of 
type 1 diabetes in the United States from 2001 to 2015: A longitudinal study. 
BMC Med. 2017;15(1):1-9. doi:10.1186/s12916-017-0958-6 

62.  Ludvigsson J. Increasing incidence but decreasing awareness of type 1 
diabetes in Sweden. Diabetes Care. 2017;40(10):e143-e144. 
doi:10.2337/dc17-1175 

63.  Tuomilehto J. The emerging global epidemic of type 1 diabetes. Curr Diab 
Rep. 2013;13(6):795-804. doi:10.1007/s11892-013-0433-5 

64.  Pociot F, Lernmark Å. Genetic risk factors for type 1 diabetes. Lancet. 
2016;387(10035):2331-2339. doi:10.1016/S0140-6736(16)30582-7 

65.  Kondrashova A, Reunanen A, Romanov A, et al. A six-fold gradient in the 
incidence of type 1 diabetes at the eastern border of Finland. Ann Med. 
2005;37(1):67-72. doi:10.1080/07853890410018952 

66.  Steck AK, Armstrong TK, Babu SR, Eisenbarth GS. Stepwise or linear 
decrease in penetrance of type 1 diabetes with lower-risk HLA genotypes over 
the past 40 years. Diabetes. 2011;60(3):1045-1049. doi:10.2337/db10-1419 

67.  Resic-Lindehammer S, Larsson K, Örtqvist E, et al. Temporal trends of HLA 
genotype frequencies of type 1 diabetes patients in Sweden from 1986 to 2005 
suggest altered risk. Acta Diabetol. 2008;45(4):231-235. doi:10.1007/s00592-
008-0048-5 

68.  Söderström U, Åman J, Hjern A. Being born in Sweden increases the risk for 
type 1 diabetes - A study of migration of children to Sweden as a natural 
experiment. Acta Paediatr Int J Paediatr. 2012;101(1):73-77. 
doi:10.1111/j.1651-2227.2011.02410.x 

69.  Giwa AM, Ahmed R, Omidian Z, et al. Current understandings of the 
pathogenesis of type 1 diabetes: Genetics to environment. World J Diabetes. 
2020;11(1):13-25. doi:10.4239/wjd.v11.i1.13 

70.  Esposito S, Toni G, Tascini G, Santi E, Berioli MG, Principi N. 
Environmental factors associated with type 1 diabetes. Front Endocrinol 
(Lausanne). 2019;10(AUG):1-12. doi:10.3389/fendo.2019.00592 

71.  Wernroth ML, Fall K, Svennblad B, et al. Early childhood antibiotic treatment 
for otitis media and other respiratory tract infections is associated with risk of 
type 1 diabetes: A nationwide register-based study with sibling analysis. 
Diabetes Care. 2020;43(5):991-999. doi:10.2337/dc19-1162 

  



 46 

72.  Cardwell CR, Stene LC, Joner G, et al. Caesarean section is associated with 
an increased risk of childhood-onset type 1 diabetes mellitus: A meta-analysis 
of observational studies. Diabetologia. 2008;51(5):726-735. 
doi:10.1007/s00125-008-0941-z 

73.  Hypponen E, Virtanen SM, Kenward MG, Knip M, Akerblom HK. Obesity, 
increased linear growth, and risk of type 1 diabetes in children. Diabetes Care. 
2000;23(12):1755-1760. doi:10.2337/diacare.23.12.1755 

74.  McLaughlin KA, Tombs MA, Christie MR. Autoimmunity to tetraspanin-7 in 
type 1 diabetes. Med Microbiol Immunol. 2020;209(4):437-445. 
doi:10.1007/s00430-020-00674-2 

75.  Frohnert BI, Ide L, Dong F, et al. Late-onset islet autoimmunity in childhood: 
the Diabetes Autoimmunity Study in the Young (DAISY). Diabetologia. 
2017;60(6):998-1006. doi:10.1007/s00125-017-4256-9 

76.  In’t Veld P, Lievens D, De Grijse J, et al. Screening for Insulitis in Adult 
Autoantibody-Positive Organ Donors. Diabetes. 2007;56(9):2400-2404. 
doi:10.2337/db07-0416.aAb 

77.  Wiberg A, Granstam A, Korsgren O. Characterization of human organ donors 
testing positive for type 1 diabetes-associated autoantibodies. 2015:278-288. 
doi:10.1111/cei.12698 

78.  Rodriguez-Calvo T, Zapardiel-Gonzalo J, Amirian N, et al. Increase in 
pancreatic proinsulin and preservation of β-cell mass in autoantibody-positive 
donors prior to type 1 diabetes onset. Diabetes. 2017;66(5):1334-1345. 
doi:10.2337/db16-1343 

79.  Kobayashi T, Nakanishi K, Kajio H, et al. Pancreatic cytokeratin: an antigen of 
pancreatic exocrine cell autoantibodies in type 1 (insulin-dependent) diabetes 
mellitus. Diabetologia. 1990;33(6):363-370. doi:10.1007/BF00404641 

80.  Hardt PD, Ewald N, Bröckling K, et al. Distinct autoantibodies against 
exocrine pancreatic antigens in European patients with type 1 diabetes 
mellitus and non-alcoholic chronic pancreatitis. J Pancreas. 2008;9(6):683-
689. doi:v09i06a02 [pii] 

81.  Rowe P, Wasserfall C, Croker B, et al. Increased complement activation in 
human type 1 diabetes pancreata. Diabetes Care. 2013;36(11):3815-3817. 
doi:10.2337/dc13-0203 

82.  In’t Veld P. Insulitis in human type 1 diabetes: The quest for an elusive lesion. 
Islets. 2011;3(4):131-138. doi:10.4161/isl.3.4.15728 

83.  Gepts W. Pathologic Anatomy of the Pancreas in Juvenile Diabetes Mellitus. 
Diabetes. 1965;14(10):619-633. doi:10.2337/diab.14.10.619 

84.  Campbell-Thompson M, Fu A, Kaddis JS, et al. Insulitis and β-cell mass in 
the natural history of type 1 diabetes. Diabetes. 2016;65(3):719-731. 
doi:10.2337/db15-0779 

85.  Imagawa A, Hanafusa T, Tamura S, et al. Pancreatic Biopsy as a Procedure 
for Detecting In Situ Autoimmune Phenomena in Type 1 Diabetes. Diabetes. 
2007;50(6):1269-1273. doi:10.2337/diabetes.50.6.1269 

86.  Campbell-Thompson ML, Atkinson M a., Butler  a. E, et al. The diagnosis of 
insulitis in human type 1 diabetes. Diabetologia. 2013;56(11):2541-2543. 
doi:10.1007/s00125-013-3043-5 

  



 47

87.  Krogvold L, Wiberg A, Edwin B, et al. Insulitis and characterisation of 
infiltrating T cells in surgical pancreatic tail resections from patients at onset 
of type 1 diabetes. Diabetologia. 2016:492-501. doi:10.1007/s00125-015-
3820-4 

88.  In’t Veld P. Insulitis in human type 1 diabetes: a comparison between patients 
and animal models. Semin Immunopathol. 2014:569-579. 
doi:10.1007/s00281-014-0438-4 

89.  Kendall PL, Yu G, Woodward EJ, Thomas JW. Tertiary lymphoid structures 
in the pancreas promote selection of B lymphocytes in autoimmune diabetes. 
J Immunol. 2007;178:5643-5651. doi:178/9/5643 [pii] 

90.  Leete P, Willcox A, Krogvold L, et al. Differential insulitic profiles determine 
the extent of β-cell destruction and the age at onset of type 1 diabetes. 
Diabetes. 2016;65(5):1362-1369. doi:10.2337/db15-1615 

91.  Skowera A, Ladell K, McLaren JE, et al. β-Cell–Specific CD8 T Cell 
Phenotype in Type 1 Diabetes Reflects Chronic Autoantigen Exposure. 
Diabetes. 2015;64(3):916-925. doi:10.2337/db14-0332 

92.  Arif S, Tree TI, Astill TP, et al. Autoreactive T cell responses show 
proinflammatory polarization in diabetes but a regulatory phenotype in health. 
J Clin Invest. 2004;113(3):451-463. doi:10.1172/JCI200419585.Introduction 

93.  Culina S, Lalanne AI, Afonso G, et al.  Islet-reactive CD8 + T cell frequencies in 
the pancreas, but not in blood, distinguish type 1 diabetic patients from healthy 
donors . Sci Immunol. 2018;3(20):eaao4013. doi:10.1126/sciimmunol.aao4013 

94.  De Jong VM, Abreu JRF, Verrijn Stuart AA, et al. Alternative splicing and 
differential expression of the islet autoantigen IGRP between pancreas and 
thymus contributes to immunogenicity of pancreatic islets but not 
diabetogenicity in humans. Diabetologia. 2013;56(12):2651-2658. 
doi:10.1007/s00125-013-3034-6 

95.  Wooldridge L, Ekeruche-Makinde J, Van Den Berg H a., et al. A single 
autoimmune T cell receptor recognizes more than a million different peptides. 
J Biol Chem. 2012;287(2):1168-1177. doi:10.1074/jbc.M111.289488 

96.  Coppieters KT, Dotta F, Amirian N, et al. Demonstration of islet-autoreactive 
CD8 T cells in insulitic lesions from recent onset and long-term type 1 
diabetes patients. J Exp Med. 2012;209(1):51-60. doi:10.1084/jem.20111187 

97.  Butler AE, Galasso R, Meier JJ, Basu R, Rizza RA, Butler PC. Modestly 
increased β cell apoptosis but no increased β cell replication in recent-onset 
type 1 diabetic patients who died of diabetic ketoacidosis. Diabetologia. 
2007;50(11):2323-2331. doi:10.1007/s00125-007-0794-x 

98.  Kracht MJL, Van Lummel M, Nikolic T, et al. Autoimmunity against a 
defective ribosomal insulin gene product in type 1 diabetes. Nat Med. 
2017;23(4):501-507. doi:10.1038/nm.4289 

99.  Anquetil F, Mondanelli G, Gonzalez N, et al. Loss of IDO1 Expression From 
Human Pancreatic β-Cells Precedes Their Destruction During the 
Development of Type 1 Diabetes. Diabetes. 2018;67(September):db171281. 
doi:10.2337/db17-1281 

100.  Maedler K, Sergeev P, Ris F, et al. Glucose-induced β cell production of IL-
1β contributes to glucotoxicity in human pancreatic islets. J Clin Invest. 
2002;110(6):851-860. doi:10.1172/JCI15318 



 48 

101.  Burke SJ, Karlstad MD, Eder AE, et al. Pancreatic β-Cell production of 
CXCR3 ligands precedes diabetes onset. BioFactors. 2016;42(6):703-715. 
doi:10.1002/biof.1304 

102.  Alexandre-Heymann L, Mallone R, Boitard C, Scharfmann R, Larger E. 
Structure and function of the exocrine pancreas in patients with type 1 
diabetes. Rev Endocr Metab Disord. 2019;20(2):129-149. 
doi:10.1007/s11154-019-09501-3 

103.  Campbell-Thompson ML, Filipp SL, Grajo JR, et al. Relative pancreas 
volume is reduced in first-degree relatives of patients with type 1 diabetes. 
Diabetes Care. 2019;42(2):281-287. doi:10.2337/dc18-1512 

104.  Rodriguez-Calvo T, Ekwall O, Amirian N, Zapardiel-Gonzalo J, von Herrath 
MG. Increased immune cell infiltration of the exocrine pancreas: a possible 
contribution to the pathogenesis of type 1 diabetes. Diabetes. 
2014;63(April):1-11. doi:10.2337/db14-0549 

105.  Meier JJ, Bhushan A, Butler AE, Rizza RA, Butler PC. Sustained β cell 
apoptosis in patients with long-standing type 1 diabetes: Indirect evidence for 
islet regeneration? Diabetologia. 2005;48(11):2221-2228. 
doi:10.1007/s00125-005-1949-2 

106.  Bonnet-Serrano F, Diedisheim M, Mallone R, Larger E. Decreased α-cell 
mass and early structural alterations of the exocrine pancreas in patients with 
type 1 diabetes: An analysis based on the nPOD repository. von Herrath MG, 
ed. PLoS One. 2018;13(1):e0191528. doi:10.1371/journal.pone.0191528 

107.  Xin GLL, Khee YP, Ying TY, et al. Current Status on Immunological 
Therapies for Type 1 Diabetes Mellitus. Curr Diab Rep. 2019;19(5). 
doi:10.1007/s11892-019-1144-3 

108.  Schenkel JM, Masopust D. Tissue-Resident Memory T Cells. Immunity. 
2014;41(6):886-897. doi:10.1016/j.immuni.2014.12.007 

109.  Ogilvie R. A QUANTITATIVE ESTIMATION OF THE PANCREATIC 
ISLET TISSUE. QJM An Int J Med. July 1937. 
doi:10.1093/oxfordjournals.qjmed.a068286 

110.  Chang AM, Halter JB. Aging and insulin secretion. Am J Physiol Metab. 
2003;284(1):E7-E12. doi:10.1152/ajpendo.00366.2002 

111.  Campbell-Thompson M, Wasserfall C, Kaddis J, et al. Network for Pancreatic 
Organ Donors with Diabetes (nPOD): developing a tissue biobank for type 1 
diabetes. Diabetes Metab Res Rev. 2012;28(7):608-617. doi:10.1002/dmrr.2316 

112.  Morgan NG, Leete P, Foulis AK, Richardson SJ. Islet inflammation in human 
type 1 diabetes mellitus. IUBMB Life. 2014;66(11):723-734. 
doi:10.1002/iub.1330 

113.  Krogvold L, Edwin B, Buanes T, et al. Pancreatic biopsy by minimal tail 
resection in live adult patients at the onset of type 1 diabetes: Experiences 
from the DiViD study. Diabetologia. 2014;57(4):841-843. 
doi:10.1007/s00125-013-3155-y 

114.  Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis: 
A knowledge-based approach for interpreting genome-wide expression 
profiles. Proc Natl Acad Sci U S A. 2005;102(43):15545-15550. 
doi:10.1073/pnas.0506580102 

  



 49

115.  Raudvere U, Kolberg L, Kuzmin I, et al. g:Profiler: a web server for functional 
enrichment analysis and conversions of gene lists (2019 update). Nucleic 
Acids Res. 2019;47(W1):W191-W198. doi:10.1093/nar/gkz369 

116.  Merico D, Isserlin R, Stueker O, Emili A, Bader GD. Enrichment map: A 
network-based method for gene-set enrichment visualization and 
interpretation. PLoS One. 2010;5(11). doi:10.1371/journal.pone.0013984 

117.  Ehses JA, Perren A, Eppler E, et al. Increased number of islet-associated 
macrophages in type 2 diabetes. Diabetes. 2007;56(9):2356-2370. 
doi:10.2337/db06-1650 

118.  Richardson SJ, Willcox A, Bone AJ, Foulis AK, Morgan NG. Islet-associated 
macrophages in type 2 diabetes. Diabetologia. 2009;52(8):1686-1688. 
doi:10.1007/s00125-009-1410-z 

119.  Böni-Schnetzler M, Meier DT. Islet inflammation in type 2 diabetes. Semin 
Immunopathol. 2019;41(4):501-513. doi:10.1007/s00281-019-00745-4 

120.  Richardson SJ, Rodriguez-Calvo T, Gerling IC, et al. Islet cell 
hyperexpression of HLA class I antigens: a defining feature in type 1 diabetes. 
Diabetologia. 2016:1-11. doi:10.1007/s00125-016-4067-4 

121.  Skog O, Korsgren S, Wiberg A, et al. Expression of human leukocyte antigen 
class i in endocrine and exocrine pancreatic tissue at onset of type 1 diabetes. 
Am J Pathol. 2015;185(1):129-138. doi:10.1016/j.ajpath.2014.09.004 

122.  Cibrián D, Sánchez-Madrid F. CD69: from activation marker to metabolic 
gatekeeper. Eur J Immunol. 2017;47(6):946-953. doi:10.1002/eji.201646837 

123.  Radenkovic M, Uvebrant K, Skog O, et al. Characterization of resident 
lymphocytes in human pancreatic islets. Clin Exp Immunol. 2017;187(3):418-
427. doi:10.1111/cei.12892 

124.  Lundberg M, Krogvold L, Kuric E, Dahl-JØrgensen K, Skog O. Expression 
of interferon-stimulated genes in insulitic pancreatic islets of patients recently 
diagnosed with type 1 diabetes. Diabetes. 2016;65(10):3104-3110. 
doi:10.2337/db16-0616 

125.  Watanabe R, Gehad A, Yang C, et al. Human skin is protected by four 
functionally and phenotypically discrete populations of resident and 
recirculating memory T cells. Sci Transl Med. 2015;7(279):279ra39. 
doi:10.1126/scitranslmed.3010302 

126.  Schenkel JM, Fraser KA, Vezys V, Masopust D. Sensing and alarm function 
of resident memory CD8 + T cells. Nat Immunol. 2013;14(5):509-513. 
doi:10.1038/ni.2568 

127.  Korsgren S, Molin Y, Salmela K, Lundgren T, Melhus Å, Korsgren O. On the 
etiology of type 1 diabetes: A new animal model signifying a decisive role for 
bacteria eliciting an adverse innate immunity response. Am J Pathol. 
2012;181(5):1735-1748. doi:10.1016/j.ajpath.2012.07.022 

128.  Krogvold L, Edwin B, Buanes T, et al. Detection of a Low-Grade Enteroviral 
Infection in the Islets of Langerhans of Living Patients Newly Diagnosed 
With Type 1 Diabetes. Diabetes. 2015;64(5):1682-1687. doi:10.2337/db14-
1370 

129.  Kim J, Chang DY, Lee HW, et al. Innate-like Cytotoxic Function of Bystander-
Activated CD8 + T Cells Is Associated with Liver Injury in Acute Hepatitis A. 
Immunity. 2018;48(1):161-173.e5. doi:10.1016/j.immuni.2017.11.025 



 50 

130.  Kim TS, Shin EC. The activation of bystander CD8+ T cells and their roles in 
viral infection. Exp Mol Med. 2019;51(12):1-9. doi:10.1038/s12276-019-
0316-1 

131.  Spijker HS, Ravelli RBG, Mommaas-Kienhuis AM, et al. Conversion of 
Mature Human Β-Cells Into Glucagon-Producing -Cells. Diabetes. 
2013;62(7):2471-2480. doi:10.2337/db12-1001 

132.  Brissova M, Haliyur R, Saunders D, et al. α Cell Function and Gene 
Expression Are Compromised in Type 1 Diabetes. Cell Rep. 
2018;22(10):2601-2614. doi:10.1016/j.celrep.2018.02.032 

133.  Solimena M, Schulte AM, Marselli L, et al. Systems biology of the IMIDIA 
biobank from organ donors and pancreatectomised patients defines a novel 
transcriptomic signature of islets from individuals with type 2 diabetes. 
Diabetologia. 2018;61(3):641-657. doi:10.1007/s00125-017-4500-3 

134.  Helman A, Klochendler A, Azazmeh N, et al. p16 Ink4a-induced senescence 
of pancreatic β cells enhances insulin secretion. Nat Med. 2016;22(4):412-
420. doi:10.1038/nm.4054 

135.  Aguayo-Mazzucato C, Andle J, Lee TB, et al. Acceleration of β Cell Aging 
Determines Diabetes and Senolysis Improves Disease Outcomes. Cell Metab. 
2019;30(1):129-142.e4. doi:10.1016/j.cmet.2019.05.006 

136.  Arafat HA, Katakam AK, Chipitsyna G, et al. Osteopontin protects the islets 
and β-cells from interleukin-1 β-mediated cytotoxicity through negative 
feedback regulation of nitric oxide. Endocrinology. 2007;148(2):575-584. 
doi:10.1210/en.2006-0970 

137.  Cai M, Bompada P, Salehi A, et al. Role of osteopontin and its regulation in 
pancreatic islet. Biochem Biophys Res Commun. 2018;495(1):1426-1431. 
doi:10.1016/j.bbrc.2017.11.147 

138.  Campbell-Thompson ML, Atkinson MA, Butler AE, et al. Re-addressing the 
2013 consensus guidelines for the diagnosis of insulitis in human type 1 
diabetes: is change necessary? Diabetologia. 2017;60(4):753-755. 
doi:10.1007/s00125-016-4195-x 

139.  Behr FM, Chuwonpad A, Stark R, van Gisbergen KPJM. Armed and Ready: 
Transcriptional Regulation of Tissue-Resident Memory CD8 T Cells. Front 
Immunol. 2018;9(July):1770. doi:10.3389/fimmu.2018.01770 

140.  Del Castillo E, Meier R, Chung M, et al. The microbiomes of pancreatic and 
duodenum tissue overlap and are highly subject specific but differ between 
pancreatic cancer and noncancer subjects. Cancer Epidemiol Biomarkers 
Prev. 2019;28(2):370-383. doi:10.1158/1055-9965.EPI-18-0542 

141.  Russell JT, Roesch LFW, Ördberg M, et al. Genetic risk for autoimmunity is 
associated with distinct changes in the human gut microbiome. Nat Commun. 
2019;10(1):1-12. doi:10.1038/s41467-019-11460-x 

142.  Neiman D, Gillis D, Piyanzin S, et al. Multiplexing DNA methylation markers 
to detect circulating cell-free DNA derived from human pancreatic β cells. 
JCI insight. 2020;5(14):1-14. doi:10.1172/jci.insight.136579 

143.  Perdigoto AL, Preston-Hurlburt P, Clark P, et al. Treatment of type 1 diabetes 
with teplizumab: clinical and immunological follow-up after 7 years from 
diagnosis. Diabetologia. 2019;62(4):655-664. doi:10.1007/s00125-018-
4786-9 



51

144. Barker A, Lauria A, Schloot N, et al. Age-dependent decline of β-cell function
in type 1 diabetes after diagnosis: A multi-centre longitudinal study. Diabetes,
Obes Metab. 2014;16(3):262-267. doi:10.1111/dom.12216



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1683

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-420916

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2020


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	The Pancreas
	The Islets of Langerhans
	Glucose homeostasis
	Islet development and aging

	Type 1 Diabetes
	Epidemiology, genetics and environment
	Autoantibodies in type 1 diabetes
	T-cells and insulitis
	Islet cells in type 1 diabetes
	Exocrine pancreas in type 1 diabetes


	Aims
	Paper I
	Paper II
	Paper III
	Paper IV

	Research Design and Methods
	-
	Biopsy material from type 1 diabetic pancreata
	Visualisation of protein expression – Immunohistochemistry, Immunofluorescence and the Opal Polaris platform.
	Laser Capture Microdissection
	Transcriptomics – PCR array and AmpliSeq analysis


	Results and Discussion
	Paper I – Insulits in Human Diabetes: a  Evaluation of Donor Pancreases
	Current definition of islet inflammation is not specific for type 1 diabetes
	Consequence of islet inflammation in T2D
	Importance of a consensus definition

	Paper II – Demonstration of Tissue Resident Memory CD8 T cells in Insulitic Lesions in Adult Patient with Recent-Onset Type 1 Diabetes
	CD8 T cells in the insulitic lesion coexpress the tissue residency markers CD69 and CD103
	Insulitic islets lacks gene expression indicative of a conventional cytotoxic response

	Paper III – Characterisation of the Endocrine Pancreas in Type 1 Diabetes: Islet Size is Maintained but Islet Number is Markedly Reduced
	Type 1 diabetic islets – Loss of β cells but preserved architecture
	Islet size is maintained, but islet number is reduced
	α cells in type 1 diabetic pancreata express β cell marker PDX1
	β cell dedifferentiation due to deficiency in islet numbers and β cell mass?

	Paper IV – Transcriptional analysis of islets of Langerhans from Organ Donors of Different Ages
	Comparison of islets of different ages
	Whole transcriptome analysis of islets
	Pathway enrichment analysis unravels decreased cell cycle activity
	The age-related genes and diabetes


	Conclusions
	Paper I
	Paper II
	Paper III
	Paper IV

	Comments and Future perspectives
	Insulitis – the importance of getting it right
	The alternative history of T1D
	Moving forward

	Acknowledgements
	References



