dissertationes scholae doctoralis ad sanitatem investigandam
universitatis helsinkiensis

PETRA MARIA PÖLLÄNEN

DYNAMICS OF THE DISEASE PROCESS LEADING TO
TYPE 1 DIABETES IN CHILDREN WITH HLA-CONFERRED
DISEASE SUSCEPTIBILITY

PEDIATRIC RESEARCH CENTER
CHILDREN’S HOSPITAL AND
RESEARCH PROGRAMS UNIT
FACULTY OF MEDICINE
DOCTORAL PROGRAMME IN CLINICAL RESEARCH
UNIVERSITY OF HELSINKI

Pediatric Research Center, Children’s Hospital
University of Helsinki and Helsinki University Hospital
Research Programs Unit, Clinical and Molecular Metabolism
Doctoral Programme in Clinical Research, Doctoral School in Health Sciences
Faculty of Medicine
University of Helsinki
Helsinki, Finland

Dynamics of the disease process leading to
type 1 diabetes in children with HLA-conferred
disease susceptibility

Petra Maria Pöllänen

ACADEMIC DISSERTATION
To be presented, with the permission of the Faculty of Medicine, University of Helsinki,
for public examination in Auditorium I, the Haartman Institute, on
20 November 2020, at 12 noon.
Helsinki 2020

Supervisors

Professor Mikael Knip, MD, PhD
Pediatric Research Center, Children’s Hospital
University of Helsinki and Helsinki University Hospital
Helsinki, Finland
Docent Heli Siljander, MD, PhD
Pediatric Research Center, Children’s Hospital
University of Helsinki and Helsinki University Hospital
Helsinki, Finland

Opponent

Professor Flemming Pociot, MD, DMSc
Department of Clinical Research
Steno Diabetes Center Copenhagen, Herlev University Hospital
and University of Copenhagen
Denmark

Reviewers

Docent Jorma Komulainen, MD, PhD
Finnish Medical Society Duodecim
Helsinki, Finland
University of Eastern Finland
Kuopio, Finland
Professor Harri Niinikoski, MD, PhD
Department of Pediatrics
University of Turku and Turku University Hospital
Turku, Finland

Thesis committee

Professor Petri Kulmala, MD, PhD
PEDEGO Research Unit, Medical Research Center
University of Oulu and Oulu University Hospital
Oulu, Finland
Docent Tiinamaija Tuomi, MD, PhD
Abdominal Center Endocrinology, Helsinki University Hospital
Institute for Molecular Medicine Finland, University of Helsinki
Folkhälsan Research Center
Helsinki, Finland
Lund University Diabetes Centre
Malmo, Sweden

© 2020 Petra M. Pöllänen
The Faculty of Medicine uses the Urkund system (plagiarism recognition) to examine all doctoral
dissertations.
ISBN 978-951-51-6664-7 (print)
ISBN 978-951-51-6665-4 (online)
Dissertationes Scholae Doctoralis Ad Sanitatem Investigandam Universitatis Helsinkiensis
ISSN 2342-3161 (print)
ISSN 2342-317X (online)
Painosalama Oy
Turku
2020

Dedicated to those who believe in a better tomorrow

Abstract

ABSTRACT
Background
Type 1 diabetes is an immune-mediated endocrine disorder that affects approximately 0.8% of
children and adolescents in Finland, which has the highest incidence of type 1 diabetes in the world.
The burden of type 1 diabetes on affected individuals, their families, and the healthcare system is
notable, and the increasing incidence of type 1 diabetes worldwide calls for preventive measures. The
disease process is driven by progressive destruction of pancreatic insulin-producing beta cells,
eventually leading to total insulin deficiency and causing symptoms of severe hyperglycemia. The
etiology of type 1 diabetes is considered to be highly multifactorial, and both genetic and
environmental factors are likely to contribute to the disease pathogenesis. A presymptomatic period
of highly variable duration precedes the onset of clinical type 1 diabetes, during which autoantibodies
to multiple beta-cell antigens are detected in the circulation of prediabetic individuals. Together with
human leukocyte antigen (HLA) genotypes, the autoantibodies may be used for disease prediction.
However, the factors decisive for individual disease risk and the progression rate to clinical type 1
diabetes have thus far remained incompletely understood. The highly variable duration of the
preclinical period suggests that the genetic, immunological, epigenetic, and/or environmental factors
substantially affect the pace of progression to clinical disease.
Aims
This thesis aims at improving the early prediction of clinical type 1 diabetes and the timing of disease
onset by characterizing the genetic, immunological, and demographic factors associated with the
progression rate to type 1 diabetes and by describing the predictive islet autoantibody dynamics
during the first 15 years in HLA-predisposed children.
Subjects and methods
The study subjects in this thesis are participants in the Finnish Type 1 Diabetes Prediction and
Prevention (DIPP) study. The prospective DIPP study aims at monitoring the development of islet
autoimmunity and type 1 diabetes in HLA-predisposed children and at identifying means for delaying
or preventing the onset of clinical diabetes. Newborn infants born in the Turku, Oulu, and Tampere
University Hospitals, Finland, are screened for HLA genotypes predisposing to type 1 diabetes from
cord blood. Eligible infants are invited to clinical follow-up, including islet autoantibody assessment
starting from the age of 3 months. Islet cell antibodies (ICA) and autoantibodies to insulin (IAA),
glutamic acid decarboxylase (GADA), islet antigen-2 (IA-2A), and zinc transporter 8 (ZnT8A) are
analyzed as markers of islet autoimmunity from venous blood samples obtained at clinical visits every
3–12 months.
To assess the dynamics of islet autoantibodies in childhood, the first 1006 DIPP children (53.0%
boys) born in 1994–1997 were followed from birth up to 15 years of age (Study I). In this study,
ZnT8A had been analyzed from all samples available. In Studies II and III, a population of 7410 DIPP
children (52.6% boys) was followed from birth for a median time of 16.2 years in order to identify
genetic, immunological, and demographic characteristics of rapid and slow progression to type 1
diabetes. Multiple non-HLA single-nucleotide polymorphisms (SNPs) predisposing to type 1 diabetes
were analyzed for potential associations with the progression rate. No data on ZnT8A were available
for the study population in Studies II and III.
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Results
Among the 1006 DIPP children, the ICA seroconversion rate increased during the first 15 years, but
the biochemical autoantibodies showed age-dependent decreasing seroconversion rates. In young
children, IAA and ZnT8A appeared commonly as the primary autoantibodies, but in preschool years,
IA-2A and especially GADA-initiated autoimmunity became common. One frequent phenomenon,
loss of IAA positivity, indicated delayed progression from seroconversion to diagnosis compared
with steady IAA positivity (median delay 8.2 vs. 3.4 years; P=0.01).
Among the 7410 DIPP children, 42 (16.9% of progressors) progressed to type 1 diabetes rapidly,
within 1.5 years from seroconversion. Relative to slower progressors, the rapid progressors had a
higher frequency of positivity for multiple (≥2) autoantibodies, higher titers of ICA, IAA, and IA-2A
at seroconversion, and a higher prevalence of the homozygous FUT2 secretor genotype and the highrisk HLA-DQB1*02/*03:02 genotype. Rapid progression occurred in both young (age <5 years) and
early pubertal children (age >7 years), resulting in a double-peak profile in seroconversion age. The
young rapid progressors were characterized by IAA positivity and high IAA titers at seroconversion,
while in the older subgroup GADA positivity and high GADA titers were frequent. Slow progressors
were distinguished from other progressors by lower titers of ICA and IAA, and lower rate of positivity
for IA-2A and multiple autoantibodies at seroconversion. Appearance of multiple autoantibodies was
delayed among slow progressors. Season of birth differed between slow and other progressors. Slow
progressors (n=62, 25.1%) were born more often in the fall than other progressors (31% vs. 22%),
while the other progressors tended to be born more often in the spring (31% vs. 15%). No significant
differences emerged in the non-HLA SNP distributions between slow and other progressors after
correction for multiple testing.
Conclusions
This thesis presents a detailed prospective description of the dynamics of islet autoantibodies during
the first 15 years in HLA-susceptible children from the Finnish pediatric population. It also provides
the first combined characterization of genetic, immunological, and demographic factors associated
with both rapid and slow progression from seroconversion to type 1 diabetes. This was the first study
to systematically assess the role of ZnT8A in the context of preclinical autoantibody testing used for
prediction of type 1 diabetes.
Novel findings in this thesis were the double-peak profile of seroconversion age among rapid
progressors to type 1 diabetes, the variation in the seasonality of birth among progressors to type 1
diabetes, the association of the FUT2 SNP with rapid progression, and the early appearance of ZnT8A
in young children. This study demonstrated that rapid progressors differ from slower progressors by
genetic, immunological, and demographic factors present at seroconversion. Depending on age, the
immunological characteristics of rapid progressors are diverse, suggesting that triggers of aggressive
islet autoimmunity may be heterogeneous.
As expected, the primary islet autoantibody turned out to be highly characteristic of age. This
highlights the existence of more than one endotype of islet autoimmunity and suggests that age and
the stage of immunological maturation contribute substantially to the characteristics of beta-cell
autoimmunity. The stability of islet autoantibodies might affect the risk for type 1 diabetes. The
findings in this thesis improve the estimation of preclinical diabetes risk and the timing of disease
onset, providing a clinically valuable framework for individualizing the efforts to delay or prevent
type 1 diabetes. As soon as a safe and reliable preventive measure is available, the discoveries now
made can be utilized to apply these methods to suitable populations at risk.
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Introduction

INTRODUCTION
Type 1 diabetes is a chronic autoimmune-mediated endocrine disorder characterized by the
progressive loss of insulin-producing beta cells in the pancreas. When a critical proportion of beta
cells is destroyed, the patient becomes permanently insulin-deficient and reliant on exogenous insulin
treatment.
A rapid rise in the incidence of type 1 diabetes in developed countries over the past decades has
created the need for novel means of preventing or delaying the onset of clinical type 1 diabetes (1).
The increase in the incidence has been reported to be especially rapid in young children, which has
raised suspicions of the role of aggressive autoimmune responses and the failure of self-tolerance
mechanisms in children (2). Type 1 diabetes causes an excessive burden on affected individuals and
their families and puts a strain on the healthcare system and society. Children with type 1 diabetes
have increased mortality and risk of cardiovascular comorbidity compared with the general pediatric
population (3, 4). Therefore, it is obvious that studies on the etiology, pathogenesis, and prediction
and prevention of type 1 diabetes are urgently needed.
Type 1 diabetes is a heterogeneous disease (5). The disease begins with an asymptomatic period
of highly variable duration during which autoantibodies against beta-cell structures usually appear
into the circulation of prediabetic individuals and can be interpreted as a sign of ongoing beta-cell
damage (6). Towards the advanced stages of the process, disturbances in glucose metabolism become
more common as the beta-cell destruction proceeds.
However, not all genetically susceptible children with islet autoantibodies progress to clinical
disease (7). At present, the most reliable and attainable strategies to identify individuals at risk for
type 1 diabetes are based on screening for type 1 diabetes-associated HLA genotypes and preclinical
islet autoantibody profiles (8). Despite substantial research efforts, screening for genetic and
autoantibody markers has remained a rather poor tool for predicting the onset of clinical disease if no
metabolic assessments are performed. The heterogeneous duration of the prediabetic phase suggests
that, in addition to genetic factors, environmental elements modify the pace of the disease
progression.
This thesis aims at improving the early prediction of type 1 diabetes and the timing of its onset
by characterizing genetic, immunological, and demographic factors associated with both rapid and
slow progression to type 1 diabetes and by identifying dynamics of the most common islet
autoantibodies during the first 15 years in HLA-predisposed children recruited from the general
population.
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REVIEW OF THE LITERATURE
HISTORY AND CLASSIFICATION OF DIABETES
Diabetes mellitus comprises a heterogeneous group of metabolic diseases with the common
characteristic of hyperglycemia. Depending on the form of diabetes, the hyperglycemia is caused by
defective insulin secretion, impaired insulin action on target tissues, or both. The classical symptoms
of hyperglycemia include increased urination, thirst, weight loss, and fatigue. Untreated diabetes can
lead to acute life-threatening complications, most importantly diabetic ketoacidosis. In long-term
diabetes, secondary complications often arise (9). Patients with diabetes have increased risk of
cardiovascular diseases and increased mortality (3, 4). Although several forms of diabetes exist, most
cases can be classified into one of two main etiopathogenic categories, type 1 or type 2 diabetes (9).
Type 1 diabetes is a chronic endocrine disorder usually diagnosed in children and adolescents,
but it can develop at any age. The disease is characterized by immune-mediated destruction of insulinproducing beta cells in the pancreatic islets of Langerhans, eventually resulting in almost total
deficiency of endogenous insulin production (9).
Throughout history, type 1 diabetes has been recognized as a condition in which the affected
person urinates excessively and loses weight, with the urine having the sweet taste of honey or sugar
(10). Descriptively, the term diabetes originated from the Greek word ‘diabetes’, which means ‘to
siphon’ or ‘to pass through’, referring to increased urination (11). Before the discovery of exogenous
insulin therapy, the life expectancy of a patient with type 1 diabetes was poor, and the disease was
generally considered deadly.
In 1889, an observation was made that the removal of the pancreas from dogs caused fatal
diabetes, which indicated for the first time the role of the pancreas in diabetes (12). The islets of
Langerhans were first discovered already in 1869 by Paul Langerhans, who noted that two types of
cell populations exist in the pancreas, the first secreting the regular pancreatic juice and the other
having an unidentified function (13). Later, in 1907, these cell clusters of unknown properties were
given the name islets of Langerhans, and, eventually in 1921, experiments on pancreatic extracts of
dogs resulted in the discovery of insulin and the successful treatment of the first type 1 diabetes
patient with insulin (14). The heterogeneity in the etiopathogenesis of diabetes was not, however,
recognized until in 1951. The observation that not all patients with diabetes were insulin-deficient led
to the categorical discrimination between insulin-dependent type 1 and non-insulin-dependent type 2
diabetes (15). The association of autoimmunity with type 1 diabetes was discovered in the 1970s,
when the first diabetes-associated autoantibodies, islet cell antibodies, were described (16). Since
then, the discovery of autoimmunity behind type 1 diabetes has paved the way for a series of
fundamental advances in the study of the disease pathogenesis, many of which are introduced in the
following sections.

EPIDEMIOLOGY OF TYPE 1 DIABETES
Globally, over 1.1 million children and adolescents under the age of 20 years have been diagnosed
with type 1 diabetes and the disease incidence continues to rise at an annual rate of 3.4%, calling for
13
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effective preventive measures (1, 17). Type 1 diabetes was a relatively rare disease until the 1950s,
after which the incidence started to increase in many countries at the same time (18). The increase in
the incidence has been especially rapid among children under the age of 5 years and in countries that
previously had a low incidence (19). Finland has the highest incidence of type 1 diabetes in the world
(1). Overall, the incidence is high in developed countries, and low in low-income countries with a
poor standard of living. The increase in the incidence rate has been similar in boys and girls in the
age groups 0–4 and 5–9 years, but in the age group 10–14 years the rate has been higher in boys than
in girls (1).
In the 1990s, the incidence of type 1 diabetes in Finland was estimated to increase to 50/100
000 by 2010 (19, 20). However, the highest incidence was observed already in 2006, reaching 65/100
000 new cases per year (21). By the end of 2011, the incidence rate of type 1 diabetes in the Nordic
countries had reached a phase of plateau, showing no subsequent increases (1, 21, 22). Interestingly,
some studies have reported cyclic variation in the incidence of type 1 diabetes, but the evidence for
this phenomenon is inconsistent (1).
The high incidence of type 1 diabetes in young children calls for innovative means for
preventing or delaying the onset of the clinical disease. Genetic factors alone do not explain the rapid
increase in type 1 diabetes, and thus, environmental etiologies or epigenetic factors are likely to
contribute to the disease pathogenesis. This is also evident from studies on type 1 diabetes among
monozygotic twins and immigrants (23–25). The decreasing age at the diagnosis of type 1 diabetes
has raised questions of whether this is due to more aggressive autoimmune responses, dysregulation
of immunological maturation, or defects in the mechanisms sustaining self-tolerance (2).

THE IMMUNE SYSTEM
Innate immunity
The mammalian immune response undergoes three phases in the following order: the immediate
innate immune response, the induced innate defenses, and the adaptive immune responses.
Accordingly, the innate immune system forms the first line of defense against invading microbial
pathogens in the human body.
The primary role of the innate immune system is to localize the site of infection and to keep the
infection from spreading until an adaptive immune response is established. The immediate innate
immunity comprises relatively simple mechanisms that are identical to any given pathogen and are
constantly prepared to fight an invading microbe.
First, the physical and chemical barriers on epithelial and mucosal surfaces resist microbial
colonization and invasion through several mechanisms (26). Second, the complement system consists
of a range of plasma proteins involved in three pathways of cleavage reactions that facilitate the lysis
or phagocytosis of invading pathogens (27).
Innate immune cells express multiple receptor systems that recognize diverse microbial
structures. Based on the wide repertoire of receptors, such as pattern recognition receptors, these cells
mediate rapid elimination of pathogens through phagocytosis, but induce also longer
proinflammatory responses (28). Activation of cytokine production leads to recruitment of immune
cells to the infection site, and promotes the initiation of the adaptive immune response by guiding
14
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antigen-presenting cells (APCs) to lymphoid tissues (29). If the innate immune mechanisms fail to
eradicate the infection, the recruitment of the adaptive immune system has already started.

Adaptive immunity
Whereas the innate immune response remains identical from one pathogen to another, the adaptive
immune system communicates through an exquisite antigen-epitope recognition system and is
capable of conducting highly specific and targeted responses to nearly any given pathogen. This
ability results from a virtually indefinite repertoire of antigen-specific lymphocyte receptors unique
to each lymphocyte and generated through random recombination of receptor gene segments and
combinations of variable protein chains; heavy and light chains in the case of immunoglobulins and
two chains (mostly α and β chains) in the case of T-cell receptors (TCRs). The adaptive immune
response is characterized by high antigen-specificity and sensitivity achieved through the selection
and amplification of the most antigen-specific lymphocyte clones in the process of clonal expansion.
Cell-mediated immunity
Cell-mediated immunity comprises adaptive immune responses that require cell-to-cell contact and
involve T cells. Humoral immunity refers to immune responses that are mediated through the actions
of immunoglobulins, produced by B cells. Naïve T and B cells awaiting activation are strictly
organized into particular zones in the lymphoid tissues. This organization is regulated by chemokines
and facilitates the interaction of naïve lymphocytes with APCs and with each other (30).
Activation of naïve T lymphocytes requires antigen presentation by APCs in a peptide-human
leukocyte antigen (HLA) complex (31). The main APCs are dendritic cells, B lymphocytes, and
macrophages. After primary activation, the T cells undergo clonal expansion and evolve into effector
cells that are capable of efficiently invading the pathogen. The type of effector function that the T
cell gains during clonal expansion is determined by the surrounding cytokine environment. Effector
T cells orchestrate virtually the entire entity of effector mechanisms in the innate and adaptive
immune response (32, 33). After acquiring effector function, the T cell can react to any cell that
presents their cognate antigen independently of costimulation.
The effector functions of T cells are mediated by the actions of cytokines and the binding of
membrane-associated effector molecules to their specific receptors. Cytotoxic CD8 T cells release
prestored cytotoxins into the target cell and secrete interferon-γ (IFN-γ) that inhibits viral replication.
IFN-γ causes hyperexpression of HLA class I molecules on the surface of virus-infected cells (34).
Another event mediating function of cytotoxic T cells might be the binding of membrane-bound Fas
ligand to Fas on the target cell, which induces apoptosis.
The predominant TCR consists of two protein chains, the TCRα and TCRβ. TCRs are
structurally highly variable molecules that are cell surface-bound and unable to bind unprocessed
antigens. Instead, they recognize the combination ligand of a peptide-self HLA complex. Each TCR
is restricted to a specific peptide-HLA combination. In addition, T cells respond to this complex only
if the same APC bears costimulatory molecule B7 on its surface to pair with CD28 molecule on the
T cell (35). This double requirement for T-cell activation prevents the naïve T cells from turning
autoreactive towards self-tissues, which do not express the required costimulatory molecules.
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Two classes of HLA molecules exist, defined by their binding to either costimulatory molecule
CD8 or CD4 on the T cell. Accordingly, the two functional classes of α-β T cells are HLA-restricted.
Only CD8-positive T cells bind to peptides presented on a peptide-HLA class I complex, while only
CD4-positive T cells bind to peptide-HLA class II complex (35).
Humoral immunity
B cells are responsible for the production of antibodies, which function in immune defense via several
mechanisms. These include neutralization of pathogens by blocking their ability to bind to host
receptors and the activation of the classical pathway of the complement system. Immunoglobulins
(Igs) are found in both soluble and membrane-bound forms as B-cell receptors (BCRs) on the B-cell
surface.
Several functionally different antibody isotypes exist, namely the classes IgG, IgM, IgA, and
IgE. The effector action of a certain isotype is defined by the structure of the Ig Fc region (nonantigen binding site), which binds to Fc receptors on immune cells (36). However, the overall Ig
structure is similar for all isotypes. Igs are Y-shaped molecules that comprise two identical heavy
chains and two identical light chains. Each chain exhibits a constant (C) region and a variable (V)
region, the latter of which contributes to the antigen-binding site. Each Ig molecule contains two
antigen-binding sites, which promotes higher avidity of antigen binding and enables cross-linking of
antigens (37). The BCR is unique to each B cell, and this variability is achieved through the process
of VDJ recombination. Gene segments of the Ig V region are randomly combined to produce a unique
nucleotide sequence that can be successfully translated into a protein (38).
Naïve B cells reside in the secondary lymphoid tissues awaiting activation. Although some
thymus-independent non-peptide antigens can induce antibody production in the absence of T cells,
most Ig production is T-cell-dependent. Therefore, B-cell activation requires binding of the specific
antigen to the BCR and additional B-cell interaction with the cognate CD4 helper T cell in a process
called linked recognition (39). B cells are APCs and present their antigens to CD4 helper T cells on
a peptide-HLA class II complex.
After activation, a proportion of B cells become short-lived plasmablasts, while the rest move
to the germinal center of the secondary lymphoid tissue to undergo somatic hypermutation and Ig
class switching. In the germinal center reaction, the proliferation and clonal expansion of B cells is
controlled by follicular CD4 helper T cells and relies on T-cell stimulation by cytokine release and
through the binding of the CD40 ligand (T cells) to CD40 (B cells). During somatic hypermutation,
the Ig genes in B cells undergo random point mutations across the Ig V region, resulting in antibody
affinity maturation. Consequently, B cells producing the highest affinity antibodies become selected
for survival and transform into long-lived antibody-secreting plasma cells or memory B cells. Ig class
switching results from recombination of the Ig gene C region, which leads to an increased range of
the functional properties of antibodies reacting to the same antigen specificity (40).
During infection the T-cell-dependent Ig production begins with IgM class antibodies,
thereafter rapidly spreading to other Ig isotypes. The first-produced IgM class antibodies are of low
affinity, but are efficient in the activation of the complement system. Natural antibodies produced in
the absence of infection are of IgM class. IgG class antibodies, in turn, exhibit higher affinity to
antigens and persist long after acute infection. IgA and IgE are especially important in immune
defenses below epithelial body surfaces.
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Immunological memory
A unique feature of the adaptive immune system is immunological memory against encountered and
successfully eradicated pathogens. After primary infection, subsets of memory B and T cells persist
upon cytokine survival signals (41, 42). Upon re-encounter with the same antigen, these cells are able
to utilize their immunological memory to provide aid to naïve lymphocytes. As a result, secondary
and later infections by the same antigen rapidly lead to production of high affinity antibodies and
efficient elimination of the pathogen.
Mucosal immune system
The constant exposure to foreign antigens in mucosal tissues, including the intestinal mucosa, sets a
challenge for the immune system to initiate appropriate adaptive immune responses to pathogens,
while remaining unresponsive towards food antigens and commensal microbes. This is achieved by
several functional characteristics that distinguish the mucosal immune system from other lymphoid
tissues (reviewed in 43). Once oral tolerance to a certain antigen is acquired, it ideally leads to
suppression of all systemic immune responses to this antigen (43). Because of the need to balance
between protective immunity and tolerance, the intestinal mucosa is virtually always in a state of
physiological inflammation. The final selection between tolerance and elimination is determined by
the degree of inflammation in the environment of APCs before antigen presentation to naïve T cells
(44).
Central and peripheral tolerance
Cells of lymphoid lineage, including B and T cells, are derived from multipotent hematopoietic stem
cells. B lymphocytes mature in fetal liver and after birth in bone marrow, while T lymphocytes
originate from fetal liver and bone marrow, but undergo maturation in the thymus.
Both BCRs and TCRs are generated in a highly similar process of VDJ recombination. In B
cells, the heavy chain is rearranged first, then the light chain, and if a complete BCR is formed, the
immature B cells undergo tolerance to self-antigens (45). Many autoantigens are highly tissuespecific and are not available in the bone marrow or in the circulation. Thus, high numbers of
immature self-reactive B cells are released into the circulation, and if activated, they must be
eliminated or inactivated. The mechanisms of peripheral tolerance include deletion, anergy, and
survival. First, autoreactive B cells that encounter a strongly cross-linking antigen without the
presence of infection undergo directly clonal deletion and apoptosis. Second, under exposure to high
amounts of antigen, the B cells become unresponsive. Third, immature B cells compete for entry into
the B-cell follicles of the spleen, where the follicle provides signals for B-cell survival. In this process,
the B-cell-activating factor belonging to the TNF family (BAFF) plays a crucial role.
The precursors of T cells migrate from the bone marrow to the thymus, where their development
is directed to one of multiple T-cell lineages (46). In maturing thymocytes, the β-chain of the TCR
undergoes rearrangement first, whereafter the α-chain is rearranged, and the thymocyte begins
expressing both CD4 and CD8 costimulatory molecules. The double-positive thymocytes that have
carried out successful TCR rearrangement enter the phase of positive selection. Cells whose receptors
respond to self-peptide–self-HLA complex become selected and mature to either CD4 or CD8 single17
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positive cells. These thymocytes then undergo negative selection during which too autoreactive cells
are deleted. Negative selection is orchestrated by bone marrow-originated APCs and autoimmune
regulator (AIRE) -expressing cells in thymic medulla. Mature T cells resulting from positive and
negative selection are HLA-restricted (CD4- or CD8-positive) and tolerant towards autoantigens (47).
Since not all autoantigens are expressed in the thymus, a proportion of autoreactive T cells is released
into the periphery. This population escaping central tolerance is controlled by mechanisms of
peripheral tolerance, including activation-induced cell death, anergy, and tolerance-inducing signals
mediated by the lack of costimulatory signaling in the absence of infection.
Autoimmunity
Since autoreactive lymphocytes are always present in the immunological repertoire, mechanisms of
peripheral tolerance are necessary to control responses to autoantigens (48). This is ensured by
populations of FOXP3 regulatory T cells and induced regulatory T cells that are able to suppress
activated weakly autoreactive cells. Lymphocytes are also per se prone to apoptosis, causing the
immune response to favor self-restricting.
Should the tolerance mechanisms fail, autoreactive lymphocytes may respond to self-antigens.
By definition, autoimmunity is mediated by components of the adaptive immune system that cause
self-tissue damage such as autoreactive lymphocytes, cytokines, and autoantibodies. Although selfreactive T cells are the main mediators in this process, B cells are also pivotal by providing continuous
support to T cells and by enabling epitope spreading over the course of the immune response (49).
Genetic factors, particularly HLA class II molecules, but also several polymorphisms and
mutations of other genes have been associated with many autoimmune conditions. However, the
dilemma that many genetically susceptible individuals remain unaffected by autoimmune diseases
has highlighted the contribution of environmental factors to autoimmunity. Molecular mimicry has
been proposed to play a role in autoimmunity. According to this hypothesis, drugs, toxins, or foreign
pathogens containing highly similar molecules to self-structures might induce autoimmune responses.
Pathogens might promote autoimmunity by causing local inflammation and nonspecific tissue
damage, triggering the so-called bystander activation of autoreactive lymphocytes (50).

PATHOGENESIS OF TYPE 1 DIABETES
The prediabetic disease process
Symptomatic type 1 diabetes is preceded by an asymptomatic period, during which autoantibodies
against several islet antigens can be detected in the circulation of prediabetic individuals (6). The
length of this period has been observed to vary from only a few months to more than two decades
(6). The highly variable duration of the prediabetic process suggests that individual genetic,
immunological, or environmental factors might modify the pace of the disease progression.
The prediabetic disease process often starts early in life, with the autoantibody seroconversions
peaking already during the first or second year of life (51, 52). This indicates that the triggering events
of islet autoimmunity and type 1 diabetes occur in infancy or during the fetal period in such cases.
The disease may also begin at an older age or in adulthood, but the mechanisms leading to adult-onset
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type 1 diabetes are not completely understood and may differ from those causing juvenile diabetes.
This thesis focuses on beta-cell autoimmunity in children and adolescents.
A model has been proposed to illustrate the early stages of type 1 diabetes (Figure 1). In this
model based on increased genetic risk, stage 1 is defined as the appearance of islet autoantibodies,
stage 2 as dysglycemia, and stage 3 as symptomatic type 1 diabetes (53). The asymptomatic phase of
type 1 diabetes has been proposed to be given the nomenclature ’Autoimmune Beta Cell Disorder’
(ABCD) to emphasize the current view that type 1 diabetes is primarily an immune-mediated disease
and only secondarily a metabolic disease (54).
Beta-cell destruction in type 1 diabetes is considered to be a primarily T-cell-mediated process.
Islet autoantibodies are considered to merely reflect the disease activity rather than being active
players in the pathogenesis. As markers of islet autoimmunity, however, they are suitable for disease
prediction. The most commonly used autoantibodies for this purpose are islet cell antibodies (ICA),
insulin autoantibodies (IAA), autoantibodies to glutamic acid decarboxylase (GADA), autoantibodies
to protein tyrosine phosphatase family member islet antigen-2 (IA-2A), and autoantibodies to zinc
transporter 8 (ZnT8A). The characteristics of these autoantibodies are introduced in the following
sections.
The appearance of islet autoantibodies does not indicate the extent of beta-cell destruction (55).
However, some evidence has supported a more active role for humoral beta-cell autoimmunity in the
disease process (56). Also other views on the disease pathogenesis have recently been challenged.
Traditionally, it has been believed that 85-95% of beta cells are destroyed at the onset of symptomatic
type 1 diabetes and that the rest of the beta cells are permanently lost during a couple of years after
diagnosis. Studies on pancreatic islets have, however, indicated that in some patients the remaining
proportion of beta cells is significantly higher (57). This has raised questions of whether the severe
symptoms of hyperglycemia often observed in overt type 1 diabetes originate from mechanisms other
than explicit beta-cell destruction such as cellular stress or dysfunction, inflammation, or other
immunological mechanisms. This idea is supported by the considerable heterogeneity in residual
beta-cell function among patients with long-duration type 1 diabetes (58, 59).
Considering the pace of the progression from the prediabetic phase to clinical type 1 diabetes,
it has been proposed that rapid progression might derive from a congenital defect in the regulation of
beta-cell mass, and that individuals with higher beta-cell mass in the early years might present with
slower disease progression (57). The human beta-cell mass is established by the age of 5 years, while
beta-cell proliferation peaks during the first two years of life, and beta-cell replication in infancy is a
substantial determinant of beta-cell mass in later life (60, 61).
According to the so-called ”stress test hypothesis”, the duration of the prediabetic period might
be defined by three aspects: 1) the original quantity of beta-cell mass during early life, 2) the
aggressiveness of beta-cell loss during the prediabetic process, determined by the functional capacity
of beta cells, the ability of beta cells to survive the immune attack, and the individual genetic,
epigenetic, immunological, or environmental factors capable of modifying the pace of the disease
progression, and 3) the critical beta-cell mass that is no longer able to maintain sufficient insulin
production and drives the disease process over the edge towards the manifestation of symptomatic
type 1 diabetes (57).
An overview of the current understanding of the pathogenesis of type 1 diabetes is presented in
the following sections.
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Figure 1. Stages of progression to type 1 diabetes and the factors determining the progression rate in the light of the ”stress test” hypothesis.
Immunological dysregulation is an early phenomenon operating already at the beginning of Stage 1. Modified from (53) and (57).
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Cell-mediated autoimmunity in type 1 diabetes
Type 1 diabetes is considered to be a T-cell-mediated disease. This is supported by several findings.
First, T cells, predominantly CD8 T cells, are found in insulitic lesions of the pancreatic islets (62,
63). Second, hyperexpression of HLA class I molecules in beta cells positive for insulitis suggests
direct peptide presentation of beta-cell autoantigens to infiltrating cytotoxic T cells (62–66). Third,
several studies have demonstrated the presence of self-reactive T lymphocytes in patients with type
1 diabetes (67–70). Finally, the administration of immunomodulatory therapy affecting the function
of T cells has delayed the disease progression in clinical trials (71, 72).
Genetically, the strongest risk for type 1 diabetes is associated with HLA class II genes.
Therefore, it might be expected that the autoimmune response is initially driven by a peptide antigen,
and that CD4 T cells are involved in the process. Rather than through direct contact with the beta
cells, CD4 T cells might cause beta-cell damage by cytokine secretion, by supporting autoantibody
production, and by promoting the function of cytotoxic T cells (73). Yet, some beta cells of subjects
with type 1 diabetes express HLA class II molecules, suggesting a direct interaction between beta
cells and CD4 T cells in the affected islets (74).
Several alterations in CD4 T-cell subsets have been observed in patients with type 1 diabetes
and prior to clinical disease (75–77). The frequency of follicular T helper cells is increased in children
with multiple islet autoantibodies and impaired glucose tolerance (IGT) (77). Similarly, circulating
CXCR5+PD-1hi peripheral T helper cells have been associated with progression to clinical disease
(78). In the Type 1 Diabetes TrialNet study, distinct immune phenotypes of T and B cells were seen
depending on the stage of disease progression (79). Also an attenuated cytokine response to IL-2, but
an enhanced response to IL-6 in CD4 T cells might play a role (79–82). Changes in regulatory T-cell
subsets might be related to more advanced stages of the disease process (83).
Recently, lymphocytes that expressed both BCRs and TCRs and the key lineage markers of T
and B cells were discovered in the peripheral blood of patients with type 1 diabetes (84). Furthermore,
some evidence has emerged for the role of neutrophils in the process. Reduced number of neutrophils
in peripheral blood has been associated with worsening of the beta-cell function (85, 86).

Insulitis, pancreatic size, and beta-cell properties
Insulitis is a central phenomenon in the pathogenesis of type 1 diabetes. However, the proportion of
simultaneously affected pancreatic islets at a given time is modest (87). Insulitis is more common in
young children than adolescents, shows an inverse correlation with disease duration, and affects
mostly pancreatic islets containing insulin (87–89). The criteria for insulitis have been defined as the
infiltration of lymphocytes in the pancreatic islets of Langerhans with a count of at least 15 CD45
cells within an islet and in at least three islets simultaneously (90). The insulitic lesion may contain
both T and B lymphocytes, the cytotoxic CD8 T cells being the prevailing subset (89). Autoreactivity
of the infiltrating CD8 T cells has been demonstrated (67).
A prominent feature of human type 1 diabetes is hyperexpression of HLA class I molecules in
beta cells positive for insulitis (65, 66). Both the presence of insulitis and the hyperexpression of
HLA class I molecules might indicate chronic islet inflammation (65). Signs of persistent enteroviral
infection have, in fact, been detected in the pancreatic islets of living patients with type 1 diabetes
(91). This suggests that CD8 T cells present in the insulitic lesion might recognize viral epitopes
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derived from the infected beta cells of HLA class I molecules (67, 91). Furthermore, IFN-γ, a central
cytokine in immune response against viral infections, has been shown to mediate the hallmarks of
insulitis: HLA class I hyperexpression, beta-cell apoptosis, and endoplasmic reticulum (ER) stress in
pancreatic islets (92). Heterogeneity in the features of insulitis exists since there are at least two
distinct phenotypes of insulitis. They are characterized by either high or low frequency of CD20positive B cells in the insulitic lesion and are associated with a considerably different age at onset of
clinical diabetes (64, 89, 93).
Considering the severe symptoms and deteriorated insulin secretion seen at diagnosis of type 1
diabetes, insulitis findings present at diagnosis are relatively minor (87). Also the residual beta-cell
mass and the proportion of surviving beta cells at diagnosis are higher than previously expected,
suggesting that the severe hyperglycemia observed in many cases at diagnosis of diabetes might
derive from mechanisms outside of direct beta-cell damage such as inflammation, cellular stress, or
beta-cell dysfunction (94). Beta cells persist long after the onset of symptomatic disease and may be
able to recover after damage or dysfunction (95). In several studies, type 1 diabetes cases have been
described in which C-peptide production has been measurable after long disease duration, proposing
an incomplete loss of beta cells (58, 59, 94).
How the surviving beta cells escape autoimmune destruction and whether their dysfunction is
reversible are not yet fully understood. Most of the residual insulin secretion in type 1 diabetes might,
in fact, derive from dedifferentiated beta cells or non-beta endocrine cells rather than from preserved
beta cells (96–99). In any case, restoring the residual insulin production comprises a fascinating
approach to prevention and treatment of type 1 diabetes. Apart from the honeymoon period shortly
after diagnosis, there is no evidence of functional recovery of beta cells in established type 1 diabetes
(94). Some remission of the beta cells might be possible close to the diagnosis (95).
Pancreatic size is diminished in type 1 diabetes (100). Interestingly, also autoantibody-negative
first-degree relatives (FDRs) of patients with type 1 diabetes exhibit smaller pancreatic size than
controls with no affected relatives (101). The appearance of islet autoantibodies does not imply the
loss of beta-cell mass (55).
To summarize, insulitis as part of the pathogenesis of type 1 diabetes seems to be a chronic,
and possibly heterogeneous condition that takes place in only a small fraction of pancreatic islets at
a given time and continues years after onset of overt disease. However, as beta cells in type 1 diabetes
seem to be preserved to a higher extent than previously thought, not all affected beta cells are
necessarily under attack of the immune system. Beta-cell senescence may also play a role in the
disease pathogenesis (102).
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Humoral beta-cell autoimmunity
Type 1 diabetes-associated autoantibodies
Islet cell autoantibodies, ICA
Islet cell antibodies (ICA) were the first described diabetes-associated autoantibodies (16, 103). They
are analyzed by using a standardized immunofluorescence staining method on sections of frozen
human pancreatic tissue (16). The ICA assay measures immunoglobulin (mostly IgG) binding on
various structures of the pancreatic islets. Since the assay is labor-intensive and challenging to
standardize and necessitates access to high-quality pancreatic tissue from organ donors, it has become
tempting to replace ICA with biochemical autoantibodies for screening purposes. ICA are not beta
cell-specific, but some of the reactivity is derived from other islet autoantibodies and also reactivity
to unidentified antigens contributes to ICA reactivity (104, 105). The predictive characteristics of
ICA have been extensively studied. Low ICA titers are widely detected in the general population and
relatives of patients with type 1 diabetes with an increasing frequency in older subjects, suggesting
that positivity for ICA in the absence of other autoantibodies represents non-progressive beta-cell
autoimmunity (106, 107). In contrast, high ICA titers are associated with increased risk for type 1
diabetes and are seen mostly in association with positivity for multiple biochemical autoantibodies
(8, 108, 109). Positivity for ICA has been associated with female gender, the HLA-DR4-DQ8
haplotype, and young age at disease onset (110).
Autoantibodies against insulin, IAA
Autoantibodies to insulin (IAA) were first described in 1983 in patients with recent-onset type 1
diabetes (111). Among the islet autoantibodies, IAA appear often as the first or among the first
autoantibodies (52, 112–114). In the Finnish Type 1 Diabetes Prediction and Prevention (DIPP)
study, seroconversions to IAA positivity peaked during the second year of life, while in The
Environmental Determinants of Diabetes in the Young (TEDDY) study a peak was seen already
during the first year (51, 52). Despite the early appearance during the disease process, IAA are rather
unstable (112, 114, 115). Positivity for IAA has been associated with the HLA-DR4-DQ8 haplotype
mediating increased risk for type 1 diabetes (116–118). Also several non-HLA gene polymorphisms
have been associated with IAA positivity, including the insulin-encoding INS gene variable number
tandem repeat (VNTR) polymorphism and single-nucleotide polymorphisms (SNPs) in the INS
(rs689) and lymphoid tyrosine phosphatase-encoding PTPN22 genes (rs2476601) predisposing to
type 1 diabetes (110, 119–121). In contrast, the predisposing SNP in the IKAROS family zinc finger
4 (IKZF4) gene (rs1701704) has been inversely associated with IAA positivity (120). In young
children, IAA have high sensitivity for predicting clinical type 1 diabetes (7, 112). High initial IAA
titers increase the risk of progression to clinical disease (8, 51, 108). Recently, autoantibodies against
a posttranslationally modified neoautoantigen, oxidized insulin, have been reported to improve the
prediction of type 1 diabetes compared with autoantibodies against native human insulin (122).
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Autoantibodies against glutamic acid decarboxylase, GADA
The enzyme glutamic acid decarboxylase (GAD) catalyzes the synthesis of the neuroinhibitory
transmitter gamma-aminobutyric acid (GABA) from glutamate and is a major autoantigen in type 1
diabetes. Within the beta cell, the 65 kD isoform of GAD is localized in synaptic-like microvesicles.
Autoantibodies against GAD (GADA) were first recognized as autoantibodies to a 64 kD cytosolic
protein that was later identified as the 65 kD GAD protein (123, 124). There are two isoforms of the
GAD protein with molecular weights of 65 and 67 kD, but only the former is expressed in the pancreas
(125). Positivity for GADA has been associated with female gender and the HLA-DR3-DQ2
haplotype predisposing to type 1 diabetes (110, 117, 126, 127). Polymorphisms in the IKZF4-ERBB3
region (rs1701704, rs2292239) have been reported to affect the rate of beta-cell damage specifically
among children with GADA as the primary autoantibody, and the predisposing BACH2 gene SNP
(rs3757247) increases the risk of developing positivity for GADA only (128, 129). GADA are not
specific for pancreatic islets and have been indicated to be associated with autoimmunity in general
(118). Unlike high IAA or IA-2A titers, GADA titers do not increase the risk of type 1 diabetes among
children with persistent islet autoantibodies (130). Also among siblings of affected children, GADA
titers are not related to increased risk for type 1 diabetes, although the risk is increased in the presence
of high levels of ICA, IAA, and IA-2A (131). At the diagnosis of type 1 diabetes, 65–68% of Finnish
pediatric patients aged 0.01–16.0 years test positive for GADA (132, 133). After the diagnosis,
GADA levels remain elevated longer than those of other islet autoantibodies (134).
Autoantibodies against N-terminally truncated glutamic acid decarboxylase, truncated GADA
A proportion of individuals with autoantibodies against the full-length GAD, comprising amino acid
residues 1–585, do not progress to clinical type 1 diabetes. Therefore, it has become necessary to find
more specific GADA assays. Autoantibodies against N-terminally truncated GAD, covering amino
acids 96–585, have similar sensitivity, but are associated with a higher risk of type 1 diabetes than
the full-length GADA among GADA-positive FDRs of patients with type 1 diabetes (135). This
suggests that the truncated GADA might be beneficial in identifying participants for future
intervention trials aimed at preventing type 1 diabetes. Among patients with adult-onset diabetes,
truncated GADA positivity is associated with a clinical phenotype of autoimmune diabetes and
predicts the need for insulin treatment (136). The initial GAD response is directed mostly to the Mand C-terminal epitopes of the GAD protein in progressors to type 1 diabetes, whereas immune
responses to the N-terminal epitope do not increase the disease risk (137, 138). Epitope spreading
during the GAD-specific autoimmune response has been demonstrated to occur from the middle
region to both ends of the protein (139, 140).
Autoantibodies against islet antigen-2, IA-2A
Islet antigen-2 (IA-2) autoantibodies represent antibody reactivity against the intracellular part of the
transmembrane protein islet cell antigen 512, which is a member of the family of protein tyrosine
phosphatases. Islet antigen-2 was first identified as a protein fragment of molecular weight 40 kD,
which among two other 50 kD and a 37 kD fragments resulted from proteolytic trypsin-mediated
digestion of GAD (64 kD islet cell protein) (141–143). The 37 kD fragment was observed to be
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derived from a closely related transmembrane protein tyrosine phosphatase IA-2β (phogrin), which
is also a major autoantigen in beta-cell autoimmunity and shares homology with the cytoplasmic
domain of IA-2, but IA-2 is the primary autoantigen associated with type 1 diabetes (144, 145).
During islet autoimmunity IA-2A are often the last or among the last autoantibodies, but rarely
the first autoantibody to appear (51, 112, 146). They are the most specific autoantibodies for
predicting type 1 diabetes and are associated with a high risk of progression to clinical disease (112,
147, 148). The disease risk associated with IA-2A is higher than that of GADA or IAA (7, 149). Early
appearance of IA-2A in the prediabetic process is also associated with accelerated disease progression
(150, 151). The appearance of IA-2A positivity has been associated with the DQB1*03:02/x genotype
(x=other than DQB1*02 allele) (126, 132), and high IA-2A levels with the HLA-DR4 haplotype (118,
152). High IA-2A levels increase the disease risk among persistently autoantibody-positive children
(130). In young multipositive children, high IA-2A levels predict progression to clinical disease
(153). In Finnish children between 0.01 and 16.0 years of age, the prevalence of IA-2A at diagnosis
of type 1 diabetes is 75–79% (132, 133).
Autoantibodies against zinc transporter 8, ZnT8A
The cation efflux transporter zinc transporter 8 (ZnT8) is the most recently discovered autoantigen in
patients with type 1 diabetes (154). The ZnT8 is primarily located in the islets of Langerhans, with
the highest expression in beta cells, where it serves as the most abundant zinc transporter, participates
in the regulation of zinc accumulation into insulin secretory granules, and is involved in insulin
secretion (155, 156). Hexamers containing six insulin molecules together with two Zn2+ ions are
stored in secretory vesicles in the beta cell (156). The ZnT8 molecule is a 369 amino acid polyepitopic
transmembrane protein that contains cytoplasmic C- and N-terminal domains (154).
The ZnT8 protein is encoded by the SLC30A8 gene, which has been shown to affect insulin
production (157). A SNP in the SLC30A8 gene that results in a modification in the protein amino acid
sequence at position 325 has been associated with both type 2 (158) and type 1 diabetes (159). The
ZnT8 autoantigen has three variants at amino acid position 325 determined by the SLC30A8
polymorphism: ZnT8-R (arginine), ZnT8-W (tryptophan), and ZnT8-Q (glutamine) (160).
Accordingly, ZnT8A against the C-terminal are amino acid-specific, and this epitope specificity is
defined by the SLC30A8 genotype (161, 162).
At diagnosis of type 1 diabetes, ZnT8A positivity has been inversely associated with the HLADR3-DQ2 haplotype and the DR3-DQ2/DR4-DQ8 genotype predisposing to type 1 diabetes (163–
165). However, the negative association of the DQ2 haplotype with ZnT8A is restricted to ZnT8WA
(tryptophan) and ZnT8QA (glutamine), but not ZnT8RA (arginine) (165). Both DQ8 (without DQ2)
and DQ6.4 (without DQ8 or DQ2) haplotypes have been associated with ZnT8A regardless of the
amino acid variant (165). The differences in the HLA associations might be related to distinct binding
of DQ molecules to ZnT8 epitopes (166). The type 1 diabetes risk-associated HLA-DR3 and -DR401
molecules bind to peptides derived from ZnT8 (167). An AGER gene polymorphism might also affect
the frequency of ZnT8A positivity (164).
In type 1 diabetes, ZnT8 is a target antigen of IFN-γ-producing autoreactive T cells (167). A
broad repertoire of ZnT8-derived peptides is recognized by CD8 T cells, which might suggest that
epitope spreading along the ZnT8 protein occurs during the autoimmune response (168–170).
Functional differences in ZnT8-specific T cells have also been found between patients with type 1
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diabetes and non-diabetic individuals, and these autoreactive cells are abundant in the pancreas of
subjects affected by type 1 diabetes (171).
In new-onset type 1 diabetes, ZnT8A are present in approximately 60–70% of patients (159).
Accordingly, in Finnish children with type 1 diabetes at the age of 0.3–15.0 years the prevalence of
ZnT8A at diagnosis is 63% (164). At diagnosis, ZnT8A positivity has been associated with reduced
beta-cell function and higher rate of ketoacidosis, and after the diagnosis with higher insulin
requirement (163). However, contradictory observations on the risk of ketoacidosis have also been
reported in a study cohort comprising more recently born children (164). The combined measurement
of ZnT8A with other biochemical autoantibodies improves the detection of islet autoimmunity (154,
159, 172), although in the Finnish pediatric population tested at diagnosis the improvement was
minimal (164). Altogether, ZnT8A have been considered to appear at an older age and in a later phase
of the disease process than other islet autoantibodies, and are often detected together with ICA and
IA-2A, but less frequently with simultaneous positivity for GADA or IAA at diagnosis (154, 159,
163). After diagnosis, ZnT8A disappear more rapidly than GADA or IA-2A (154). ZnT8-targeted Tcell responses are also attenuated shortly after diagnosis (170).
Neoepitopes as targets of beta-cell autoimmunity
An increasing body of evidence implies that neoepitopes formed by post-translational modification
of self-proteins might be involved in the pathogenesis of type 1 diabetes as a target of autoreactive
T-cell responses (173). In the future, such neoantigens might prove useful in the disease prediction.
Spreading of the autoimmune response
Epitope spreading is a frequent phenomenon during the prediabetic disease process and occurs
already early in the process both within an autoantigen and from one autoantigen to another (139,
144, 174). Whereas positivity for a single autoantibody does not confer any notable risk for type 1
diabetes, the presence of two or more biochemically defined autoantibodies is associated with a
highly increased risk (149). Epitope spreading to positivity for multiple autoantibodies develops
usually within the first year after the initial seroconversion and rarely thereafter (146, 175).
Epitope-specific humoral responses
The disease risk associated with epitope-specific autoantibodies to the major autoantigens varies
considerably. The middle and C-terminal epitopes of GAD are associated with increased risk for type
1 diabetes, whereas the N-terminal GAD-epitope confers no risk for multipositivity or type 1 diabetes
(176, 177). More specifically, the first 142 amino acids of GAD are not recognized by risk-associated
autoantibodies (178). The initial GADA response is M-epitope-specific and spreads rapidly to the Cterminal epitope, but rarely to the N-epitope (137, 139, 179). High GADA titers are associated with
broader epitope reactivity (140). Autoantibody responses to the full-length GAD compared with the
N-terminally truncated GAD are more common among healthy individuals than people with type 1
diabetes, which might result from reduced presentation of two or more conformational epitopes by
the N-terminally truncated GAD (180). Most IA-2A identify the cytoplasmic part of the IA-2 protein,
whereas no reactivity has been detected towards the transmembrane or extracellular parts (181, 182).
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In young children, IA-2A towards the juxtamembrane epitopes tend to appear first, before
autoantibodies against the protein tyrosine phosphatase epitopes, and this type of response is
characteristic of children who later progress to type 1 diabetes (183). The mature autoimmune
response against ZnT8 occurs mostly against the C-terminal epitopes of the antigen (154). Patients
with type 1 diabetes have single amino acid-specific autoantibodies against the ZnT8-R and ZnT8W variants, the latter of which might have higher affinity for their specific autoantigen than the former
(162). However, ZnT8A comprise also a variety of responses to epitopes unaffected by the amino
acid in position 325 (161).
Isotype-specific humoral responses
During the prediabetic period also switching of the immunoglobulin class within the same
autoantigen takes place. At the diagnosis of type 1 diabetes, IAA are primarily of the IgG1 subclass
and to a lesser extent IgG4 and IgG2 subclasses (184). In young children, the IAA-related risk for
type 1 diabetes is mostly associated with the IgG1 subclass, followed by IgG4, IgG3, and IgG2 (185).
Strong IgG1 and IgG3 subclass IAA responses increase the risk of type 1 diabetes, while weak or
lacking IgG3 responses might mediate some degree of protection against the clinical disease (186).
Similarly, GADA are mostly of the IgG1 subclass in both patients with type 1 diabetes and individuals
at high disease risk (148, 187). Type 1 diabetes has been associated with IgG1, IgG2, and IgG3
subclass GADA, while a broad early response to IgG3 and IgG4 might mediate a protective effect
against overt disease (137). Also IgG2 and IgG4 subclass GADA responses tend to be more common
among non-progressors than progressors, although no significant differences in the distributions have
been reported (138). In the case of IA-2A, the humoral immune response comprises mainly IgG1
subclass in both type 1 diabetes patients and prediabetic individuals (187). Non-diabetic children
positive for IA-2A present more often with IgE class IA-2A and have higher titers of IgE class IA2A than those who develop clinical diabetes (183). Among children with recent-onset diabetes, those
who test positive for IA-2A only out of three biochemical autoantibodies (IAA, GADA, IA-2A)
demonstrate a broader IA-2 isotype-specific response and a stronger association with the high-risk
HLA-(DR4)-DQB1*03:02 haplotype than those with all three biochemical autoantibodies (133). In
conclusion, most diabetes-associated autoantibodies are composed mainly of IgG class, indicating
that maturation of the humoral immune response has occurred.
Autoantibody affinity
In general, high-affinity antibodies are a sign of a mature humoral immune response. After
encountering their specific antigen, B cells migrate to lymph nodes, where they undergo somatic
hypermutation that allows them to produce high-affinity antibodies over the course of several months
from the initial encounter with the antigen. In type 1 diabetes, high-affinity IAA increase the risk of
clinical diabetes (188, 189). However, the affinity of IAA does not seem to affect the progression rate
from seroconversion to clinical disease (190). Similarly, high affinity of GADA confers higher
susceptibility to type 1 diabetes than low-affinity GADA (176). This may be related to the spreading
of the autoimmune response because children positive for only GADA show lower affinity of GADA
than those with multiple autoantibodies (176). High-affinity GADA is more common among children
carrying the HLA-DR3 haplotype (176).
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Transient autoantibodies
Non-persistent positivity for islet autoantibodies has been considered to be a relatively uncommon
phenomenon and has not shown any correlation with the identified genetic risk factors (115, 191,
192). However, in children with increased HLA susceptibility to type 1 diabetes, transient positivity
for IAA occurs frequently during the first two years of life (112). Persistent IAA has been associated
with a higher risk of type 1 diabetes than fluctuating IAA (8, 130, 193), and there has been some
evidence that transient autoantibodies might reflect the pace of the disease progression. In the
BABYDIAB study, a lower proportion of primarily IAA-positive multipositive children who became
IAA-negative had progressed to clinical diabetes in 10 years than children who remained IAApositive (194). In contrast, transient GADA positivity in the presence of persistent IAA and IA-2A
positivity has been associated with more rapid disease progression than stable GADA (195).
Reversion of multiple autoantibody positivity occurs rarely, but is associated with a reduced risk of
progression to type 1 diabetes (196).
Are autoantibodies only bystanders in the disease process?
Finally, it has been under debate whether the humoral autoimmunity in the pathogenesis of type 1
diabetes is only secondary to T-cell-mediated autoimmunity. Islet antigen-specific B cells are central
in the development of islet autoimmunity and are likely to provide support to T cells in the process
of beta-cell destruction. Accordingly, the involvement of autoreactive B cells indicates the failure of
silencing mechanisms of immunological tolerance. The loss of anergic B-cell populations has, in fact,
been associated with islet autoimmunity and progression to type 1 diabetes, proposing that events
disrupting the B-cell anergy might cause deviation towards islet autoimmunity among individuals at
genetic risk (197). Moreover, several disturbances of B-cell responses have been associated with islet
autoimmunity and clinical diabetes in the TrialNet study, including a decrease in the frequency of
anergic B cells in autoantibody-positive individuals, and decreased B-cell responses towards the
progression to clinical disease (79). Most importantly, selective depletion of B cells in the rituximab
trial resulted in delayed disease progression in newly diagnosed patients with type 1 diabetes (56).
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ETIOLOGY OF TYPE 1 DIABETES
Genetics
Human leukocyte antigen (HLA)
HLA structure and function
HLA molecules are glycoproteins located on the cell surface that present peptide antigens derived
from microbial pathogens and host tissues for recognition to T lymphocytes. HLA class I molecules
are expressed in all nucleated cells, but expression of HLA class II molecules is limited to APCs.
Multiple genes encode HLA molecules, leading to a highly individualized repertoire of HLA
molecules with different antigen-binding properties. The main HLA-encoding genes are located on
the short arm of chromosome 6. In this region, there are three pairs of genes encoding HLA class II
α- and β-chains, the HLA-DR, -DQ, and -DP, and three genes encoding class I α-chain, the HLA-A, B, and -C. The HLA-encoding genes are highly polymorphic with multiple variants of each gene
found within a population, except for the non-polymorphic β-chain of HLA class I molecules, β2microglobulin, which is encoded outside the HLA region on chromosome 15.
Four types of HLA class II molecules can be formed from the three pairs of genes. The different
HLA alleles, the DR and DQ loci in particular, are in strong linkage disequilibrium (LD) with each
other. Haplotypes formed by the combinations of these alleles have been associated with several
autoimmune conditions.
The HLA alleles differ in amino acid sequence, especially on the peptide-binding site and the
regions exposed to cell surface that bind to TCRs (198). Therefore, each HLA molecule exhibits
different binding specificity for peptide antigens and T-cell recognition is restricted to a specific HLA
variant. This means that T cells are only able to recognize their TCR-specific antigen when it is bound
to a particular HLA molecule.
The HLA gene polymorphisms determine the range of peptides bound by HLA molecules and
the binding of the HLA-peptide complex to a certain TCR. This extensive variability enables a broad
range of antigen recognition against invading pathogens and creates highly personalized immune
responses — each individual responds differently to a given antigen.
HLA class II effects on type 1 diabetes
The inherited risk for type 1 diabetes is mostly determined by the HLA class II genes, mediating
approximately 40–50% of the genetic risk for type 1 diabetes (199). Polymorphisms in HLA-DRB1,
DQA1, and DQB1 genes confer susceptibility to type 1 diabetes. Most of the disease risk mediated
by these genes in populations of European origin is determined by three amino acid positions (200).
A strong LD connects these genes since the alleles of different loci are inherited together as certain
haplotypes more often than expected given their frequencies in the population. The combination of
two inherited haplotypes, one from the mother and the other from the father, determines an
individual’s HLA-mediated risk for type 1 diabetes.
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The haplotypes formed by combinations of the HLA class II genes can be classified according
to the risk they confer for type 1 diabetes, ranging from high risk to strong protection (201). The
disease risk mediated by some common haplotypes is shown in Table 1. The highest risk is mediated
through a heterozygous genotype comprising the two major risk-associated serologically defined
haplotypes, the DR3-DQ2 (DRB1*03:01-DQA1*05(:01)-DQB1*02) on one chromosome and the
DR4-DQ8 [DRB*04:01/02/04/05/08-DQA1*03(:01)-DQB1*03:02(/04)] on the other (202). In
Finland, the DR4-DQ8 is the most common haplotype conferring increased risk for type 1 diabetes,
followed by the DR3-DQ2 (203). Due to the enhanced contribution of environmental factors to the
pathogenesis of type 1 diabetes, the HLA associations behind the disease process are changing and
an increasing proportion of individuals with “lower” HLA-mediated disease risk are progressing to
clinical type 1 diabetes (204).
Table 1. Classification of genetic risk for type 1 diabetes mediated by some common HLA class II
haplotypes (A) and genotype risk categories for type 1 diabetes defined by the combination of HLA
class II haplotypes (B). Modified from (201).
A

Haplotype
DRB1*04:01-DQA1*03-DQB1*03:02
DRB1*04:05-DQA1*03-DQB1*03:02
DRB1*04:04-DQA1*03-DQB1*03:02
(DR3)-DQA1*05-DQB1*02
DRB1*04:02-DQA1*03-DQB1*03:02
(DR13)-DQB1*06:04
(DR9)-DQA1*03-DQB1*03:03
(DR8)-DQB1*04
(DR16)-DQB1*05:02
(DR7)-DQA1*02:01
(DR1/10)-DQB1*05:01
(DR4)-DQA1*03-DQB1*03:01
DRB1*04:03-DQA1*03-DQB1*03:02
(DR13)-DQB1*06:09
(DR13)-DQB1*06:03
(DR11/12/13)-DQA1*05-DQB1*03:01
(DR7)-DQA1*02:01-DQB1*03:03
(DR15)-DQB1*06:01
(DR15)-DQB1*06:02
(DR14)-DQB1*05:03

B

Genotype risk category
High risk
Moderately increased risk
Slightly increased risk
Neutral
Slightly decreased risk
Strongly decreased risk

Odds Ratio
10.1
3.0
2.8
2.8
1.8
1.1
1.0
1.0
0.8
0.6
0.6
0.5
0.4
0.4
0.2
0.2
0.08
0.07
0.03
0.03

Risk
S
S
s
s
S
N
N
N
N
N
N
N
p
N
p
p
P
P
P
P

Haplotype risk code combination
S/s, s/s (if DR3-DQ2/DR4-DQ8 genotype)
S/s, s/s (not DR3-DQ2/DR4-DQ8), S/S, S/N
s/N, S/p
N/N, S/P, s/P, s/p
p/N
P/N, p/p, P/p, P/P

S=strong susceptibility, s=weak susceptibility, N=neutral, p=weak protection, P=strong protection
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HLA class I effects on type 1 diabetes
Apart from HLA class II DR/DQ region determinants, also HLA class I genes and other loci outside
the HLA region have been associated with increased risk for type 1 diabetes (205, 206). In the Finnish
population, HLA-B*39:06 allele increases the risk for type 1 diabetes among individuals with the
(DR8)-DQB1*04 haplotype (207). The HLA class I alleles affect also the pace of disease progression,
as described in the following sections.

Genetic factors outside the HLA region
Non-HLA gene associations with type 1 diabetes
At present, more than 60 non-HLA gene loci have been confirmed to affect the risk of type 1 diabetes,
and these loci together with HLA genes have been estimated to be responsible for over 80% of the
heritability of the disease (208, 209). Large-sample genome-wide association studies (GWAS) have
contributed to the discovery of multiple new non-HLA risk loci for type 1 diabetes (210–220).
However, since the GWAS include only relatively common SNPs in the population, excluding rare
disease variants, they are at best able to identify only a limited fraction of the genetic variants that
mediate the risk for type 1 diabetes. Therefore, a 200 000 SNP ImmunoChip array was developed
that provides a powerful tool for the detection of rare gene variants associated with the risk of
immune-mediated diseases. Several findings from the ImmunoChip analyses on type 1 diabetes have
been published (221–230). The unexplained proportion of the heritability of type 1 diabetes has been
suggested to result from the effect of unidentified non-HLA genes, structural modification of gene
material, or epistatic interactions between genes. Epigenetic factors may also play a role.
Insulin gene (INS)
After the HLA region, the insulin gene (INS) locus on chromosome 11p15 comprises the second most
important genetic risk association with type 1 diabetes. Originally, the susceptibility locus for type 1
diabetes within the INS gene was pinpointed to a VNTR region, which is characterized by three
classes of alleles according to the number of repeats (231). The highest risk for type 1 diabetes is
associated with the shortest repeats (class I alleles). Later on, two INS SNPs, –23HphI (rs689) and
+1140A/C (rs3842753), have been consistently associated with type 1 diabetes in several studies
(232). In populations of Caucasian origin, the rs689 SNP is found in complete LD with the VNTR
region such that the predisposing SNP allele A is linked to short class I VNTR alleles, while the nonpredisposing SNP allele T is linked to long class III VNTR alleles (233). The former (risk-conferring)
genotype has been associated with higher insulin expression in the human pancreas, but lower
expression in the thymus, whereas the latter (non-predisposing) genotype shows the opposite
association. Accordingly, the INS polymorphisms might affect the development of central tolerance
to insulin by regulating the abundance of insulin miRNA and protein expression in the thymus (234,
235). Also, another type 1 diabetes-associated SNP, -2221MspI (rs3842729), is situated within the
INS gene. In the case of this SNP, the predisposing allele C is in LD with the VTNR class I and
subclass IIIB alleles, whereas the non-predisposing allele T is associated with VNTR subclass IIIA
(236).
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The predisposing INS SNP rs689 has been associated with the appearance of IAA as the primary
autoantibody, but not with the pace of progression to clinical disease after seroconversion (117, 128).
The association with the appearance of humoral islet autoimmunity is restricted to individuals with
initial IAA positivity and has not been seen for those with GADA as the primary autoantibody (128).
Protein tyrosine phosphatase, non-receptor type 22 (PTPN22)
The PTPN22 gene is located on chromosome 1p13 and encodes the lymphoid tyrosine phosphatase
(LYP), which functions to prevent spontaneous T-cell activation and possesses the ability to inhibit
the function of TCRs. The association between PTPN22 and type 1 diabetes is mediated through a
gain-of-function SNP (rs2476601) at amino acid position 620 that causes a change in the amino acid
sequence from arginine to tryptophan (237). However, the exact mechanism behind the increased
susceptibility for type 1 diabetes and other autoimmune diseases remains open. The altered function
of immune cell signaling might affect thymic negative selection or impair the function of regulatory
T cells, which would allow autoreactive T cells to act unguarded. According to recent evidence, LYP
together with another type 1 diabetes-linked protein tyrosine phosphatase is induced following the
activation of naïve T cells, and by controlling the JAK-STAT pathway might be involved in the
determination of how activated or memory T cells interpret and respond to cytokine signals (238). In
addition, the PTPN22 risk allele A has been linked to an increased frequency of circulating regulatory
T cells (239). The PTPN22 SNP predisposing to type 1 diabetes has shown an association with both
the appearance of islet autoantibodies and progression from seroconversion to clinical disease (240),
but no associations with specific autoantibody signatures have been observed.

Familial type 1 diabetes
Although most cases of pediatric type 1 diabetes are sporadic, having an FDR affected by type 1
diabetes increases the risk of type 1 diabetes 8–15-fold and an affected second-degree relative 2-fold
compared with the general population (241, 242). The risk of type 1 diabetes is higher in children
with a father affected by type 1 diabetes than in children with an affected mother (241).

Epigenetic factors
In brief, the epigenome modulates the accessibility of DNA for transcription factors that control the
level of gene expression in response to environmental interactions. Epigenetic regulation is essential
for the integration of endogenous and exogenous signals to ensure appropriate gene expression. The
epigenome comprises modifications of gene expression that do not involve changes in the DNA
sequence, but can be inherited. These mechanisms include e.g. DNA methylation, post-translational
histone modifications, gene silencing, regulation of gene expression by non-coding RNAs, and X
chromosome inactivation (243). Type 1 diabetes-linked DNA methylation variable positions have
been reported among monozygotic twins discordant for type 1 diabetes, including hypomethylation
of the risk-associated HLA-DQB1 gene and the GAD2 gene, which encodes the autoantigen GAD
(244). Variation of DNA methylation in the promoter region of the INS gene has also been reported
(245). Some changes have been found in the patterns of histone modification and RNA interference
between patients with type 1 diabetes and non-diabetic controls (245). Longitudinal differences in
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DNA methylation profiles were observed in cases with type 1 diabetes prior to diagnosis in the
Diabetes Autoimmunity Study in the Young (DAISY) (246).

Environmental risk factors
Microbial etiology
Hygiene and biodiversity hypotheses
Originally, the hygiene hypothesis suggested that reduced microbial contacts in infancy might
increase the susceptibility to allergic or immune-mediated diseases. Several infections have been
inversely associated with the risk of allergic conditions (247). Early microbial exposure might be
pivotal for the education of the immune system in infancy (248). However, the hygiene hypothesis
might not be entirely true since some studies have provided contradictory evidence, including the
association of early life infections with islet autoimmunity (249–252). Instead, the role of exposure
to commensal microbes in the environment has become of interest. According to the biodiversity
hypothesis, the human microbiota might be unfavorably altered in the urban living environment, and
this might increase the risk of allergic and immune-mediated diseases (253). In fact, having an indoor
dog as a pet in infancy has been shown to decrease the risk of beta-cell autoimmunity (248).
Viral infections
Seasonal pathogens, especially viruses, have been proposed to play a role in the pathogenesis of type
1 diabetes. The strongest evidence for an association with type 1 diabetes exists for enteroviruses, in
particular group B coxsackieviruses, but some studies have supported a role for many other viruses,
including rotaviruses (254, 255). Moreover, early cytomegalovirus infection might delay the onset of
clinical diabetes (256). During the present coronavirus disease 2019 (COVID-19) pandemic concerns
have been raised about the comorbidity between the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection and type 1 diabetes, especially as the infection might induce direct betacell damage or dysfunction (257).
Currently, the primary hypothesis is that enteroviruses cause an acute infection of the pancreatic
beta cells. Failure to eradicate the virus might lead to persistent chronic low-grade infection, resulting
in beta-cell destruction and type 1 diabetes (258). This is supported by several findings. Increased
frequencies of enteroviral RNA have been detected in both stools and blood before the onset of islet
autoimmunity (259, 260). Coxsackie B viruses show tropism to human beta cells, and enteroviruses
are found in the pancreatic islets of most patients with type 1 diabetes (91, 261). The main receptor
for group B coxsackieviruses is expressed in the pancreatic islets (261, 262). In epidemiological
studies, the association between enteroviruses and type 1 diabetes has been confirmed in a metaanalysis (263). A systematic analysis of the specific enterovirus types revealed that the highest risk
was associated with coxsackievirus B1 infections (264). Also, prospective intestinal virome analyses
in HLA-predisposed children have suggested that a chronic enteroviral infection is associated with
the development of islet autoimmunity (265). Interestingly, the coxsackievirus B1 infections have
been associated with the IAA-driven endotype of islet autoimmunity, but not with the GADA-first
endotype, indicating potential heterogeneity in the triggers of the disease process (266). According
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to the so-called polio hypothesis, the diabetogenic effect of enteroviruses is intensified in populations
with a decreased rate of enteroviral infections such as in Finland (267). However, the convincing
association between enteroviruses and type 1 diabetes might not be causal. To examine potential
causality, a vaccine to prevent acute enteroviral infections and type 1 diabetes is under investigation
and is among the most enticing strategies for the primary prevention of type 1 diabetes (258).
Gut microbiota
Since genetic factors alone do not explain the rapid increase of type 1 diabetes in young children, the
immediate living environment, microbial contacts, and the effect of gut microbiome on the immune
system have become fascinating candidates for playing a role in the pathogenesis of type 1 diabetes.
Early childhood is a unique period in several respects. First, during the early years the child’s
immune system undergoes fundamental education through numerous microbial contacts and
infections. This is necessary in order to gain sufficient immunological memory and tolerance. Second,
alongside the immunological development, the gut microbiome is stabilized by three years of age
(268). Thereafter, the composition of the gut microbiome is similar to that of adults. Several factors
modify the composition of the gut microbiome in infancy, including delivery mode, breastfeeding,
introduction of solid foods, and use of antibiotics (269). The establishment of the gut microbiome is
tightly related to the maturation of the immune system and might modulate intestinal immune
responses (270). Third, simultaneously with these events, the first diabetes-associated autoantibodies
usually appear. The use of antibiotics during the first four years is, however, not associated with islet
autoimmunity (271).
Changes in the gut microbiome precede the appearance of islet autoimmunity. These include
an increased relative abundance of the Bacteroidetes species and decreased abundance of the
Firmicutes species and changes indicating a gut environment that favors inflammation (272, 273). In
the prospective TEDDY study, children who progressed to type 1 diabetes demonstrated increased
levels of Bifidobacterium pseudocatenulatum, Roseburia hominis, and Alistipes shahii in their
intestinal microbiome (274). Intestinal impermeability is increased in children with signs of islet
autoimmunity (275), and intestinal barrier function is decreased in type 1 diabetes (276).
It has been proposed that a chronic or repetitive dysbiosis of the intestinal microbiome might
cause failure of the mechanisms sustaining self-tolerance and potentially lead to gut-initiated systemic
immune responses. However, also favorable changes in the gut microbiota may occur since an
increase in butyrate-producing bacteria could mediate a protective effect against islet autoimmunity
(277). Early intake of oral probiotics has also shown a protective effect against type 1 diabetes among
children with the high-risk HLA-DR3/DR4 genotype (278). Altogether, these findings raise questions
of whether changes in the gut microbiota and type 1 diabetes are linked causally.
Gut mycobiota
Fungi are present on all barriers of the human body, including the gut mucosa. Although knowledge
of the role of fungi in health and disease is currently limited, the mycobiota might modify the function
of the immune system and alter the composition of bacterial microbiota and virome, thereby
modulating intestinal homeostasis (279). Fungal and bacterial dysbiosis and intestinal inflammation
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appear to be associated with the development of type 1 diabetes in children with signs of beta-cell
autoimmunity (280).
Gut virome
Virome sequencing techniques have enabled screening for all viruses simultaneously. In the DIPP
study, no prominent changes were found in the gut virome prior to the signs of islet autoimmunity
(281). However, an imbalance within the Bacteroides genus showed a potential association with islet
autoimmunity, and a possible connection existed between Bacteroides dorei and the bacteriophage
CrAssphage (282). The Australian Viruses in the Genetically at Risk (VIGR) study reported
enrichment of enterovirus A species in the gut of children positive for islet autoantibodies (283). In
the TEDDY study, a prolonged enterovirus B infection was associated with islet autoimmunity,
although no association with the development of type 1 diabetes was found (265). In a study observing
HLA-predisposed Finnish and Estonian children from birth, the gut virome in islet autoantibodynegative children showed higher diversity and higher abundance of Circoviridae-derived sequences
than in autoantibody-positive children (284). The intestinal viruses might be capable of affecting the
intestinal bacterial composition, thereby causing disturbance of intestinal homeostasis. The
alterations in the gut virome linked to islet autoimmunity potentially may contribute to the
development of type 1 diabetes.

Dietary factors
During the past decades the Western lifestyle, including the diet and eating habits, has changed
fundamentally. Increased processing of foods, supplementation of foods, and awareness about the
food’s microbial composition have led to questions about whether dietary factors are behind the
rapidly increasing incidence of type 1 diabetes.
Several aspects of the diet have been considered as potential contributors to islet autoimmunity
and type 1 diabetes. The focus has been mainly on early diet in infancy, but also factors related to
maternal diet during pregnancy and later food consumption in childhood have been studied.
Short breastfeeding has been suggested to increase the risk of islet autoimmunity. A metaanalysis showed a weak protective effect of breastfeeding against islet autoimmunity (285). Breastfed
infants demonstrated a decreased risk for type 1 diabetes in a study combining two large Scandinavian
birth cohorts compared with infants who had never been breastfed (286). During the introduction of
gluten-containing cereals simultaneous breastfeeding was associated with protection against type 1
diabetes (287).
Early introduction of cow’s milk proteins has also been investigated. In the Trial to Reduce
IDDM in the Genetically at Risk (TRIGR) study, weaning to an extensively hydrolyzed cow’s milk
formula compared with a conventional formula did not reduce the risk of type 1 diabetes (288),
although a smaller pilot study suggested a protective effect of weaning to a hydrolyzed formula
against islet autoimmunity (289). However, high consumption of cow’s milk later in childhood has
been linked to increased risk of islet autoimmunity and type 1 diabetes, and genetic factors might
modify this risk (290–292).
The risk of islet autoimmunity is potentially increased in association with both early (<4 months
of age) and late (>6 to 9 months of age) introduction of solid foods, especially gluten (293–296).
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However, also high intake of oats has been linked to increased risk of islet autoimmunity and type 1
diabetes (297).
Vitamin D may contribute to the development of type 1 diabetes. Nevertheless, the findings
have been highly contradictory and the role of vitamin D in type 1 diabetes remains unclear (298).
Higher serum 25-hydroxyvitamin D levels were associated with lower risk of islet autoimmunity in
the TEDDY study (299). In a Norwegian study, increased levels of 25-hydroxyvitamin D in cord
blood decreased the risk of type 1 diabetes depending on the vitamin D receptor genotype (300).
However, in HLA-susceptible children in the DIPP study, no differences were seen in cord blood 25hydroxyvitamin D concentrations between children who developed clinical diabetes or islet
autoantibodies and those with no signs of beta-cell autoimmunity (301). Nor were any differences
observed in the circulating concentrations of 25-hydroxyvitamin D between those who progressed to
overt type 1 diabetes and matched controls in a longitudinal follow-up of DIPP participants (302). In
the TRIGR ancillary study, serum 25-hydroxyvitamin D concentrations decreased months before the
appearance of islet autoantibodies in children who later developed multiple autoantibodies or clinical
type 1 diabetes (303). This was, however, considered to reflect the effects of vitamin D on the immune
system, rather than a causal relationship between low vitamin D levels and type 1 diabetes.
Furthermore, a higher intake of omega-3 fatty acids, especially docosapentaenoic acid, has been
inversely associated with the risk of islet autoimmunity (304). However, neither vitamin D nor
omega-3 fatty acid supplementation during pregnancy have been shown to affect the risk of islet
autoimmunity in offspring (305). Among other vitamins, high levels of plasma ascorbic acid might
decrease the risk of islet autoimmunity (306). Also, the intake of probiotics during the first four weeks
of life has been associated with a decreased risk of islet autoimmunity in infants carrying the highrisk HLA-DR3-DQ2/DR4-DQ8 genotype (278). However, in a Finnish randomized controlled trial
probiotic administration in infancy had no effect on the development of type 1 diabetes (307).
Advanced glycation end-products and their receptors have been implicated in the early stages of islet
autoimmunity (308).

Beta-cell stress
According to the accelerator hypothesis, insulin resistance or increased insulin demand caused by
various factors, including rapid weight gain, increased height velocity, high body mass index (BMI),
obesity, glucose overload, puberty, stressful life events, traumatic injuries, infections, steroid
treatment, or psychological stress, may induce beta-cell stress and contribute to the pathogenesis of
type 1 diabetes (309).
Childhood obesity has been linked to increased risk of later type 1 diabetes in several studies,
including a meta-analysis (298, 310). Also high birthweight has been associated with increased risk
of type 1 diabetes in a meta-analysis (311). Rapid weight gain in early life increases the risk of islet
autoimmunity (312, 313). In the TEDDY study, a higher rate of weight gain during the slow growth
phase after infancy increased the risk of progression from islet autoimmunity to clinical diabetes
specifically among children with GADA as the primary autoantibody (313). Furthermore, high BMI
might provoke the progression of islet autoimmunity to clinical diabetes (314).
Psychological stress is not to be overlooked. Children of parents who experienced a stressful
life event during the child’s first years or children who themselves encountered a serious life event
have been reported to be at increased risk of type 1 diabetes (315, 316).
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According to the overload hypothesis, environmental factors that cause excessive stress to beta
cells might render them susceptible to immune destruction and apoptosis. Stress-inducing cytokine
signals, viral infections, or metabolic overload may lead to impaired ER function and defective
protein folding in beta cells, i.e. a cellular stress response known as the unfolded protein response
(UPR). This might result in the release of improperly folded and potentially immunogenic peptide
structures from the beta cell (317).

HETEROGENEITY IN TYPE 1 DIABETES
Observations on the rate of beta-cell destruction
The duration of the prediabetic period is highly variable, ranging from a couple of months to more
than two decades (6). A notable increase in the pace of disease progression in recent years has raised
concerns of whether the mechanisms that normally guard self-tolerance have weakened at the
population level (2, 131, 148, 318). The age at diagnosis of type 1 diabetes has decreased, suggesting
earlier and more aggressive autoimmune responses in children (2). In newly diagnosed patients with
type 1 diabetes, the amount of residual beta-cell function is highly heterogeneous, indicating that the
rate of functional beta-cell loss is also extremely variable (319).

IAA vs. GADA-first endotypes
Among the biochemically defined autoantibodies, IAA or GADA is usually the first to appear (151).
The disease process beginning with either IAA or GADA shows different genetic and etiological
associations and characteristics of islet autoimmunity. This suggests heterogeneity in the triggers of
beta-cell autoimmunity.
As the primary autoantibody, IAA peak during the second year, whereas GADA usually appear
later as the first autoantibody, at approximately 3–5 years of age, with a more even and broader profile
(52, 117, 320). As the second autoantibody, GADA tend to appear soon after IAA (117). Initial IAA
positivity has been associated with homozygosity for the HLA-DR4-DQ8 haplotype, while GADA as
the primary autoantibody has been linked to homozygosity for the HLA-DR3-DQ2 haplotype (117,
126, 127, 320). Coxsackievirus B1 infections have been observed to be associated with the initiation
of beta-cell autoimmunity in those with an IAA-initiated disease process, whereas no such association
has been seen in those with initial GADA positivity (266). This implies that a diabetogenic Coxsackie
B infection may be the trigger of beta-cell autoimmunity in the former cases.

Heterogeneity in cellular responses
Cytokine expression profiles in the peripheral blood of patients with newly diagnosed type 1 diabetes
show notable differences in response to stimulation by different autoantigens (64). At diagnosis of
type 1 diabetes, proinflammatory T-cell autoreactivity is more frequent in children and more often
targeted to insulin and proinsulin peptides than in adult patients (321). In insulitis, two types of
inflamed islets can be found, distinguished by the abundance of CD20-positive B cells in the insulitic
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lesion (64). Several subtypes of type 1 diabetes also seem to exist depending on the level of the innate
inflammatory activity (322). There is also disease stage-dependent variation in the immune
phenotypes of T and B cells, indicating heterogeneity in cellular responses in type 1 diabetes (79).

Heterogeneity in metabolic condition at diagnosis
The metabolic status at diagnosis of type 1 diabetes is highly heterogeneous. In the TrialNet study,
positivity for only one autoantibody, mostly GADA, was associated with insulin resistance and higher
C-peptide levels relative to multiple autoantibody positivity (319). In the Finnish Pediatric Diabetes
Register, more severe metabolic disturbance was seen among children with sporadic type 1 diabetes
than in children from families with at least one member affected by type 1 diabetes (323). In the same
study, children with a father affected by type 1 diabetes showed higher frequency of diabetic
ketoacidosis and increased weight loss at diagnosis compared with offspring of mothers with diabetes
(323). At diagnosis, girls presented with more severe metabolic deterioration than boys (324).
Positivity for ZnT8A at diagnosis has been linked to older age and poorer metabolic state, including
higher frequency of ketoacidosis (163). In general, age at diagnosis seems to have a substantial impact
on the severity of type 1 diabetes (reviewed in 325).

PREDICTION AND PREVENTION OF TYPE 1 DIABETES
Prediction of type 1 diabetes
General aspects of disease prediction
The ability to precisely predict type 1 diabetes would enable cost-effective screening for risk of type
1 diabetes in the general population and facilitate the optimal design of intervention trials aimed at
preventing or delaying the onset of clinical diabetes.
The focus on the prediction of type 1 diabetes has been on identifying risk individuals from the
general population based on HLA risk genotypes or FDRs of individuals affected by type 1 diabetes
and on measuring islet autoantibodies and metabolic markers of dysglycemia in such individuals.
However, the disease process has proven to be highly heterogeneous (5). This has led to the consensus
that the underlying causes of type 1 diabetes are complex and multifactorial and that novel biomarkers
in addition to the traditional ones are needed for elaborate and correctly timed disease prediction.
The individuals at high disease risk can already be identified relatively reliably based on HLA
risk genotypes and prediabetic autoantibody profiles. However, the factors determining the pace of
the disease progression, the metabolic condition at diagnosis, and the disease progression after
diagnosis are not yet completely understood. The goal of disease prediction is not only to gain
knowledge of the natural history of type 1 diabetes, but to identify the heterogeneous subpopulations
of at-risk individuals and to define the stages of disease progression. This might enable prevention
trials suitable for both the disease stage and endotype to be conducted.
Although at present the screening for HLA risk genotypes and islet autoantibodies comprises
the most reliable and easily accessible tools for the prediction of type 1 diabetes, autoantibodies only
become measurable at a stage at which the immunological tolerance has already been exceeded and
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the autoimmune response is ongoing. Thus, in the future it is crucial to generate biomarkers that are
applicable before the signs of humoral autoimmunity emerge or that act as direct markers of beta-cell
damage and/or dysfunction.
However, the prediabetic period per se provides a unique time frame for conducting secondary
prevention trials. At this stage, it might still be possible to revert or halt the disease progression.
Therefore, it is important to stratify the disease risk associated with the heterogeneous patterns of
preclinical islet autoimmunity and to elucidate the role of autoantibody dynamics in detailed staging
of the disease process. In this respect, prospective follow-up studies starting from birth or during the
fetal period are essential since they might provide unique insights into the temporal events that occur
at various stages of the disease process. Also, in primary prevention trials the islet autoantibodies
comprise a valuable endpoint marker for initiated disease activity.
Predictive characteristics of islet autoantibodies
Islet autoantibodies have proven useful in the prediction of type 1 diabetes in children at increased
genetic risk (326), in young FDRs of patients with type 1 diabetes (318), and in the pediatric general
population (6). The most important findings in prospective studies of islet autoimmunity include the
observation that beta-cell autoimmunity begins very early in life, with autoantibody seroconversions
peaking during the first two years (51, 52). Young age at autoantibody appearance increases the risk
of type 1 diabetes (8, 51, 52, 112). Another important finding has been the association of positivity
for multiple autoantibodies with an extremely high risk of disease progression, with about 70% of
multipositive children with HLA-DR/DQ risk genotypes and/or FDRs affected by type 1 diabetes
progressing to clinical diabetes in 10 years (7, 149). Early and fast development of multipositivity is
especially predictive of high disease risk (51, 149, 175).
As discussed, the prediabetic period is heterogeneous both in duration and in the context of the
primary autoantigen (6, 117). The HLA genotype affects both the number and quality of islet
autoantibodies during this period (327). The order of autoantibody appearance affects the disease risk
(146). Furthermore, autoantibody titer and affinity and different autoantibody combinations increase
the prognostic value of autoantibody testing when screening for risk of type 1 diabetes (8, 109, 188).
Especially, rapid increase in autoantibody titers after seroconversion is predictive of fast progression
to clinical disease (51). Also, the combination of persistent ICA and IAA positivity and high titers of
ICA and IAA at seroconversion may predict rapid progression to overt disease (8, 51, 107, 108).
Although at present the screening for HLA risk haplotypes and islet autoantibodies comprises
the most applicable tools for the evaluation of the risk for type 1 diabetes, autoantibodies are not very
useful in predicting the timing of the clinical diagnosis. Other biomarkers might prove more precise
in the prediction of the pace of the disease process. Moreover, there is still a need for improved
understanding of the natural dynamics of islet autoantibodies in childhood to better discriminate nonprogressive immunological activity from true progressive autoimmunity.
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Factors related to progression rate
HLA gene effects on disease progression
Although HLA class II genes are strongly involved in the initiation of beta-cell autoimmunity, other
genetic factors are likely to modify the rate of beta-cell destruction after the establishment of betacell autoimmunity (Table 2). Recent findings have strongly indicated that the HLA class II effect on
disease progression is attenuated after the appearance of islet autoantibodies, but certain HLA class I
alleles might modulate the rate of beta-cell destruction thereafter (201, 328, 329).
HLA class I allele B*39 promotes disease progression after the appearance of the second
autoantibody, and this risk-increasing effect is strongly enhanced among children carrying the highrisk HLA-DR3/DR4 genotype (329). In the same study, the HLA-A*03 allele was found to mediate a
protective effect against disease progression in children without the high-risk HLA-DR3/DR4
genotype (329). In another study, no effect of the HLA-B*39 on disease progression was seen, but the
HLA-B*18 allele was associated with more rapid progression to clinical disease in children carrying
the HLA-DQ2 haplotype (328). HLA-A*24 favored progression in HLA-DQ8 carriers (328).
Among FDRs of patients with type 1 diabetes, the HLA-A*24 allele was reported to mediate
accelerated progression from multiple autoantibody positivity to clinical diabetes, but this association
was detected only among relatives with the HLA-DQ8 haplotype testing positive for IA-2A and/or
ZnT8A (330). The HLA-B*18 allele mediated more rapid progression to clinical disease in HLA-DQ2
carriers positive for both GADA and IAA, but no effect was observed for the HLA-B*39 allele (330).
The disease-promoting HLA-A*24 allele has been associated with attenuated islet autoantibody
responses (331, 332). Also, the HLA class II haplotype DRB1*15:01-DQA1*01:02-DQB1*06:02 has
been shown to mediate a protective effect against disease progression in autoantibody-positive
relatives of patients with type 1 diabetes at all stages of the disease process (333).
Non-HLA gene effects on disease progression
The effect of the predisposing SNP (rs689) in the INS gene is restricted to the early stages of islet
autoimmunity (240). However, the predisposing SNP (rs2476601) in the PTPN22 gene affects the
progression rate to clinical disease also after the onset of humoral beta-cell autoimmunity (240). A
predisposing SNP (rs3757247) in the BACH2 gene affects the pace of disease progression specifically
in children with IAA as the primary autoantibody (128). Similarly, predisposing SNPs (rs1701704,
rs2292239) in the IKZF4-ERBB3 region modify the progression rate only in children with GADA as
the primary autoantibody (128). Among other non-HLA polymorphisms, the predisposing SNP
(rs45450798) in the PTPN2 gene affects the rate of beta-cell damage after seroconversion regardless
of the primary autoantibody (128).
In the TEDDY study, a genetic risk score predicted the pace of disease progression (334). Also,
another genetic risk score predicted the progression rate successfully among participants in the
TrialNet study (222). In the DAISY study, a genetic risk score combining HLA and non-HLA genes
improved the prediction of progression from islet autoimmunity to type 1 diabetes in children
recruited from the general population (335). In the BABYDIAB study, several differences were found
in the distributions of non-HLA genotypes between rapid and slow progressors to clinical type 1
diabetes (150). Furthermore, the predisposing SNP in the SLC30A8 gene encoding ZnT8 might affect
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the age at disease presentation, and accordingly, might modify the rate of disease progression (336).
Progression to clinical disease is faster in ZnT8A-positive children homozygous for the SLC30A8
SNP (rs1326634) alleles (159).
Autoantibody characteristics associated with progression rate
Several studies have reported findings on autoantibody characteristics related to the pace of disease
progression. Development of multiple autoantibodies at a young age enhances the risk of progression
to type 1 diabetes in the next 15 years (149). High initial levels of IAA increase the risk of rapid
progression (51). In young children with multiple autoantibodies, characteristics that predict faster
progression to clinical diabetes include young age and higher levels of IAA and IA-2A (153).
Especially the appearance of IA-2A as the first biochemical autoantibody increases the risk of
accelerated disease progression (117).
In the BABYDIAB study characterizing rapid and slow progressors to type 1 diabetes among
multipositive individuals, the development of IA-2A was delayed among slow progressors (150). In
the DAISY study, slow progressors were characterized by later onset of islet autoimmunity, less
frequent positivity for IAA, and lower levels of autoantibodies, especially IAA, than rapid progressors
(337). Also, the development of multiple autoantibodies was delayed among slow progressors (337).
In a combined analysis of five prospective cohorts that attempted to identify the characteristics of
slow progressors, GADA dominated as the most frequent autoantibody in the first sample positive
for multiple autoantibodies among multipositive children who remained disease-free for over 10 years
after initial seroconversion (338). Furthermore, in children with multiple autoantibodies recruited to
the Type 1 Diabetes TrialNet, GADA positivity indicated reduced risk of progression to diabetes,
while children positive for IA-2A were at increased risk (339).
Considering the IAA vs. GADA-first endotypes, the simultaneous appearance of two other
autoantibodies with primary GADA positivity was reported to promote disease progression (340).
However, no similar effect was observed in the case of primary IAA positivity (340). In children with
IAA as the first autoantibody, IA-2A as the second reactivity predicted rapid disease progression,
while no accelerating effect of GADA as the secondary autoantibody was seen after primary IAA
positivity (340). In the DIPP study, no differences were found in the delay from seroconversion to
diagnosis between children with either IAA or GADA as the primary autoantibody, but the disease
progression was accelerated among children with IA-2A as the primary autoantibody and delayed
among those with ZnT8A as the primary autoantibody (151). Early appearance of ZnT8A in the
disease process has been associated with delayed disease progression (338).
In a subset of multipositive individuals, the loss of IAA positivity has been associated with a
decreased rate of progression to clinical type 1 diabetes after 10 years of follow-up compared with
persistent IAA positivity (194). In contrast, transient GADA positivity has been linked to more rapid
progression in the presence of stable IAA and IA-2A (195).
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Table 2. Factors related to progression rate to type 1 diabetes in the literature.
Characteristic associated with
progression rate to T1D

Effect on disease progression after
appearance of islet autoimmunity

Reference

HLA class II haplotype DRB1*15:01DQA1*01:02-DQB1*06:02
HLA class I B*39 allele

Protective effect in autoantibody-positive
FDRs of patients with T1D
Promotes progression after appearance of
secondary autoantibody, effect enhanced
in individuals with HLA-DR3/DR4 genotype
No effect

333

Protective effect among individuals without
the HLA-DR3/DR4 genotype
Rapid progression in HLA-DQ2 carriers

329

Accelerated progression from multiple
autoantibody positivity to T1D diagnosis in
GADA and/or IAA-positive FDRs of T1D
patients with the HLA-DQ2 haplotype
Favors progression in HLA-DQ8 carriers

330

330

INS gene SNP (rs689)

Accelerated progression from multiple
autoantibody positivity to clinical T1D in IA2A and/or ZnT8A-positive FDRs of T1D
patients with the HLA-DQ8 haplotype
No effect

PTPN22 gene SNP (rs2476601)

Promotes progression to clinical diabetes

240

PTPN2 gene SNP (rs45450798)

Promotes progression to clinical diabetes

128

IKZF4 gene SNP (rs1701704)

Promotes progression to clinical diabetes in
individuals with GADA as the first
autoantibody
Promotes progression to clinical diabetes in
individuals with GADA as the first
autoantibody
Promotes progression to clinical diabetes in
individuals with IAA as the first
autoantibody
Younger age at disease onset

128

Increases the risk of rapid progression

159

Successfully predicted progression

335

Discriminative differences in distributions of
non-HLA SNPs between rapid and slow
progressors
Successfully predicted progression

150

Increases the risk of rapid progression

149, 153

Rapid progression

117, 151

HLA class I B*39 allele
HLA class I A*03 allele
HLA class I B*18 allele
HLA class I B*18 allele

HLA class I A*24 allele
HLA class I A*24 allele

ERBB3 gene SNP (rs2292239)
BACH2 gene SNP (rs3757247)
SLC30A8
SLC30A8 gene SNP (rs1326634)
homozygosity in ZnT8A-positive
children
Genetic risk score combining HLA
and non-HLA genes
Genetic risk score including
predisposing non-HLA SNPs
Genetic risk score including
predisposing non-HLA SNPs and
HLA class I and class II alleles
Multiple autoantibodies at a young
age
IA-2A as the first autoantibody
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328, 330

328

328

128, 240

128
128
336

222, 334
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Delayed development of IA-2A

Slower progression

150

High initial level of IA-2A

Increases the risk of progression

153

High initial level of IAA

Increases the risk of progression

51, 153

Lower initial level of IAA and other
biochemical autoantibodies
Simultaneous appearance of two
other autoantibodies in children with
GADA as the primary autoantibody
ZnT8A as the first autoantibody

Slow progression

337

Accelerated progression

340

Delayed progression

151

Older age at appearance of islet
autoimmunity
Slower development of multiple
autoantibodies
GADA positivity in the first sample
with multiple autoantibodies in
multipositive children
GADA positivity in children with two
autoantibodies
IA-2A positivity in children with two
autoantibodies
Transient IAA positivity

Slow progression

337

Slow progression

337

Delayed progression

338

Reduced risk of progression

339

Increased risk of progression

339

Lower rate of progression

194

Transient GADA positivity

195

Higher BMI SDS

Accelerated progression in individuals with
persistent IAA and IA-2A positivity
Accelerated progression

Reduced first-phase insulin response

Accelerated progression

153

Insulin resistance

No effect

153

153

T1D = type 1 diabetes. SDS = standard deviation score.

Early signs and biomarkers
Dysregulation of glucose metabolism
During the prediabetic disease process signs of metabolic dysregulation can be observed as the betacell damage proceeds (53). Reduced first-phase insulin response (FPIR) in the intravenous glucose
tolerance test predicts progression to clinical diabetes in multipositive children (153). The FPIR
declines rapidly during the last two years before symptomatic diabetes, but decreased responses may
be observed as early as 4–6 years before diagnosis (341, 342).
Increasing levels of glycated hemoglobin (HbA1c) might improve the estimation of the timing
of type 1 diabetes diagnosis. In the DAISY study, increasing HbA1c levels predicted increased risk
of type 1 diabetes independently of random plasma glucose levels or the number of autoantibodies
(343). In the TrialNet study, increased HbA1c values predicted the onset of clinical disease in the
following years (344). In the DIPP series, an increase in HbA1c levels affected both the risk of
diabetes and the delay from the observed rise in HbA1c to diagnosis (345). A consistent increase in
HbA1c values was observed in progressors during the last two years before diagnosis.
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During the oral glucose tolerance test (OGTT) both decreased early and increased late Cpeptide responses indicate increased risk for type 1 diabetes (346). Similarly, impaired fasting glucose
and IGT in OGTT predict progression to overt disease (347). Randomly obtained plasma glucose
measurements might also provide a useful tool for disease prediction, although in the DAISY study
an increase in random plasma glucose values predicted type 1 diabetes only marginally (HR 1.4)
compared with an HR of 6.0 in the DIPP study (343, 347). Furthermore, continuous glucose
monitoring has revealed increased glycemic variability in children with islet autoantibodies and
predicts progression to clinical diabetes in prediabetic children (348).
How the preclinical changes in glucose metabolism relate temporally to the dynamics of islet
autoantibodies is not completely understood. In the TrialNet study, the development of dysglycemia
was associated with IA-2A titers (349). Moreover, insulin-like growth factors (IGFs) are involved in
the regulation of glucose metabolism and might play a role in type 1 diabetes. Decreasing levels of
especially IGF-1 have been observed preclinically in multipositive children and those who later
progress to type 1 diabetes, and after the diagnosis the IGF-1 titers seem to decrease alongside the
declining beta-cell function (350).
Proteomics
Studies on proteomics, metabolomics, and transcriptomics may provide information on the
pathogenesis of type 1 diabetes before the appearance of humoral islet autoimmunity and might reveal
novel biomarkers for the prediction of type 1 diabetes. Some of the recent findings in these fields are
introduced below.
In general, age has a strong influence on the formation of the serum proteome (351). Among
children progressing towards clinical type 1 diabetes, studies on the serum proteome have revealed
an increase in the amount of proteins usually seen during acute inflammation, complement activation,
and adaptive immune responses (352). Serum apolipoproteins M and C-IV have been reported to
differ in levels between autoantibody-positive and -negative individuals (353). In children who later
progress to type 1 diabetes, the expression of proteins involved in oxidative stress responses is
increased already before autoantibody seroconversion compared with healthy controls (354).
Metabolomics
Metabolomic profiles might reflect changes in immunologic or metabolic status during the
pathogenesis of type 1 diabetes. Dysregulation of lipid and amino acid metabolism in the fetal period
might contribute to the process since several changes have been found in the cord blood lipidome of
children who progress to diabetes at a young age, including reduced levels of choline-containing
phospholipids (355, 356). A study on plasma metabolites in early infancy revealed that progression
to clinical diabetes was associated with increased levels of methionine, but decreased abundance of
amino acids, sugar metabolites, and fatty acids, including catabolites derived from microbial origin
(357). The signs of humoral islet autoimmunity appeared to be associated with decreased glutamic
and aspartic acids (357). In infancy, several plasma metabolites, including sphingomyelins,
unsaturated phosphatidylcholines, phosphatidylethanolamines, glucosylceramides, and phospholipid
ethers, have been inversely associated with the risk of developing multiple autoantibodies, whereas
dicarboxylic acids might increase this risk (358). In the longitudinal TEDDY study, several changes
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in plasma metabolites, including reduced plasma proline and branched-chain amino acids, preceded
the appearance of the first islet autoantibody, and especially GABA showed an association with the
IAA-first endotype (359). Furthermore, a longitudinal analysis of peripheral blood mononuclear cell
metabolomics revealed that dysregulation of lipid metabolism in these cells was associated with
progression to type 1 diabetes (360).
Transcriptomics
An analysis of transcriptomic profiles in the whole blood of children with signs of islet autoimmunity
revealed dynamic changes in gene expression in pathways involved in the immune system (361).
Gene expression profiles indicating immunological activation have been observed even prior to the
signs of humoral beta-cell autoimmunity. Both in the Finnish DIPP study and in the German
BABYDIET study, a type I interferon-inducible gene set was found to be transiently increased in
expression before the appearance of islet autoantibodies in children with increased genetic risk for
type 1 diabetes (362, 363). A recent study demonstrated a diminished amount of sulfatide in isolated
pancreatic islets of patients with type 1 diabetes compared with healthy controls, indicating reduced
expression of enzymes participating in sphingolipid metabolism (364). Changes in peripheral blood
lymphocyte expression profiles may also prove useful in the assessment of risk for type 1 diabetes
(365).
T-cell biomarkers
Although several mechanisms involving both innate and adaptive immune responses are likely to
contribute to the pathogenesis of type 1 diabetes, the evidence so far refers to T cells as the primary
mediators (73). Certain T-cell subsets might be useful as biomarkers of treatment efficacy in clinical
trials (71, 366). Follicular and peripheral T helper cells are increased in number before and at
diagnosis of type 1 diabetes and might prove useful as biomarkers for disease prediction (75, 77, 78).
Also functional deficiencies, altered cytokine signaling, and changes in transcriptional profiles of
FOXP3 regulatory T cells have been associated with type 1 diabetes and might provide another
promising approach for the prediction of type 1 diabetes (80, 82, 367–369).

Prevention of type 1 diabetes
The globally rising incidence of type 1 diabetes calls for effective preventive measures (1). No cure
for type 1 diabetes will probably be found before successful prevention. The timeline for prevention
of type 1 diabetes can be staged into four categories: 1) primary prevention before onset of islet
autoimmunity, 2) secondary prevention before diagnosis of type 1 diabetes, 3) tertiary prevention in
newly diagnosed patients to preserve residual β-cell function, 4) and late prevention of secondary
complications in established type 1 diabetes and attempts to revive lost β-cell function.
The JDRF’s global vision is to discover a primary prevention approach safe enough to be
administered to the general childhood population without the evaluation of disease risk (370). A lead
candidate for such a measure would be a preventive vaccine for early immunization (370).
To date, prevention trials carried out in human populations have demonstrated only limited
success in achieving their goal (371). Some past and ongoing trials are summarized in Table 3. The
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most promising results have been achieved in studies of teplizumab (71), rituximab (56), alefacept
(72), abatacept (366), and anti-thymocyte globulin (372). Also, a transient benefit after the
administration of oral insulin was seen in a subgroup of individuals with high IAA levels in the
Diabetes Prevention Trial-Type 1 trial (373).
The main obstacles to successful prevention of type 1 diabetes derive from the incomplete
understanding of disease heterogeneity and pathomechanisms and the lack of biomarkers for costeffective screening. Improved biomarkers are needed to target appropriate interventions to suitable
populations (371). Some beneficial effects in the past trials may not have been observed due to
suboptimal study design (371). Considering the optimal selection of the study population, the disease
stage, and the applied intervention in prevention trials, the dilemma exists that in the early stages of
the disease process more effective interventions may be used, but the disease prediction is poorer and
a larger population is predisposed to potential side effects of the treatment. In contrast, in later stages,
the disease prediction is more precise, but applicable interventions are less effective due to the already
advanced disease process (374).
Consideration of these aspects in future trial design might improve the probability of observing
a beneficial effect. The use of combination therapies targeting multiple facets of the disease
pathogenesis might generate better results than a single-target therapy alone. The key to achieving
sufficient resources for carrying out successful prevention trials is an active collaboration globally.
Shorter and more affordable pilot studies should be encouraged to identify the best intervention
candidates for larger clinical trials (371). The primary focus in intervention trials should, however,
always be on clinically meaningful improvements. Even mild preservation of the beta-cell function
is a victory for patients living with type 1 diabetes.

Ethical issues on disease prediction and prevention
Delay of onset of type 1 diabetes might have meaningful positive effects on the social, emotional,
mental, and physical development of young patients en route to type 1 diabetes. Delayed onset of the
clinical disease could provide young individuals more disease-free time in their teenage years, during
which the compliance to treatment is often poor due to challenges of insulin therapy, and glycemic
control is often affected by this (375). Life expectancy is the lowest among patients who have been
diagnosed at a young age, emphasizing the importance of at least delaying the onset of type 1 diabetes
(3, 4). Young age at diagnosis might also increase the lifetime risk of secondary complications due
to the longer disease duration (3).
Children participating in prospective follow-up studies are diagnosed at an earlier and
metabolically less severe stage of the disease pathogenesis than the background population, probably
due to the increased education of the families about the symptoms of type 1 diabetes (376). Increased
awareness of the symptoms in general might promote earlier contact with healthcare.
On the other hand, the screening for risk of type 1 diabetes raises a range of ethical concerns.
Awareness of the disease risk might cause anxiety and psychological discomfort in study participants
and their families (377). However, enrollment in follow-up studies might also decrease parental stress
and improve quality of life and glycemic control in participants affected by type 1 diabetes (378,
379). In general, parents prefer to be informed about the high risk of type 1 diabetes in their offspring,
even if no preventive measure is available (380). In prospective studies, screening for genetic risk of
newborn infants occurs often in the days immediately following birth, which is a sensitive period for
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mothers psychologically, especially concerning the wellbeing and health of their babies. Increased
maternal anxiety is a common response to the information that the child is at genetic risk of diabetes
(381). However, the increased anxiety usually dissipates over time (377).
As an essential part of screening and prevention strategies in follow-up studies, a
communication protocol might be considered to avoid misunderstandings and potential psychological
harm to study participants and their families. This also requires good communication skills and
emotional sensitivity of the study personnel to detect any ethical concerns that may arise. Behavior
rating scales for the assessment of parental attitudes might prove helpful in targeting parent education
efforts in studies screening for risk of type 1 diabetes in pediatric populations (382).
Table 3. Some previous and ongoing trials aimed at preventing type 1 diabetes.
Study

Intervention

Stage

Outcome achieved

TRIGR
BABYDIET
DIPP
DPT-1

Hydrolyzed casein formula
Gluten-free diet during first year
Intranasal insulin
Oral insulin

Primary
Primary
Secondary
Secondary

DPT-1
Belgian Diabetes
Registry

Parenteral insulin
Subcutaneous insulin

Secondary
Secondary

No
No
No
Transient benefit in
subgroup with high
IAA levels
No
No

INIT-II
TrialNet
Pre-POINT

Intranasal insulin
Oral insulin
Oral/intranasal insulin

Secondary
Secondary
Primary

DIAPREV-IT
DIAPREV-IT2
TrialNet

Alum-GAD (Diamyd ®)
Alum-GAD + Vitamin D3 2000 IU/d
Teplizumab (anti-CD3 monoclonal
antibody)
Abatacept
Docosa-hexaenoic acid
Nicotinamide (vitamin B3)
Nicotinamide
Canakinumab
GAD vaccine
Mycophenolate mofetil/daclizumab
Rituximab
Otelixizumab
Alefacept
Anti-thymocyte globulin
Hydroxychloroquine
Etanercept

Secondary
Secondary
Secondary

Ongoing
No
Yes (immune
response to insulin)
No
Ongoing
Yes

Tertiary
Primary
Secondary
Secondary
Tertiary
Tertiary
Tertiary
Tertiary
Tertiary
Tertiary
Tertiary
Secondary
Tertiary

Yes
No
No
No
No
No
No
No long-term effect
No
Yes
Yes
Ongoing
Yes (pilot)

TrialNet
TrialNet NIP
ENDIT
DENIS
TrialNet, AIDA
TrialNet
TrialNet
TrialNet
DEFEND-1
T1DAL
TrialNet
TrialNet
University of
Buffalo, USA
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AIMS OF THE STUDY
This thesis focuses on assessing the dynamics of islet autoantibodies in childhood, from birth up to
15 years of age, and on identifying the demographic, genetic, and immunological characteristics of
rapid and slow progression to clinical type 1 diabetes in children with increased HLA-conferred risk
for type 1 diabetes recruited from the general population.
The main aims of the thesis were as follows:
1. To determine the genetic, immunological, and demographic characteristics of rapid disease
progression from seroconversion to autoantibody positivity.
2. To determine the genetic, immunological, and demographic characteristics of slow disease
progression from seroconversion to autoantibody positivity.
3. To assess the seroconversion dynamics of individual islet autoantibodies during prospective
follow-up from birth up to 15 years of age.
4. To evaluate the predictive value of autoantibody testing for clinical type 1 diabetes and to
describe systematically for the first time the role of ZnT8A in this context.
5. To examine the role of primary autoantibodies in disease progression.
6. To assess the role of inverse seroconversions and autoantibody fluctuations in disease
progression.
7. To examine the value of ICA in the prediction of type 1 diabetes.
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SUBJECTS AND METHODS
Study subjects
Type 1 Diabetes Prediction and Prevention (DIPP) Study
The DIPP study is a prospective Finnish general population-based birth cohort study carried out in
the university hospitals of Turku, Oulu, and Tampere. The DIPP study aims at monitoring the signs
of humoral islet autoimmunity and progression to clinical type 1 diabetes among individuals with
increased HLA-conferred risk for type 1 diabetes and at identifying measures for preventing or
delaying the manifestation of clinical type 1 diabetes in at-risk individuals. The recruitment was
launched in Turku University Hospital in 1994, in Oulu University Hospital in 1995, and in Tampere
University Hospital in 1997 and is ongoing.
Newborn infants born in the participating hospitals are screened for HLA risk genotypes from
cord blood. Families with an infant carrying an eligible genotype are invited to participate in the study
follow-up starting from the age of 3 months (383). Islet autoantibodies are analyzed as markers of
beta-cell autoimmunity from venous blood samples obtained at regular clinical visits. In Oulu and
Tampere, the children are seen at the ages of 3, 6, 12, 18, and 24 months and annually thereafter, and
in Turku every 3 months up to the age of 2 years and thereafter every 6 months. Children testing
positive for autoantibodies are invited to visits every 3 months. According to the DIPP study design,
the visits continue up to the diagnosis of type 1 diabetes or to the age of 15 years. Children with
multiple autoantibodies may continue in the follow-up after the age of 15 years. Efforts are made to
minimize the dropout rate during the follow-up. Infants with severe congenital abnormalities or
disease are excluded from the study. Families with no common language (i.e. Finnish, Swedish, or
English) with the study personnel are also excluded.
The current DIPP study cohorts were recruited in 1994–2003. At the time, the three hospitals
together covered a population of approximately 1.2 million (24% of the total population in Finland),
and the number of annual births in these hospitals was around 11 000 (20% of the total number of
annual births in Finland). Between 1994 and 1998, more than 90% of the babies born annually in
these hospitals took part in the HLA screening (383). Thereafter, the proportion decreased gradually
to an estimated 80%. By the end of July 1997, written informed consent had been obtained for 12 170
newborns, all of whom underwent HLA screening (112). By the end of July 2003, altogether 75 813
infants had attended the HLA screening (8).
Publication I
In Study I, the first 1006 children (53% boys) recruited to the DIPP study in 1994–1997 were followed
from birth up to 15.5 years of age for the development of islet autoantibodies and for progression to
clinical type 1 diabetes (Table 4). Follow-up visits after the age of 14.5 years were considered as the
final study visits. Venous blood samples obtained before the age of 15.5 years were included in the
detailed autoantibody analyses. Altogether 542 children (55.8%) completed the 15-year follow-up.
In Study I, all available samples from the 1006 children were analyzed for ICA, IAA, GADA, IA2A, and ZnT8A.
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By the age of 15.5 years, 35 children (3.5%) had progressed to type 1 diabetes. Among the
progressors, two had their first autoantibody-positive sample at diagnosis and were therefore
excluded from the autoantibody analyses. Both children had dropped out from the active follow-up
several years before the diagnosis (3.6 and 10.4 years). Autoantibody data at diagnosis were available
for 34 progressors. In Study I, autoantibody titers were compared between progressors and multiple
autoantibody-positive controls matched for the closest date of birth (+/- 3 months), DIPP study center,
HLA risk genotype, and sex.
Publications II and III
To identify the characteristics of rapid and slow progression from seroconversion to type 1 diabetes,
7410 HLA-predisposed children (52.6% boys) recruited to the DIPP study between November 1994
and July 2003 were followed from birth until the end of December 2015 (Table 4). The children in
the study cohort had attended the DIPP follow-up visits for at least one year before the end of 2003
or had been diagnosed with type 1 diabetes before the age of one year by the end of 2003. The first
1006 children included in Study I were also included in Studies II and III.
Among the 7410 children, 13 (0.2%) had developed clinical type 1 diabetes without any
detectable autoantibody positivity and were therefore excluded from the autoantibody analyses.
Twelve of the 13 children had a long time (3–12 years) since the last autoantibody sampling before
diagnosis, which might have contributed to the absence of detectable autoantibodies. Fourteen
children (0.2%) had their first autoantibody-positive sample at the diagnosis of type 1 diabetes. Since
the delay from seroconversion to diagnosis could not be defined in these children, they were excluded
from the autoantibody analyses in Studies II and III.

Methods
Genetic screening
Analyses of HLA genotypes
Screening for the major type 1 diabetes-risk associated HLA-DR/DQ haplotypes from cord blood was
performed by using polymerase chain reaction (PCR) amplification, followed by time-resolved
fluorometry with lanthanide-labeled allele sequence-specific oligonucleotide probes, as previously
described (384, 385). The risk conferred by some of the HLA class II genotypes is shown in Table 1.
Analyses of non-HLA genotypes
Non-HLA SNPs in Studies II and III were analyzed by using the Sequenom (San Diego, California,
USA) platform at the Genome Center of Eastern Finland, University of Eastern Finland, Kuopio,
Finland. The SNP marker analysis was considered successful if the proportion of failed SNP analyses
remained below 10% (386). According to the original research setting, SNP markers were analyzed
from DIPP study participants who had tested positive for ICA and for at least one additional
biochemical autoantibody (IAA, GADA, and/or IA-2A) and from their autoantibody-negative
controls (two controls per case) matched for the closest date of birth, sex, and study center (128).
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Non-HLA SNPs predisposing to type 1 diabetes were selected for the current analysis by using
ImmunoBase, a web-based resource providing information on the genetics of immune-mediated
diseases in man (www.immunobase.org, formerly www.t1database.org). In Study II, predisposing
SNPs of 25 non-HLA genes were analyzed to assess their potential association with rapid disease
progression (Table 5). In Study III, additional SNPs were included and altogether 45 non-HLA SNPs
were investigated for associations with delay from seroconversion to diagnosis among progressors,
age at seroconversion, age at diagnosis of type 1 diabetes, delay from single to multiple autoantibody
positivity, and disease-free time from seroconversion in children with confirmed autoantibody
positivity (Table 5).

Table 4. DIPP study cohorts in Studies I–III. Continuous variables are medians (range). *One
progressor was excluded from the autoantibody analyses in Study III since only one autoantibodypositive sample was available at the age of 3 months. In this case, maternal autoantibody positivity
could not be excluded.
Publication I
DIPP cohort (n=1006)

Publications II and III
DIPP cohort (n=7410)

DIPP study center

Turku, Oulu

Turku, Oulu, Tampere

Recruitment

Born between November
1994 and July 1997

Followed for ≥one year or
progressed to T1D before
the age of one year by the
end of 2003

Follow-up period in the current study

Until the age of 15.5 years

Until 31 December 2015

Timing of study visits

Every 3–12 months from
birth

Every 3–12 months from
birth

Sex, boys

533 (53.0%)

3895 (52.6%)

High-risk HLA-DQB1*02/*03:02 genotype

252 (25.0%)

1575 (21.3%)

Progression to type 1 diabetes

35 (3.5%)

Study II 248 (3.3%)
Study III 247 (3.3%)*

Follow-up time from birth including
progressors, years

14.9 (1.9–15.5)

16.2 (0.9–21.1)

Follow-up time from birth excluding
progressors, years

15.0 (1.2–15.5)

NA

Age at diagnosis of type 1 diabetes, years

8.0 (2.1–14.2)

7.6 (0.9–18.0)

Age at seroconversion, years

7.4 (0.3–15.1)

5.0 (0.2–15.1)

Time from seroconversion to diagnosis,
years

3.8 (0.1–11.1)

4.0 (0.02–17.0)

Clinical characteristic
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Table 5. Investigated non-HLA SNPs in Studies II and III.
Chromosome

SNP

Gene

Minor /

Risk genotype

Reference

Study

major allele
1p13.2

rs2476601

PTPN22

A/G

AA, AG

237

II, III

11p15.5

rs689

INS

T/A

AA

211

II, III

10p15.1

rs12722495

IL2RA

G/A

AA, AG

216

II, III

10p15.1

rs2104286

IL2RA

G/A

AA, AG

386

II, III

12q13.2

rs1701704

IKZF4

C/A

CC, AC

214

II, III

12q13.2

rs2292239

ERBB3

A/C

AA, AC

210

II, III

1q31.2

rs2816316

RGS1

G/T

TT

216

II, III

2q33.2

rs3087243

CTLA4

A/G

GG, AG

210

II, III

4q27

rs17388568

ADAD1/IL2

A/G

AA, AG

210

II, III

18q11.2

rs45450798

PTPN2

C/G

GG, CG

216

II, III

2q24.2

rs1990760

IFIH1

C/T

TT, CT

210

II, III

6q15

rs3757247

BACH2

A/G

AA, AG (only GADA+)

129, **212

II, III

12q24.1

rs3184504

SH2B3

A/G (T/C)

AA, AG (TT, CT)

210

II, III

15q25.1

rs3825932

CTSH

C/T

TT

212

II, III

16p13.1

rs12708716

CLEC16A

G/A

AA, AG

210

II, III

19q13.4

rs601338

FUT2

A/G

AA (non-secretor)

220

II, III

1p31.1 (non-

rs630115

LOC646538

A/G

GG, AG

***217, 386

II, III

rs17574546

RASGRP1

C/A

CC, AC

213

II, III
II, III

confirmed)
15q14
10p11.2

rs2666236

NRP1

A/G (T/C)

AA, AG (TT, CT)

210

2q32.2

rs7574865

STAT4

T/G

TT, GT

213

II, III

18q22.2

rs763361

CD226

T/C

TT, CT

210

II, III

1q32.1

rs3024505

IL10

T/C

CC, CT

208

II, III

3p21.3

rs11711054

CCR3-CCR5

G/A

GG, AG

208, 216

II, III

12p13.3

rs3764021

CLEC2D

T/C (A/G)

CC (GG)

210

II, III

6q23.3

rs6920220

TNFAIP3

A/G

AA, AG

221

II

16p13

rs2903692

KIAA0350

A/G

GG, AG

217

III

/CLEC16A
Chr 10

rs11594656

IL2RA/CD25

A/T

TT, AT

210

III

11p15.5

rs3842729

INS

C/T

CC

236

III

Chr 8

rs13266634

SLC30A8

C/T

CC, TT homozygotes

159

III

(ZnT8A+)
12q24

rs17696736

NAA25

G/A

GG, AG

210

III

Chr 2

rs2111485

IFIH1

A/G

GG, AG

218, 221

III

Chr 7

rs6965571

GIMAP5

A/G

GG, AG

387

III
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Chr 7

rs2286899

GIMAP5

C/T

TT, CT*

387

III

Chr 7

rs10361

GIMAP5

C/G

GG, CG*

387

III

Chr 7

rs2293174

GIMAP4

C/A

AA, AC*

387

III

Chr 7

rs2373816

GIMAP4

G/A

GG, AG*

387

III

Chr 3

rs4402960

IGF2BP2

G/T

GG risk genotype

388

III

for T2D*
4q27

rs4505848

KIAA1109/IL2

A/G

susceptible locus

208

III

Chr 10

rs41295061

IL2RA

C/A

CC, AC

221

III

12p13.31

rs4763879

CD69

G/A

AA, AG

208

III

1p13.2

rs6679677

PHTF1

C/A

AA, AC

210

III

2q12.1

rs917997

IL18RAP

A/G

GG, AG

216

III

2p13

rs6546909

DQX1

T/A

AA, AT

210

III

2q11

rs9653442

AFF3-

G/A (C/T)

GG, AG (CC, CT)

210

III

LOC150577
10p15.1

rs11258747

PRKCQ

T/G

TT

208

III

13q32

rs9585056

GPR183/EBI2

C/T

CC, CT

219

III

*No association with type 1 diabetes reported. **Association with type 1 diabetes reported for
another BACH2 gene SNP (rs11755527) in high linkage disequilibrium with the investigated
rs3757247 SNP (r2=0.94). ***Association with type 1 diabetes reported for another LOC646538 gene
SNP (rs672797) in complete linkage disequilibrium with the investigated rs630115 SNP (r2=1).

Autoantibody analyses
The analyses of type 1 diabetes-associated autoantibodies were carried out in the Research
Laboratory, Department of Pediatrics, University of Oulu, Oulu, Finland, except in the case of
ZnT8A, which were analyzed in the PEDIA Laboratory, University of Helsinki, Helsinki, Finland.
The primary screening in the DIPP study was ICA-based from 1994 to 2002. Three biochemical
autoantibodies, IAA, GADA, and IA-2A, were analyzed from all earlier and subsequent samples of
study participants who tested positive for ICA or were diagnosed with clinical type 1 diabetes. All
samples from participants born in 2003 onwards were analyzed directly for ICA, IAA, GADA, and
IA-2A. Furthermore, all samples obtained from the first 1006 DIPP children born in 1994–1997 were
analyzed directly for ICA, IAA, GADA, and IA-2A, and subsequently also for ZnT8A.
ICA were analyzed by using a standardized indirect immunofluorescence method on sections
of frozen human blood group O donor pancreas (16). The ICA titers were expressed in JDF units
(JDFU). The detection limit for ICA positivity was 2.5 JDFU. The biochemical autoantibodies IAA,
GADA, IA-2A, and ZnT8A were analyzed by using specific radiobinding assays, as previously
described (154, 164, 389–391). Autoantibody titers of the biochemical autoantibodies were expressed
in relative units (RU), reflecting the specific binding of autoantibodies to their antigens. The RU were
based on a standard curve run on each assay plate by using the MultiCalc software (PerkinElmer Life
Sciences-Wallac, Inc., Turku, Finland). Cut-off values for autoantibody positivity were set at the 99th
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percentile levels in 370–374 non-diabetic Finnish children (IAA, 3.48 RU; GADA 5.36 RU; IA-2A,
0.43 RU; ZnT8A, 0.61 RU). Before analyses, all serum samples were stored at –70°C. All samples
with autoantibody titers between the 97th and 99.5th percentile values of the reference population were
reanalyzed to confirm the result.
According to the results of the Diabetes Autoantibody Standardization Program (DASP) and
the Islet Autoantibody Standardization Program (IASP) between 2010 and 2016, the sensitivities of
the IAA, GADA, IA-2A, and ZnT8A radiobinding assays were 36–62%, 64–88%, 62–72%, and 62–
70%, respectively. The corresponding specificities were 94–98%, 94–99%, 93–100%, and 99–100%.
Definitions
In Studies I and III, confirmed autoantibody positivity was defined as positivity for at least one
autoantibody in at least two consecutive samples before diagnosis of type 1 diabetes. In Study II,
confirmed seroconversion was defined as positivity for at least one autoantibody in at least two
samples, and also five children who had been diagnosed with classical type 1 diabetes, but had tested
autoantibody-positive in only one sample before the diagnosis were considered as autoantibodypositive progressors.
The date of seroconversion to autoantibody positivity was defined as the date of draw of the
first autoantibody-positive sample. Multipositivity was defined as positivity for two or more
autoantibodies in the same sample. Primary autoantibody was defined as the first-appearing single
autoantibody. Autoantibody titers in all studies were compared among individuals positive for the
specific autoantibody reactivity. Inverse seroconversion was defined as becoming permanently
autoantibody-negative after testing autoantibody-positive. Fluctuating autoantibody positivity was
defined as one or more autoantibody-negative samples between positive samples. In the DIPP study,
infants with transplacentally transferred maternal autoantibodies were excluded from the
autoantibody analyses if no de novo synthesis of islet autoantibodies was detected. Progressors were
defined as participants who were diagnosed with type 1 diabetes.
Type 1 diabetes was diagnosed according to the World Health Organization criteria (392).
Whenever possible, the date of diagnosis of type 1 diabetes was verified by using the data of the
Finnish Pediatric Diabetes Register, which covers over 90% of children under the age of 16 years
diagnosed with type 1 diabetes in Finland since 2002. An autoantibody sample was considered to be
obtained at the time of diagnosis if it was drawn within two weeks before or after the date of diagnosis.
In the DIPP study, information on the affected FDRs of the study children was attained by using
structured questionnaires completed by the parents shortly after the birth of the index child.
Progression to type 1 diabetes was considered to be rapid if type 1 diabetes was diagnosed
within 1.5 years (18 months) from seroconversion to autoantibody positivity. The rationale for this
definition was to identify approximately one-fifth of the study population with the most rapid disease
progression. Although there was no biological evidence to support the selected cut-off, this definition
was chosen based on practical aspects, for instance, that the individuals with aggressive islet
autoimmunity would likely comprise one of the main target groups for future preventive
interventions. In this regard, we considered that it takes a couple of months to confirm autoantibody
positivity, exclude clinical type 1 diabetes, and recruit the child to a clinical trial. On the other hand,
if a preventive treatment is successful, the effect will become apparent in a short period of time.
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Disease progression was considered as slow in cases where the delay from seroconversion to
diagnosis lasted for at least 7.26 years (87 months). This cut-off was set at the 75th percentile value
of the delay to diagnosis observed among progressors in the DIPP study cohort. Again, no biological
evidence supports the selected cut-off, but this definition provided a favorable setting to investigate
the factors related to a considerably longer delay from seroconversion to diagnosis than seen among
most progressors in the DIPP study cohort. As the definitions of rapid and slow progression were
partly data-driven, the generalizability of the results might be limited.
In Study III, multipositive non-progressors were defined as participants with multiple
autoantibodies who had been monitored for at least 7.26 years after seroconversion to autoantibody
positivity, but had remained unaffected by type 1 diabetes by 31 December 2015 (n=198).
Data management and statistical methods
IBM SPSS predictive analytics software for Macintosh (versions 22.0 and 25.0, IBM Corp., Armonk,
NY, USA) was applied for statistical analyses. The confidence interval (CI) was set at 95% and the
statistical significance at P<0.05 (two-tailed). To test statistical differences, cross-tabulation,
Pearson’s χ2 test, Fisher’s exact test, the Mann-Whitney U test, and the Kruskall-Wallis test were
used, when applicable. Sensitivity and specificity values were calculated as previously described
(393). Survival distributions were analyzed by using the log-rank test (Kaplan-Meier analysis). In
Study I, survival tables were created by applying the GraphPad Prism 8 Software for Mac Os X. In
Study II, Cox regression analyses were applied to identify independent variables predictive of rapid
progression to type 1 diabetes.
In the SNP association analyses, the high possibility of false-positive associations caused by
multiple statistical testing was taken into consideration. In Study II, the P-values of the multiple
comparisons were corrected by using the Bonferroni correction. In Study III, the false discovery rate
was controlled by using the Benjamini-Hochberg step-up procedure applying the cumulative
minimum principle (R Software for Statistical Computing for Macintosh, version 3.3.3, R
Foundation, Vienna, Austria) (394). Corrections for multiple comparisons were not applied in the
data analysis in Study I due to the overly conservative nature of the Bonferroni correction. The
observed associations were, however, interpreted cautiously.
Ethical considerations
The DIPP study protocol was approved by the local ethics committees of the participating hospitals.
The study has been carried out in accordance with the principles of the Declaration of Helsinki as
revised in 2008. The legal guardians of the newborn infants gave written informed consent for HLA
screening and for participation in the DIPP study follow-up.
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RESULTS
Dynamics of islet autoantibodies from birth up to 15 years of age
In Study I, the 1006 HLA-predisposed children, including progressors to type 1 diabetes, were
followed from birth over a median time of 14.9 years (range 1.9–15.5 years) (Table 4). In total, 542
participants (55.8%) completed the 15-year follow-up. By 15.5 years of age, type 1 diabetes was
diagnosed in 35 children (3.5%), and confirmed seroconversion to autoantibody positivity was
detected in 275 children (27.3%), including 32 progressors.
Age-related dynamics of islet autoantibodies
Over the first 15 years, there were marked differences in the age-related behavior of individual
autoantibodies. The overall seroconversion rate accelerated towards puberty, mostly due to low-titer
ICA seroconversions. The cumulative proportions of all autoantibodies increased up to 15 years of
age (Table 6). There was no difference in the overall seroconversion rate between boys and girls with
increasing age (Table 7). To examine the dynamics of islet autoantibodies, we calculated
seroconversion rates of each autoantibody reactivity in four age periods (Table 6). The low-titer ICA
seroconversion rate increased continuously, while the seroconversion rates of biochemically defined
autoantibodies and high-titer ICA decreased with advancing age. In children under the age of 3 years,
IAA prevailed as the most common autoantibody, but after 3 years of age, ICA exceeded IAA as the
predominant autoantibody (Figure 2).
Cumulative proportion of children with autoantibodies

0.4
ICA
IAA
GADA
IA-2A
ZnT8A

0.3

0.2

Figure 2. Development of ICA,
IAA, GADA, IA-2A, and ZnT8A
by 15.5 years of age.

0.1

Reproduced with permission from
J Clin Endocrinol Metab.
0.0

0

5

10

15

Age, years
All

N=1006

N=898

N=711

N=542

ICA
IAA
GADA
IA-2A
ZnT8A

N=1006
N=1006
N=1006
N=1006

N=842
N=861
N=871
N=877

N=589
N=674
N=675
N=691

N=378
N=512
N=512
N=528

N=1006

N=872

N=691

N=528
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Table 6. Cumulative frequencies of autoantibodies by the age of 15.5 years, median age at seroconversion, and seroconversion rates in four age
periods (0–1.99, 2–4.99, 5–9.99, and 10–15.5 years) among the 1006 HLA-susceptible children in Study I.
JDFU=Juvenile Diabetes Foundation units. Reproduced with permission from J Clin Endocrinol Metab.
Autoantibody type

Median age at
seroconversion, years
(range)

Seroconversions per 100 follow-up years
0–1.99 years

2–4.99 years

5–9.99 years

10–15.5 years

ICA, ≥2.5 JDFU

245 (24.4)

8.1 (0.5–15.1)

1.2

1.5

2.3

2.8

ICA, ≥10 JDFU

72 (7.2)

4.2 (0.5–14.5)

1.1

0.6

0.5

0.4

IAA

69 (6.9)

2.5 (0.5–14.0)

1.4

0.6

0.4

0.2

GADA

69 (6.9)

5.0 (0.8–12.9)

0.9

0.6

0.6

0.3

IA-2A

42 (4.2)

4.1 (1.0–12.1)

0.5

0.6

0.3

0.1

ZnT8A

48 (4.8)

3.1 (0.3–15.0)

0.8

0.6

0.3

0.1

At least 1 autoantibody

275 (27.3)

7.4 (0.3–15.1)

2.0

1.8

2.5

2.7

At least 1 autoantibody, ICA ≥10 JDFU

126 (12.5)

4.0 (0.3–14.5)

2.0

1.2

0.9

0.5

At least 1 biochemical autoantibody

113 (11.2)

4.0 (0.3–14.0)

1.7

1.1

0.9

0.5

Multiple (≥2) autoantibodies

71 (7.1)

4.0 (0.8–14.4)

1.1

0.6

0.5

0.4

Multiple biochemical autoantibodies

50 (5.0)

3.0 (0.8–12.1)

1.0

0.5

0.3

0.1
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Cumulative frequency of
autoantibody positivity at
15.5 years (%)

Table 7. Seroconversion rate to autoantibody positivity in boys vs. girls in the age periods of 0–4.99, 5–9.99, and 10–15.5 years.
Sex

Cumulative frequency of autoantibody
positivity at 15.5 years

Pvalue

N (%)

Age at seroconversion, years

Pvalue

Median (range)

Seroconversions per 100 follow-up years
0–4.99 years

5–9.99 years

10–15.5 years

1.0

1.3

1.5

0.9

1.2

1.2

0.7

0.6

0.4

0.6

0.3

0.1

Pvalue

With ICA
Boys

146 (27.4)

Girls

129 (27.3)

0.97

7.3 (0.3–15.0)
7.4 (0.3–15.1)

0.96

0.92

Without ICA
Boys

70 (13.1)

Girls

43 (9.1)

0.04

5.0 (0.3–14.0)
3.5 (0.3–12.0)

0.10

0.22

Results
Development of multipositivity

Cumulative proportion of children with multiple autoantibodies

The cumulative proportion of multipositive children grew steadily up to 15 years of age, but only four
children turned positive for multiple biochemical autoantibodies after the age of 10 years (Figure 3).

Multiple autoantibodies with ICA
Multiple biochemical autoantibodies

0.10

0.05

0.00

0

5

10

15

Age, years
N=1006
N=1006

N=946
N=949

N=869
N=873

N=679
N=689

N=514
N=529

Figure 3. Development of multiple autoantibodies by the age of 15.5 years with and without ICA in
the analysis. Reproduced with permission from J Clin Endocrinol Metab.

Effect of HLA genotype on islet autoimmunity
By 15 years of age, 8.3% of children with the high-risk HLA-DQB1*02/*03:02 genotype and 1.9%
of those with moderate-risk HLA-DQB1*03:02/x (x≠*02, *03:01, *06:02) genotypes had progressed
to type 1 diabetes. At 15 years, the proportions of children in the HLA risk groups remained virtually
unaltered, with 136 children (25.1%) in the high-risk and 406 children (74.9%) in the moderate-risk
HLA group (Table 4). The high-risk genotype increased the risk of islet autoimmunity compared with
moderate-risk genotypes (36% vs. 24%; P<0.001; screening without ICA 18% vs. 9%; P<0.001).
Among the seroconverted children, the high-risk HLA genotype was associated with an increased
frequency of IAA (33% vs. 21%; P=0.03), GADA (36% vs. 20%; P=0.003), and multiple
autoantibodies (35% vs. 21%; P=0.01; screening without ICA 29% vs. 13%; P=0.002), but was not
significantly associated with positivity for ICA (90% vs. 89%; P=0.70), IA-2A (21% vs. 13%;
P=0.07), or ZnT8A (23% vs. 15%; P=0.08) compared with moderate-risk genotypes.
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Primary autoantibodies in different age groups
The primary autoantibody profiles at initial seroconversion showed unique characteristics in different
age groups. In young children, IAA and ZnT8A appeared commonly as the first autoantibody, but at
preschool age IA-2A- and GADA-initiated islet autoimmunity became common. ICA as the single
first autoantibody increased towards puberty (Figure 4). Multipositive seroconversions occurred most
frequently in the youngest age groups. The primary ICA seroconversion rate accelerated continuously
up to the age of 15 years, but primary seroconversions positive for biochemical autoantibodies peaked
already at a young age. The only exception was seen in the case of primary GADA seroconversion
rate, which continued to remain stable throughout childhood (Table 8).
Primary autoantibodies at seroconversion in progressors and non-progressors
Consistently with the age-associated profiles, the primary autoantibodies at seroconversion showed
conspicuous differences between progressors and non-progressors (Table 9). In progressors, the
primary autoantibody was in most cases either IAA or ZnT8A among those who were not
multipositive at seroconversion, whereas in multipositive non-progressors it was mostly GADA.
Accordingly, GADA as the single first autoantibody was rarely seen among progressors. This was
considered to reflect the fact that ICA might overlap with positivity for the biochemical
autoantibodies. Therefore, the analysis was also carried out without ICA. However, even when ICA
was excluded from the analysis, primary GADA positivity remained rare among progressors, but was
associated with multipositive non-progressors (Table 9). Notably, ICA as the single primary
autoantibody at seroconversion implied non-progressive autoimmunity regardless of the ICA titer.

Figure 4. Autoantibody profiles at initial seroconversion in the age groups 0–2 (N=41, a), 2–5 (N=51, b), 5–
10 (N=97, c), and 10–15.5 (N=86, d) years. *P<0.05 compared with all other groups, †P<0.05 a vs. b, a vs. c,
a vs. d, b vs. c, b vs. d, ‡P<0.05 a vs. b, a vs. c, a vs. d, b vs. c, §P<0.05 a vs. c, a vs. d. Reproduced with
permission from J Clin Endocrinol Metab.

59

Results
Table 8. Autoantibodies at primary seroconversion and the rates of primary seroconversions positive
for each autoantibody in four age periods with ICA (A) and without ICA (B) in the analysis.
A

With ICA

N (% of primary seroconversions in the age period)b

Autoantibody positivity
ICA
IAA
GADA
IA-2A
ZnT8Aa
Multiple (≥2) AABs
Multiple biochemical AABs

0–1.99 years
2–4.99 years
5–9.99 years
10 (24.4)
25 (49.0)
75 (77.3)
24 (58.5)
14 (27.5)
10 (10.4)
8 (19.5)
11 (21.6)
15 (15.5)
1 (2.4)
3 (5.9)
3 (3.1)
11 (35.5)
9 (18.4)
2 (3.0)
9 (22.0)
5 (9.8)
7 (7.2)
7 (17.1)
5 (9.8)
1 (1.0)
Primary seroconversions per 100 follow-up years*
0–1.99 years
2–4.99 years
5–9.99 years
0.5
0.9
1.9
1.2
0.5
0.3
0.4
0.4
0.4
0.0
0.1
0.1
0.5
0.3
0.1
0.4
0.2
0.2
0.3
0.2
0.0

ICA
IAA
GADA
IA-2A
ZnT8A
Multiple (≥2) AABs
Multiple biochemical AABs

B

Without ICA

N (% of primary seroconversions in the age period)d

Autoantibody positivity
IAA
GADA
IA-2A
ZnT8Ac
Multiple biochemical AABs

0–1.99 years
2–4.99 years
5–9.99 years
24 (70.6)
14 (46.7)
12 (35.3)
8 (23.5)
11 (36.7)
18 (52.9)
1 (2.9)
4 (13.3)
3 (8.8)
11 (45.8)
9 (32.1)
3 (11.5)
7 (20.6)
5 (16.7)
1 (2.9)
Primary seroconversions per 100 follow-up years*
0–1.99 years
2–4.99 years
5–9.99 years
1.2
0.5
0.3
0.4
0.4
0.5
0.0
0.1
0.1
0.5
0.3
0.1
0.3
0.2
0.0

IAA
GADA
IA-2A
ZnT8A
Multiple biochemical AABs
a

10–15.5 years
76 (88.4)
2 (2.3)
9 (10.5)
1 (1.2)
0 (0.0)
2 (2.3)
0 (0.0)
10–15.5 years
2.4
0.1
0.3
0.0
0.0
0.1
0.0

10–15.5 years
3 (20.0)
10 (66.7)
1 (6.7)
1 (20.0)
0 (0.0)
10–15.5 years
0.1
0.3
0.0
0.0
0.0

ZnT8A data available at primary seroconversion for 159 children.
Primary seroconversions in the age period 0–1.99 years, n=41; 2–4.99 years, n=51; 5–9.99 years,
n=97; 10–15.5 years, n=86.
c
ZnT8A data available at primary biochemical autoantibody seroconversion for 83 children.
d
Primary seroconversions without ICA in the age period 0–1.99 years, n=34; 2–4.99 years, n=30; 5–
9.99 years, n=34; 10–15.5 years, n=15.
*Primary seroconversions positive for autoantibody reactivity per 100 follow-up years.
AAB=autoantibody. Reproduced with permission from J Clin Endocrinol Metab.
b
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Table 9. Primary autoantibody signatures in progressors, multipositive non-progressors, and single autoantibody-positive non-progressors with
and without ICA in the analysis.
Total

Progressors

Multipositive non-progressors

Single AAB-positive
non-progressors

With ICA

n=275
N (%)
172 (62.5)
35 (12.7)
28 (10.2)
2 (0.7)
15 (5.5)
23 (8.4)
n=113
N (%)
41 (36.3)
37 (32.7)
5 (4.4)
17 (15.0)
13 (11.5)

n=32

n=39

n=204

1 (3.1)
6 (18.8)
0 (0)
0 (0)
7 (21.9)
18 (56.3)
n=32

8 (20.5)
9 (23.1)
13 (33.3)
0 (0)
4 (10.3)
5 (12.8)
n=19

8 (25.0)
3 (9.4)
2 (6.3)
8 (25.0)
11 (34.4)

5 (26.3)
9 (47.4)
0 (0)
3 (15.8)
2 (10.5)

Only ICAa
Only IAAa
Only GADAa
Only IA-2Aa
Only ZnT8Aa,b
Multiple autoantibodies
Without ICA
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Only IAAa
Only GADAa
Only IA-2Aa
Only ZnT8Aa,c
Multiple autoantibodies

P*

P†

P‡

P§

163 (79.9)
20 (9.8)
15 (7.4)
2 (1.0)
4 (2.0)
0 (0)
n=62

NS
NS
**
NA
**
***

***
***
NS
NA
***
NA

***
**
***
NA
NS
NA

***
**
NS
NS
***
***

28 (45.2)
25 (40.3)
3 (4.8)
6 (9.7)
0 (0)

NS
*
NS
NS
NS

NS
*
NS
*
NA

NS
NS
NS
NS
NA

NS
*
NS
*
***

P*= Progressors vs. multipositive non-progressors
P†= Progressors vs. single autoantibody-positive non-progressors
P‡= Multipositive vs. single autoantibody-positive non-progressors
P§= Progressors vs. all non-progressors
a
Multipositive individuals were excluded from the comparisons of single autoantibody-positive signatures between the groups.
b
ZnT8A data available at seroconversion for 27 progressors, 35 multipositive non-progressors, and 97 single autoantibody-positive non-progressors. Among
these children, 12 progressors and 30 multipositive non-progressors had only one autoantibody at initial seroconversion.
c
ZnT8A data available at biochemical autoantibody seroconversion for 28 progressors, 18 multipositive non-progressors, and 37 single autoantibody-positive
non-progressors. Among these children, 18 progressors and 16 multipositive non-progressors had only one biochemical autoantibody at initial seroconversion.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant. Reproduced with permission from J Clin Endocrinol Metab.
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Inverse seroconversions and fluctuating autoantibodies
Among the islet autoantibodies, IAA experienced most frequently an inverse seroconversion and
demonstrated most often fluctuations in autoantibody positivity (Table 10). Inverse seroconversions
of IAA, IA-2A, and ICA were less common among progressors than non-progressors. No reversions
or fluctuations of ICA occurred in progressors. None of the children with multiple biochemical
autoantibodies reverted back to complete autoantibody negativity, but one of these children tested
positive for only ICA in the last available sample.

Table 10. Inverse seroconversions and autoantibody fluctuations in Study I.
Total*
(n=275)

Progressors
(n=32)

Autoantibody-positive nonprogressors (n=243)

P-value

N (%)
Inverse seroconversions

124 (45.1)

13 (40.6)

111 (45.7)

NS

Fluctuating AABs

110 (40.0)

12 (37.5)

98 (40.3)

NS

Multiple fluctuations of the
same reactivity

49 (17.8)

8 (25.0)

41 (16.9)

NS

Inverse seroconversions
and/or fluctuations
Inverse seroconversions and
fluctuations

180 (65.5)

21 (65.6)

159 (65.4)

NS

54 (19.6)

4 (12.5)

50 (20.6)

NS

N (%)a

Inverse seroconversion
ICA

77 (31.4)

0 (0)

77 (36.2)

<0.001

IAA

34 (49.3)

7 (25.9)

27 (64.3)

0.002

GADA

20 (29.0)

5 (20.0)

15 (34.1)

NS

IA-2A

4 (9.3)

0 (0)

4 (22.2)

0.01

ZnT8A

9 (18.8)

3 (12.0)

6 (26.1)

NS

ICA

69 (28.2)

0 (0)

69 (32.4)

<0.001

IAA

25 (36.2)

7 (25.9)

18 (42.9)

NS

GADA

14 (20.3)

1 (4.0)

13 (29.5)

0.01

IA-2A

6 (14.0)

2 (8.0)

4 (22.2)

NS

ZnT8A

8 (16.7)

6 (24.0)

2 (8.7)

NS

Fluctuating positivity

*Total number of seroconverters.
a
Proportion of participants positive for the specific autoantibody reactivity.
AAB=autoantibody. NS=non-significant.
Reproduced with permission from J Clin Endocrinol Metab.
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Effect of autoantibody titers on autoantibody persistence
As IAA and ICA demonstrated the most unstable characteristics among the islet autoantibodies, we
examined the effect of their titers on the rate of inverse seroconversions. For each child positive for
IAA and/or ICA, the peak autoantibody titer of each reactivity was selected for analysis. The highest
IAA titers were significantly higher among children with persistent IAA positivity than among those
who became negative for IAA (median 34.6 vs. 11.0 RU; P<0.001). The peak ICA titers also reached
higher levels among those who remained ICA-positive than among those who reverted back to ICA
negativity (median 10.0 vs. 5.0 JDFU; P<0.001).
Persistence of insulin autoantibodies and progression rate to type 1 diabetes
We examined the association of autoantibody persistence with the pace of disease progression.
Compared with progressors with persistent IAA positivity, those who became IAA-negative before
diagnosis had a prolonged delay from seroconversion to diagnosis (8.2 vs. 3.4 years; P=0.01). At
diagnosis, the proportion of IAA-positive children was higher among those with the high-risk HLA
genotype than among those with moderate-risk genotypes (75% vs. 36%; P=0.02). Children who
tested IAA-positive at diagnosis were diagnosed at a younger age than those who tested IAA-negative
(median 6.6 vs. 11.7 years; P=0.02), although the age at seroconversion did not differ between these
groups (1.2 vs. 1.0 years; P=0.42). No significant associations emerged between positivity for other
islet autoantibodies and the age at diagnosis (data not shown). Data on autoantibodies at diagnosis of
type 1 diabetes are shown in Table 11.

Table 11. Autoantibody positivity and median titers for positive autoantibodies at diagnosis of type
1 diabetes among the 34 progressors with available autoantibody samples at diagnosis.

Autoantibody positivity

Autoantibody type

N (%)

ICA

33 (97.1)

IAA

20 (58.8)

GADA

22 (64.7)

IA-2A

29 (85.3)

ZnT8A

19 (65.5)

Multipositivity

33 (97.1)

Multiple biochemical autoantibodies

28 (82.4)
Median (range)

Autoantibody titers

ICA, JDFU

44.0 (3.0–640.0)

IAA, RU

18.9 (4.0–303.0)

GADA, RU

34.0 (5.9–165.7)

IA-2A, RU

91.1 (0.4–126.7)

ZnT8A, RU

4.3 (0.7–17.0)

Reproduced with permission from J Clin Endocrinol Metab.
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Dynamics of islet autoimmunity and season of birth
In Study I, season of birth contributed to age-related characteristics of islet autoimmunity.
Multipositivity for biochemical autoantibodies developed more often before the age of 2 years among
children born in the winter, from December to February, than among those born in other seasons
(67% vs. 25%; P=0.004). Multipositivity for biochemical autoantibodies tended to appear also at a
younger age among children born in the winter than among those born in other seasons (median 1.5
vs. 4.0 years; P=0.06). However, being born in the winter did not increase the frequency of
progression to type 1 diabetes compared with being born in other seasons (4% vs. 3%; P=0.43).
Inverse seroconversions to IAA showed a higher frequency among children born in the fall, from
September to November, than among those born in other seasons (77% vs. 43%; P=0.03). However,
these observations should be interpreted cautiously, as the number of participants in the comparisons
was small and significant differences in the distributions may have arisen by chance.
Comparison of progressors to multiple autoantibody-positive non-progressors
As multipositivity is a strong predictor of type 1 diabetes within 15 years, we examined the profiles
of progressors compared with multipositive non-progressors (149). Multipositivity within a year from
seroconversion predicted strongly progression to clinical disease (Table 12). However, this difference
did not reach statistical significance when ICA was excluded from the analysis. All progressors and
multipositive non-progressors developed ICA positivity.
When ICA was omitted from the analysis, only a few differences were seen between the groups,
but those that remained statistically significant included a higher frequency of the high-risk HLA
genotype and younger age at ZnT8A positivity among the progressors than among the multipositive
non-progressors. The progressors tested also significantly more often positive for IAA at
seroconversion before the age of 5 years than the multipositive non-progressors.
No inverse seroconversions or fluctuations of ICA occurred among progressors, but the
corresponding proportions among multipositive non-progressors were notable (Table 13). Without
ICA in the analysis, IAA positivity disappeared more often among multipositive non-progressors than
progressors. Furthermore, progressors and multipositive non-progressors demonstrated significant
differences in the dynamics of autoantibody titers. Compared with matched multipositive controls,
the titers of ICA, IA-2A, and ZnT8A started to increase in progressors already months before the
diagnosis (Table 14).
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Table 12. Clinical characteristics in progressors and multipositive non-progressors with ICA (A) and
without ICA (B) in the analysis.
RU=relative units. JDFU=Juvenile Diabetes Foundation units. *P<0.05, **P<0.01, ***P<0.001,
NS=non-significant. Reproduced with permission from J Clin Endocrinol Metab.
A

HLA genotype
High-risk HLA genotype
Sex
Boys
Affected FDRs at birth
Period of seroconversion
0–5 years
5–10 years
10–15.49 years
AAB positivity at seroconversion
ICA
IAA
GADA
IA-2A
ZnT8A
Multipositivity
Multipositivity without ICA
AAB positivity during follow-up
ICA
IAA
GADA
IA-2A
ZnT8A
Multipositivity
Multipositivity within a year from
seroconversion
Multipositivity ≤5 years of age
Multipositivity without ICA
Age at seroconversion, years
ICA
IAA
GADA
IA-2A
ZnT8A
Multipositivity
Multipositivity without ICA
AAB titers at seroconversion
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
ZnT8A, RU
Time from single to multiple
autoantibody positivity, years

Progressors
(n=32)

Multipositive non-progressors
(n=39)

P-value

20 (62.5)

12 (30.8)

**

18 (56.3)
5 (15.6)

28 (71.8)
2 (5.1)

25 (78.1)
6 (18.8)
1 (3.1)

21 (53.8)
15 (38.5)
3 (7.7)

NS
NS
NS

12 (37.5)
19 (59.4)
11 (34.4)
6 (18.8)
12 (44.4)
18 (56.3)
11 (34.4)

11 (28.2)
11 (28.2)
17 (43.6)
0 (0)
6 (17.1)
5 (12.8)
2 (5.1)

NS
**
NS
**
*
***
**

32 (100)
27 (84.4)
25 (78.1)
24 (75.0)
25 (78.1)
32 (100)
30 (93.8)

39 (100)
21 (53.8)
27 (69.2)
16 (41.0)
18 (46.2)
39 (100)
19 (48.7)

NA
**
NS
**
**
NA
***

25 (78.1)
31 (96.9)
Median (range)
1.7 (0.3–10.6)
2.1 (0.8–10.6)
1.8 (0.5–10.3)
1.8 (0.8–9.9)
4.0 (1.0–10.6)
2.2 (0.3–10.7)
2.0 (0.8–10.6)
2.5 (0.8–10.7)

14 (35.9)
19 (48.7)

***
***

4.2 (0.3–12.9)
5.5 (1.0–14.4)
3.0 (0.8–12.0)
5.5 (0.8–12.9)
5.0 (1.2–12.1)
5.0 (0.3–15.0)
7.4 (1.0–14.4)
4.0 (1.0–12.1)

**
***
NS
*
NS
*
***
NS

13.5 (4.0–320.0)
9.8 (5.0–56.1)
28.0 (6.5–176.3)
12.6 (1.4–109.9)
1.7 (0.7–2.8)
0.5 (0.3-2.7)

5.0 (4.0–28.0)
7.1 (4.1–19.0)
11.0 (5.7–65.7)
–
0.7 (0.7–7.5)
1.5 (0.2-9.4)

**
*
NS
NA
NS
**

N (%)
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B

HLA genotype
High-risk HLA genotype
Sex
Boys
Affected FDRs at birth
Period of seroconversion
0–5 years
5–10 years
10–15.49 years
Period of seroconversion
0–2 years
2–5 years
5–10 years
10–15.49 years
AAB positivity at seroconversion
IAA
GADA
IA-2A
ZnT8A
Multipositivity
AAB positivity at seroconversion at
age ≤5 years
IAA
GADA
IA-2A
ZnT8A
Multipositivity
AAB positivity during follow-up
IAA
GADA
IA-2A
ZnT8A
Multipositivity
Multipositivity within a year from
seroconversion
Multipositivity ≤5 years of age
Age at seroconversion, years
IAA
GADA
IA-2A
ZnT8A
Multipositivity
AAB titers at seroconversion
IAA, RU
GADA, RU
IA-2A, RU
ZnT8A, RU
Time from single to multiple
autoantibody positivity, years

Progressors
(n=32)

Non-progressors with multiple
biochemical autoantibodies (n=19)

P-value

20 (62.5)

6 (31.6)

*

18 (56.3)
5 (15.6)

13 (68.4)
1 (5.3)

25 (78.1)
6 (18.8)
1 (3.1)

15 (78.9)
2 (10.5)
2 (10.5)

NS
NS
NS

17 (53.1)
8 (25.0)
6 (18.8)
1 (3.1)

8 (42.1)
7 (36.8)
2 (10.5)
2 (10.5)

19 (59.4)
11 (34.4)
6 (18.8)
13 (46.4)
11 (34.4)

6 (31.6)
11 (57.9)
0 (0)
5 (27.8)
2 (10.5)

NS
NS
NS
NS
NS

18 (72.0)
8 (32.0)
3 (12.0)
11 (52.4)
10 (40.0)

6 (40.0)
7 (46.7)
0 (0)
5 (33.3)
2 (13.3)

*
NS
NS
NS
NS

27 (84.4)
25 (78.1)
24 (75.0)
25 (78.1)
31 (96.9)
24 (77.4)

13 (68.4)
18 (94.7)
15 (78.9)
16 (84.2)
19 (100)
11 (57.9)

NS
NS
NS
NS
NS
NS

23 (74.2)
Median (range)
1.6 (0.3–10.6)
1.8 (0.5–10.3)
1.8 (0.8–9.9)
4.0 (1.0–10.6)
2.2 (0.3–10.7)
2.5 (0.8–10.7)

12 (63.2)

NS

2.5 (0.3–10.5)
1.6 (0.8–11.0)
3.9 (0.8–10.5)
5.4 (1.2–12.1)
4.0 (0.3–15.0)
4.0 (1.0–12.1)

NS
NS
NS
NS
*
NS

9.8 (5.0–56.1)
28.0 (6.5–176.3)
12.6 (1.4–109.9)
1.5 (0.7–2.8)
0.5 (0.1-4.0)

7.7 (4.1–8.8)
31.3 (5.7–65.7)
–
0.7 (0.7–7.5)
0.9 (0.2-7.4)

NS
NS
NA
NS
NS

N (%)
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Table 13. Inverse seroconversions and fluctuations of autoantibodies in progressors and multipositive
non-progressors with ICA (A) and without ICA (B) in the analysis.
A

Inverse seroconversions
ICA
IAA
GADA
IA-2A
ZnT8A
Fluctuating autoantibodies
ICA
IAA
GADA
IA-2A
ZnT8A

B

Inverse seroconversions
IAA
GADA
IA-2A
ZnT8A
Fluctuating autoantibodies
IAA
GADA
IA-2A
ZnT8A

Progressors
(n=32)
N (%)a

Multipositive non-progressors (n=39)

P-value

0 (0)
7 (25.9)
5 (20.0)
0 (0)
3 (12.0)

8 (20.5)
11 (52.4)
4 (14.8)
2 (12.5)
3 (16.7)

**
NS
NS
NS
NS

0 (0)
7 (25.9)
1 (4.0)
2 (8.0)
6 (24.0)

9 (23.1)
12 (57.1)
6 (22.2)
3 (18.8)
1 (5.6)

**
*
NS
NS
NS

Progressors
(n=32)
N (%)a

Non-progressors with multiple
biochemical autoantibodies (n=19)

P-value

7 (25.9)
5 (20.0)
0 (0)
3 (12.0)

8 (61.5)
1 (5.6)
1 (6.7)
3 (18.8)

*
NS
NS
NS

7 (25.9)
1 (4.0)
2 (8.3)
6 (24.0)

7 (53.8)
4 (22.2)
3 (20.0)
1 (6.3)

NS
NS
NS
NS

a

Proportion among those who tested positive for the autoantibody reactivity.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant.
Reproduced with permission from J Clin Endocrinol Metab.
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Table 14. Median autoantibody titers in progressors (n=20) and multipositive controls (non-progressors who developed multiple autoantibodies by
the age of 15.5 years, n=20) matched for date of birth (+/- 3 months), DIPP study center, HLA risk genotype, and sex.
Progressors

P-value

2.6 (1.5–11.5)
31.0 (0.0–130.0)
7.8 (0.0–294.8)
8.8 (0.0–151.7)
1.0 (0.1–122.3)
1.3 (0.1–5.1)

2.7 (1.4–11.4)
0.0 (0.0–640.0)
5.3 (0.0–10.2)
0.1 (0.0–165.1)
0.1 (0.0–18.7)
0.2 (0.0–37.9)

NS
***
*
**
**
**

6.5 (0.5–12.5)
66.5 (0.0–640.0)
5.3 (0.0–76.9)
10.0 (0.1–141.1)
77.9 (0.1–116.6)
3.2 (0.1–22.5)

6.4 (0.6–12.5)
2.5 (0.0–191.0)
5.3 (0.4–30.3)
0.2 (0.1–1489.5)
0.1 (0.0–93.5)
0.3 (0.0–35.7)

NS
**
NS
NS
***
***

7.6 (1.5–13.6)
60.5 (4.0–640.0)
4.9 (0.2–97.5)
22.3 (0.1–146.1)
72.7 (0.0–142.6)
2.9 (0.1–14.6)

7.6 (1.7–13.6)
4.5 (0.0–380.0)
4.1 (0.0–11.1)
1.8 (0.1–173.7)
0.1 (0.0–96.2)
0.2 (0.0–5.7)

NS
***
NS
NS
**
***

Median (range)

RU=relative units. JDFU=Juvenile Diabetes Foundation units. Reproduced with permission from J Clin Endocrinol Metab.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant.
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In the latest study sample available within a year from
seroconversion
Age, years
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
ZnT8A, RU
In the latest study sample available 18–24 months before
diagnosis of type 1 diabetes
Age, years
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
ZnT8A, RU
In the latest study sample available 6–12 months before
diagnosis of type 1 diabetes
Age, years
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
ZnT8A, RU

Multipositive controls

Results

General observations on progression rate
In Studies II and III, we aimed at identifying factors associated with the progression rate from
seroconversion to type 1 diabetes. In the study cohort comprising 7410 HLA-predisposed children,
the median duration of the prediabetic period was 4.0 (range 0.02–17.0) years. The distribution of the
delay from seroconversion to diagnosis did not correlate with age at seroconversion (Spearman
correlation coefficient 0.051; P=0.43), and there was no evidence of a naturally occurring cut-off
between rapidly and slowly progressing forms of islet autoimmunity (Figure 5).

Figure 5. Delay from seroconversion to diagnosis in relation to age at seroconversion in progressors
with confirmed seroconversion (N=247). Reproduced with permission from J Clin Endocrinol Metab.
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Characterization of rapid progression to type 1 diabetes
Identifying the rapid progressors
Of the 7410 children in Study II, altogether 1550 (20.9%) tested positive for at least one autoantibody
in at least two samples by 31 December 2015. The median age at seroconversion was 5.0 (range 0.2–
15.1) years in the study population, and the children were followed for a median time of 16.2 (range
0.9–21.1) years from birth (Table 4). Among the seroconverted children, 248 children (16.0%)
developed clinical type 1 diabetes and among the progressors 42 children (16.9%) progressed to
clinical diabetes within 1.5 years after initial seroconversion. These children were considered as rapid
progressors, and the rest of the progressors (n=206, 83.1%) were defined as the group of slower
progressors. The median duration of prediabetes was 0.51 (range 0.02–1.45) years among the rapid
progressors and 5.37 (range 1.53–17.0) years among the slower progressors.
Comparison of rapid progressors to slower progressors
Between rapid and slower progressors, no significant differences emerged in the distributions of the
high-risk HLA-DQB1*02/*03:02 genotype, sex, or age at seroconversion (Table 15). At
seroconversion, the rapid progressors tested more often positive for multiple autoantibodies and
presented with higher titers of ICA, IAA, and IA-2A than the slower progressors. However, there
were no differences in positivity for any of the four autoantibodies between the groups at
seroconversion, although IAA positivity tended to be more frequent among rapid progressors.
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Table 15. Clinical characteristics of rapid and slower progressors.
Characteristic

High-risk HLA-DQB1*02/*03:02
genotype
Sex (boys)
Autoantibody positivity at
seroconversion
ICA
IAA
GADA
IA-2A
Multiple autoantibodies
Autoantibody seroconversion <1 or ≥7
years of age
Distributions of non-HLA SNPs
FUT2 major allele G
homozygositya
PTPN22 minor allele Ab
Autoantibody titer at seroconversion
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
Age at seroconversion, years
Age at diagnosis, years
Delay from seroconversion to
diagnosis, years
Follow-up time, years

Rapid progressors
(n=42)
N (%)
21 (50)

Slower progressors
(n=206)

P-value

82 (40)

NS

25 (60)

117 (57)

NS

26 (62)
34 (81)
24 (57)
11 (26)
30 (71)
17 (41)

116 (56)
136 (66)
93 (45)
43 (21)
113 (55)
37 (18)

NS
NS
NS
NS
*
**

13 (68)

19 (28)

0.03c

19 (46)
Median (range)

76 (38)

NS

34.5 (4–320)
10.5 (4.3–66.2)
32.1 (5.6–310.4)
52.5 (2.6–108.6)
1.5 (0.3–13.8)
2.4 (0.9–14.6)
0.51 (0.02–1.45)

10 (3–668)
8.8 (3.5–81.0)
28.0 (5.8–189.5)
16.4 (0.4–121.0)
1.9 (0.3–12.0)
8.4 (2.1–18.0)
5.37 (1.53–17.0)

**
*
NS
*
NS
NA
NA

2.4 (0.9–14.6)

8.4 (2.1–18.0)

NA

RU=relative units. JDFU=Juvenile Diabetes Foundation units.
a
In children with the high-risk HLA genotype.
b
Data on the PTPN22 SNP genotype were available for 41 rapid progressors and 200 slower
progressors.
c
Bonferroni-corrected P-value.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant.
Reproduced with permission from Diabetologia.
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Comparison of rapid progressors to autoantibody-positive non-progressors
Among the 1550 autoantibody-positive children in Study II, 1302 (84.0%) remained disease-free by
the end of December 2015. Compared with these non-progressors, the rapid progressors carried more
frequently the high-risk HLA genotype and developed autoantibodies at a younger age, but there was
no significant difference in the sex distribution between the groups (Table 16). At seroconversion,
the rapid progressors tested more often positive for IAA, GADA, IA-2A, and multiple autoantibodies
and demonstrated higher titers of all four autoantibodies (Table 16). The rapid progressors presented
also more often with multiple biochemical autoantibodies at seroconversion (48% vs. 2%; P<0.001).
However, the frequency of ICA positivity at seroconversion was higher among autoantibody-positive
non-progressors than among rapid progressors (Table 16). This was probably related to the ICAbased primary screening in the DIPP study. The sensitivities, specificities, and predictive values for
predicting rapid progression of characteristics present at seroconversion are shown in Table 17.

Table 16. Clinical characteristics of rapid progressors and autoantibody-positive non-progressors.
Characteristic
High-risk HLA-DQB1*02/*03:02 genotype
Sex (boys)
Autoantibody positivity at seroconversion
ICA
IAA
GADA
IA-2A
Multiple autoantibodies
Distributions of non-HLA SNPs
FUT2 major allele G homozygositya
PTPN22 minor allele Ab
Autoantibody titer at seroconversion
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
Age at seroconversion, years
Follow-up time, years

Rapid progressors
(n=42)
N (%)
21 (50)
25 (60)

AAB-positive nonprogressors (n=1302)

Pvalue

319 (25)
685 (53)

***
NS

26 (62)
34 (81)
24 (57)
11 (26)
30 (71)

1082 (83)
134 (10)
147 (11)
30 (2)
70 (5)

***
***
***
***
***

13 (68)
19 (46)
Median (range)

23 (31)
167 (24)

NSc
*c

34.5 (4–320)
10.5 (4.3–66.2)
32.1 (5.6–310.4)
52.5 (2.6–108.6)
1.5 (0.3–13.8)
2.4 (0.9–14.6)

4 (3–512)
6.9 (3.5–148.7)
13.5 (5.4–342.1)
2.3 (0.5–88.9)
6.0 (0.2–15.1)
16.5 (12.4–21.1)

***
***
*
***
***
NA

In children with the high-risk HLA genotype.
Data on the PTPN22 SNP genotype were available for 41 rapid progressors and 696 AAB-positive nonprogressors.
c
Bonferroni-corrected P-value.
RU=relative units. JDFU=Juvenile Diabetes Foundation units. NA=not available. AAB=autoantibody.
*P<0.05, **P<0.01, ***P<0.001, NS=non-significant.
Reproduced with permission from Diabetologia.
a

b
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Table 17. Sensitivities, specificities, positive (PPV) and negative predictive values (NPV), and odds ratios (ORs) for predicting rapid progression to
type 1 diabetes of characteristics present at initial seroconversion (N=1550). Among the diabetes-associated autoantibodies at seroconversion, IAA
had the highest sensitivity and IA-2A the highest specificity for predicting rapid progression. The 95% confidence intervals (CIs) are given in
parentheses. The highest values in each column have been bolded.
Sensitivity, %

Specificity, %

PPV, %

NPV, %

OR (95% CI)

P-value

ICA positivity

62 (46–76)

21 (20–21)

2 (2–3)

95 (93–97)

0.42 (0.22, 0.79)

0.006

IAA positivity

81 (66–91)

82 (82–82)

11 (9–13)

99 (99–100)

19.46 (8.91, 42.50)

<0.001

GADA positivity

57 (41–72)

84 (84–85)

9 (7–11)

99 (98–99)

7.04 (3.77, 13.18)

<0.001

IA-2A positivity

26 (15–41)

95 (95–96)

13 (7–21)

98 (98–98)

6.97 (3.37, 14.42)

<0.001

Multiple (≥2) autoantibodies

71 (56–84)

88 (87–88)

14 (11–17)

99 (99–100)

18.10 (9.11, 35.98)

<0.001

Multiple (≥2) biochemical autoantibodies

48 (33–63)

94 (93–94)

17 (12–24)

99 (98–99)

13.22 (6.98, 25.07)

<0.001

High-risk HLA genotype

50 (35–65)

73 (73–74)

5 (3–7)

98 (98–99)

2.76 (1.49, 5.11)

<0.001

Sex (boys)

41 (26–57)

53 (53–54)

2 (2–3)

97 (96–98)

0.77 (0.41, 1.44)

0.417

FUT2 major allele G homozygosity

68 (45–86)

71 (68–73)

24 (16–30)

94 (90–98)

5.26 (1.88, 14.77)

0.001

Age at seroconversion <1 year

41 (27–54)

82 (79–85)

32 (21–42)

87 (84–90)

3.11 (1.53, 6.33)

0.001

86 (71–94)

52 (51–52)

5 (4–5)

99 (98–100)

6.36 (2.66, 15.18)

<0.001

a

Age at seroconversion <5 years

14 (6–29)

64 (64–65)

1 (1–2)

96 (96–97)

0.30 (0.13, 0.72)

0.004

b

ICA titer ≥10 JDFU at seroconversion

77 (56–90)

89 (87–88)

12 (9–14)

99 (99–100)

23.83 (9.42, 60.31)

<0.001

ICA titer ≥20 JDFU at seroconversionb

65 (45–82)

96 (95–96)

25 (17–31)

99 (99–100)

41.63 (17.71, 97.83)

<0.001

IAA level ≥10 RU at seroconversion

53 (36–69)

65 (63–67)

16 (11–21)

92 (89–95)

2.11 (1.03, 4.32)

0.039

IAA level ≥20 RU at seroconversion

27 (14–43)

87 (85–89)

20 (11–32)

90 (89–92)

2.34 (1.01, 5.41)

0.042

IAA level ≥30 RU at seroconversion

24 (12–38)

93 (92–95)

31 (16–49)

91 (89–92)

4.31 (1.71, 10.87)

0.001

55 (26–81)

78 (74–82)

27 (13–40)

92 (87–97)

4.28 (1.15, 15.84)

0.022

Age at seroconversion ≥7 years

b
b
b

IA-2A level ≥50 RU at seroconversion

b

a

Among participants with the high-risk HLA genotype.
Among participants positive for the specific autoantibody reactivity.
RU=relative units. JDFU=Juvenile Diabetes Foundation units.
b
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Double-peak distribution of age at seroconversion among rapid progressors
Rapid progression to type 1 diabetes occurred in two age peaks (Figure 6). The first peak emerged
already in early childhood before the age of 5 years and the second closer to puberty at the age of 8–
14 years. Most rapid progressors (n=36) belonged to the younger age group, but six children did not
develop clinical diabetes until early puberty. No seroconversions between 5 and 7 years of age
resulted in rapid disease progression. The double-peak distribution was exclusive for rapid
progressors, not being seen for slower progressors. Compared with slower progressors, the rapid
progressors became autoantibody-positive significantly more often before the age of one year or after
the age of 7 years (Table 15).
Although the number of children in both subgroups of rapid progressors was modest, limiting
the power of any statistical analyses, a comparison between the two subgroups revealed considerable
differences in the autoantibody profiles among the rapid progressors at seroconversion. The young
rapid progressors demonstrated a higher frequency of IAA positivity and higher titers of IAA than
the older rapid progressors, whereas the older rapid progressors tested more often positive for GADA
and had higher titers of GADA at seroconversion than the younger rapid progressors (Table 18).
Although a higher number of the rapid progressors in the older subgroup turned out to be boys, the
sex distribution remained non-significant. There were no statistically significant differences between
the two subpopulations in the distribution of the high-risk HLA genotype, or the frequency of
positivity for ICA, IA-2A, or multiple autoantibodies at initial seroconversion. Neither were the
differences in the autoantibody profiles explained by the non-HLA SNPs analyzed in Study II (data
not shown, except for the FUT2 (1,2-α-Fucosyltransferase) SNP in Table 18).

Figure 6. Seroconversion age among rapid and slower progressors. Black bars, rapid progressors.
White bars, slower progressors. Reproduced with permission from Diabetologia.
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Table 18. Clinical characteristics of young and older rapid progressors.
Characteristic
High-risk HLA-DQB1*02/*03:02 genotype
Sex (boys)
Autoantibody positivity at seroconversion
ICA
IAA
GADA
IA-2A
Multiple autoantibodies
FUT2 major allele G homozygosityc
Autoantibody titer at seroconversion
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
Age at seroconversion, years
Age at diagnosis, years
Delay from seroconversion to diagnosis, years

Rapid progressors
Younga (n=36)
N (%)
19 (53)
20 (56)

Olderb (n=6)

P-value

2 (33)
5 (83)

NS
NS

21 (58)
32 (89)
18 (50)
9 (25)
25 (69)
11 (65)
Median (range)

5 (83)
2 (33)
6 (100)
2 (33)
5 (83)
2 (100)

NS
**
*
NS
NS
NS

5 (0–320)
9.5 (4.3–66.2)
5.1 (0.1–310.4)
0.11 (0.05–108.6)
1.4 (0.3–4.1)
2.1 (0.9–5.5)
0.41 (0.02–1.45)

49 (0–85)
1.4 (0.1–13.0)
97.7 (5.6–158.5)
0.12 (0.05–52.51)
9.0 (7.0–13.1)
9.7 (8.2–14.6)
0.73 (0.59–1.19)

NS
**
**
NS
NA
NA
NA

RU=relative units. JDFU=Juvenile Diabetes Foundation units.
a
Early childhood (<5 years old).
b
Prepuberty and puberty (>7 years old).
c
In children with the high-risk HLA genotype.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant.
Reproduced with permission from Diabetologia.
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Non-HLA SNPs and rapid progression to type 1 diabetes
In Study II, we examined the potential associations between rapid disease progression and 25 nonHLA SNPs predisposing to type 1 diabetes (Table 5). The distributions of the SNP genotypes were
compared between the groups of rapid progressors, slower progressors, and autoantibody-positive
non-progressors. Although several differences in the distributions were found between the groups,
after Bonferroni correction for multiple testing the only differences that remained significant were
seen among children carrying the high-risk HLA-DQB1*02/*03:02 genotype. Among such children,
the rapid progressors carried more frequently the homozygous GG genotype in the FUT2 gene than
the slower progressors (68% vs. 28%; OR 5.70 [95% CI 1.89, 17.17], corrected P-value, Pc=0.03).
In addition, the rapid progressors tended to be more often homozygous for the FUT2 G allele than
the autoantibody-positive non-progressors (68% vs. 31%; OR 4.90 [95% CI 1.66, 14.49], P=0.002,
Pc=0.06).
Among progressors to type 1 diabetes, the delay from seroconversion to diagnosis was shorter
among those homozygous for the FUT2 gene major allele G than among those who carried the AG
or AA genotype (median 3.0 vs. 4.7 years; P=0.03). Furthermore, among children who carried the
high-risk HLA genotype and tested autoantibody-positive before the age of 6 years, a higher
proportion of those with the FUT2 GG genotype had progressed to clinical diabetes within 1.5 years
after seroconversion than those carrying the FUT2 AG or AA genotype (34% vs. 8%; P=0.02).
Although the intention with the analysis of the non-HLA SNPs was to assess associations with
the progression rate, we observed additionally that the autoantibody-positive non-progressors carried
less frequently the minor allele A in the predisposing PTPN22 gene than either rapid progressors
(46% vs. 24%; OR 2.74 [95% CI 1.45, 5.19], Pc=0.03) or slower progressors (38% vs. 24%; OR 1.93
[95% CI 1.38, 2.70], Pc=0.002), indicating a role for the PTPN22 SNP in overall progression to type
1 diabetes.
Predictive characteristics of rapid progression in a multivariate analysis
The predictive characteristics of rapid disease progression were studied by using the Cox proportional
hazards models. The variables included in the analyses comprised sex, the high-risk HLA genotype,
the presence of affected FDRs at birth of study participants, age at seroconversion, multipositivity at
seroconversion, and positivity and titers for ICA, IAA, GADA, and IA-2A at seroconversion.
Variables that predicted rapid progression to type 1 diabetes within 1.5 years after seroconversion
were the high-risk HLA genotype, age at seroconversion, multipositivity at seroconversion, IAA
positivity at seroconversion, and ICA titers at seroconversion (Table 19A). Having an FDR with type
1 diabetes did not affect the risk of rapid progression.
Statistically significant variables found in the first model were included in a subsequent
analysis. In the second step, age at seroconversion and titers of ICA were included as categorical
variables. In the multivariate analysis, the variables identified as independent predictors of rapid
progression at seroconversion were the high-risk HLA genotype, young age, positivity for multiple
autoantibodies, IAA positivity, and ICA titer of >10 JDFU (Table 19B). In contrast, ICA positivity
at seroconversion was inversely associated with the risk of rapid disease progression in both analyses,
which might be explained by the addition of biochemical autoantibodies to the models.
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Table 19. Predictive characteristics of rapid progression to type 1 diabetes in Cox proportional
hazards models. The following variables were studied in the univariate analyses (A) and the
multivariate analysis (B): sex, HLA-conferred disease risk, the presence of affected FDRs at birth of
study participants, age at seroconversion, positivity for multiple autoantibodies at seroconversion,
and positivity and titers of ICA, IAA, GADA, and IA-2A at seroconversion. The FUT2 and PTPN22
SNPs were not included in the models due to missing values.
A

Variable
HLA-DQB1*02/*03:02 genotype
Sex (boys)
Affected FDRs
Age at seroconversion
Multiple (≥2) autoantibodies at seroconversion
ICA positivity at seroconversion
IAA positivity at seroconversion
GADA positivity at seroconversion
IA-2A positivity at seroconversion
ICA titers at seroconversion, JDFU
IAA level at seroconversion, RU
GADA level at seroconversion, RU
IA-2A level at seroconversion, RU

B

Variable
HLA-DQB1*02/*03:02 genotype
Age at seroconversion
0–4 years
5–9 years
≥10 years
Multiple (≥2) autoantibodies at seroconversion
ICA positivity at seroconversion
ICA titers at seroconversion
≤4 JDFU
5–10 JDFU
>10 JDFU
IAA positivity at seroconversion

HR (95% CI)
1.64 (1.27, 2.12)
1.04 (0.81, 1.35)
1.24 (0.82, 1.87)
0.82 (0.77, 0.87)
4.32 (2.68, 6.99)
0.50 (0.35, 0.71)
2.05 (1.35, 3.11)
1.27 (0.84, 1.92)
0.96 (0.61, 1.50)
1.003 (1.001, 1.005)
1.004 (0.995, 1.014)
1.000 (0.996, 1.003)
1.007 (0.999, 1.015)

HR (95% CI)
1.58 (1.23, 2.04)
5.29 (2.15, 13.05)
2.33 (0.89, 6.07)
1.0
4.70 (3.34, 6.61)
0.21 (0.12, 0.38)
1.0
1.77 (0.99, 3.16)
3.79 (2.08, 6.90)
1.85 (1.31, 2.61)

P-value
***
NS
NS
***
***
***
***
NS
NS
**
NS
NS
NS

P-value
***
***

***
***
***

***

HR=hazard ratio. CI=confidence interval. JDFU=Juvenile Diabetes Foundation units. RU=relative
units.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant.
Reproduced with permission from Diabetologia.
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Characterization of slow progression to type 1 diabetes
Identifying the slow progressors
In Study III, 1528 (20.6%) of the 7410 HLA-susceptible children tested autoantibody-positive for at
least one autoantibody in at least two consecutive samples by the end of 2015. Among them, 247
children (16.2%) progressed to type 1 diabetes and had confirmed seroconversion before the
diagnosis. One progressor was excluded from the autoantibody analyses in Study III based on only
one autoantibody-positive sample at the age of 3 months. No cord blood sample was available for
this child, and therefore, it could not be determined whether the autoantibodies were derived from de
novo synthesis.
Among the 247 progressors, 62 children (25.1%) were slow progressors, in whom type 1
diabetes was diagnosed at the earliest 7.26 years after the initial seroconversion. In contrast, there
were 185 children (74.9%) with a delay from seroconversion to diagnosis of less than 7.26 years, and
these children were defined as the group of other progressors. The median time from seroconversion
to diagnosis was 8.7 (range 7.3–17.0) years in slow progressors and 3.0 (range 0.02–7.2) years in
other progressors. In the whole study population, the median duration of the preclinical period was
4.0 (range 0.02–17.0) years (Table 4).
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Comparison of slow progressors to other progressors
Compared with other progressors, the slow progressors tested less frequently positive for IA-2A and
multiple autoantibodies at seroconversion, although no significant difference emerged between the
groups in the frequency of positivity for multiple biochemical autoantibodies at seroconversion
(Table 20). The titers of ICA and IAA at seroconversion were significantly lower among slow
progressors than other progressors. In addition, the slow progressors progressed more slowly from
single to multiple autoantibody positivity after seroconversion for a single autoantibody than the other
progressors.
Between the two groups of progressors, there were no statistically significant differences in the
distributions of the high-risk HLA genotype, sex, or the presence of FDRs with type 1 diabetes at
birth of study children. No differences were found between the groups in the frequency of positivity
for ICA, IAA, or GADA, or the titers of GADA and IA-2A at seroconversion (Table 20). Similar
proportions of slow progressors and other progressors developed multipositivity by the time of
diagnosis.
Interestingly, there was significant variation in the season of birth between slow progressors
and other progressors. Slow progressors showed higher frequency of being born in the fall (from
September to November) than the other progressors (31% vs. 22%), whereas the other progressors
tended to be born more often in the spring (from March to May; 31% vs. 15%; P=0.04) (Figure 7).
No similar trend was observed among non-progressors who had developed multiple autoantibodies
during the follow-up.

Figure 7. Season of birth among the groups of slow progressors (n=62), other progressors (n=185), and
multipositive non-progressors (n=198).
*Slow progressors vs. other progressors.
**Slow progressors vs. multipositive non-progressors, other progressors vs. multipositive non-progressors.
Reproduced with permission from J Clin Endocrinol Metab.
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Table 20. Clinical characteristics of slow progressors and other progressors.
Clinical characteristic

High-risk HLA-DQB1*02/*03:02 genotype
Sex (boys)
Affected FDRs
Autoantibody positivity at seroconversion
ICA
IAA
GADA
IA-2A
IAA without GADA
GADA without IAA
IAA and GADA
Multiple autoantibodies
Multiple biochemical autoantibodies
Multipositivity during follow-up
Autoantibody titers at seroconversion
ICA, JDFU
IAA, RU
GADA, RU
IA-2A, RU
Age at seroconversion, years
Age at diagnosis, years
Delay from seroconversion to diagnosis,
years
Time from single to multiple autoantibody
positivity, years
Follow-up time from seroconversion, years

Slow progressors
(n=62)

Other progressors
(n=185)

P-value

N (%)
24 (39)
35 (57)
4 (7)

78 (42)
107 (58)
24 (13)

NS
NS
NS

30 (48)
44 (71)
25 (40)
5 (8)
28 (45)
9 (15)
16 (26)
27 (44)
17 (27)
62 (100)
Median (range)

112 (61)
126 (68)
91 (49)
50 (27)
74 (40)
39 (21)
52 (28)
117 (63)
74 (40)
182 (98)

NS
NS
NS
**
NS
NS
NS
**
NS
NS

7 (4–131)
7.1 (3.5–40.3)
21.0 (5.9–135.3)
9.8 (0.4–57.3)
1.5 (0.6–7.5)
11.4 (8.6–18.0)
8.7 (7.3–17.0)

15 (3–668)
10.2 (3.6–81.0)
32.9 (5.6–310.4)
22.9 (0.6–121.0)
2.0 (0.3–13.8)
5.5 (0.9–17.4)
3.0 (0.02–7.2)

**
**
NS
NS
NS
NA
NA

1.5 (0.2–8.2)

0.5 (0.2–6.0)

*

8.7 (7.3–17.0)

3.0 (0.02–7.2)

NA

RU=relative units. JDFU=Juvenile Diabetes Foundation units.
*P<0.05
**P<0.01
***P<0.001
NS=non-significant.
Reproduced with permission from J Clin Endocrinol Metab.
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Identifying multipositive non-progressors
Because more than 70% of multipositive children progress to clinical diabetes in 10 years, we
hypothesized that the current multipositive non-progressors might eventually progress to type 1
diabetes, but at a remarkably slow pace (149). Accordingly, comparisons of phenotypically diverse
slow progressors and multipositive non-progressors might reveal mechanisms counteracting the
disease progression.
The group of multipositive non-progressors in Study III comprised 198 individuals who had
developed multiple autoantibodies, but remained disease-free during the follow-up period until the
end of 2015 and had been followed up for at least a period of 7.26 years from seroconversion. The
median follow-up time among the multipositive non-progressors was 12.8 (range 7.4–20.1) years.
Comparison of slow progressors to multiple autoantibody-positive non-progressors
As expected, there were multiple similarities between the groups, but the two groups also differed in
several aspects. At seroconversion, the slow progressors were significantly younger than the
multipositive non-progressors (median age 1.5 vs. 3.5 years; P<0.001) and demonstrated higher titers
of ICA (median 7 vs. 5 JDFU; P=0.003). The slow progressors tested more often positive for IAA
(71% vs. 34%; P<0.001) and multiple autoantibodies at seroconversion, with ICA (44% vs. 26%;
P=0.008) or without ICA in the analysis (27% vs. 11%; P=0.002).
However, the two groups shared similar distributions of the high-risk HLA genotype (39% vs.
29%; P=0.14), sex (boys 57% vs. 62%; P=0.43), and affected FDRs at birth (7% vs. 7%; P=1.00). At
seroconversion, they demonstrated similar frequencies of positivity for ICA (48% vs. 56%; P=0.32),
GADA (40% vs. 36%; P=0.53), and IA-2A (8% vs. 9%; P=0.80). Furthermore, the titers of IAA
(median 7.1 vs. 7.0 RU; P=0.78), GADA (21.0 vs. 16.9 RU; P=0.52), and IA-2A (9.8 vs. 2.7 RU;
P=0.88) at seroconversion did not differ between groups.
Notably, the multipositive non-progressors demonstrated higher frequency of GADA positivity
at seroconversion without simultaneous IAA positivity than the slow progressors (28% vs. 15%;
P=0.03). In contrast, the slow progressors tested more often positive for IAA at seroconversion
without simultaneous GADA positivity than the multipositive non-progressors (45% vs. 26%;
P=0.005).
Autoantibody status at seroconversion
In Study III, the majority of progressors (41.3%), including both slow (45.2%) and other progressors
(40.0%), tested IAA-positive but GADA-negative at seroconversion (P=0.48 between progressors).
However, this was true in a significantly smaller proportion of multipositive non-progressors (26%;
P=0.005 compared with slow progressors, and P=0.004 compared with other progressors).
In contrast, nearly a third of the multipositive non-progressors (27.8%) tested GADA-positive
at seroconversion without simultaneous IAA positivity, while the corresponding proportions among
the slow and other progressors were only 14.5% and 21.1%, respectively (P=0.04 compared with all
progressors; P=0.03 compared with slow progressors; and P=0.13 compared with other progressors).
Compared with other progressors, this difference turned out to be statistically non-significant, which
was probably related to the high proportion of multipositive individuals among the other progressors.
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In seroconverted non-progressors with only one autoantibody during follow-up, this
autoantibody was predominantly ICA (79%). Both slow (43.5%) and other progressors (63.2%) tested
multipositive at seroconversion more often than seroconverted non-progressors (5.5%; P<0.001). The
autoantibody combinations at seroconversion are shown in Table 21.

Table 21. Autoantibody combinations at seroconversion in the groups of slow progressors (n=62),
other progressors (n=185), multipositive non-progressors (n=198), and single autoantibody-positive
non-progressors (n=1039).
AAB combination

Only ICA
Only IAA
Only GADA
Only IA-2A
ICA + IAA
ICA + GADA
ICA + IA-2A
IAA + GADA
IAA + IA-2A
GADA + IA-2A
ICA + IAA + GADA
ICA + IAA + IA-2A
ICA + GADA + IA-2A
IAA + GADA + IA-2A
All four antibodies

Slow
progressors

Other
progressors

Multipositive
non-progressors*

Single AAB-positive
non-progressors

N (%)
8 (12.9)
20 (32.3)
7 (11.3)
0 (0)
8 (12.9)
1 (1.6)
1 (1.6)
5 (8.1)
0 (0)
0 (0)
8 (12.9)
0 (0)
1 (1.6)
0 (0)
3 (4.8)

13 (7.0)
38 (20.5)
15 (8.1)
2 (1.1)
21 (11.4)
17 (9.2)
5 (2.7)
14 (7.6)
4 (2.2)
0 (0)
17 (9.2)
11 (5.9)
7 (3.8)
0 (0)
21 (11.4)

67 (33.8)
38 (19.2)
38 (19.2)
4 (2.0)
11 (5.6)
14 (7.1)
4 (2.0)
5 (2.5)
2 (1.0)
1 (0.5)
7 (3.5)
1 (0.5)
2 (1.0)
0 (0)
4 (2.0)

933 (89.8)
53 (5.1)
45 (4.3)
8 (0.8)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

AAB=autoantibody. NA=not available. Reproduced with permission from J Clin Endocrinol Metab.
*Follow-up time ≥7.26 years from seroconversion to autoantibody positivity.

Non-HLA SNPs and slow progression to type 1 diabetes
We analyzed the potential associations between slow disease progression and the previously reported
non-HLA SNPs predisposing to type 1 diabetes (Table 5). Multiple SNPs were associated with the
delay from seroconversion to diagnosis (Table 22), but after corrections for multiple comparisons
these associations did not reach statistical significance. Also, after corrections for multiple testing, no
significant differences were observed in the non-HLA SNP distributions between the groups of slow
progressors, other progressors, and multipositive non-progressors (Table 23).
Not surprisingly, the predisposing SNPs in the PTPN22, INS (rs689), and PHTF1 genes were
associated with overall progression to type 1 diabetes and survived the corrections for multiple testing
(Table 24). Also, the CC, CT genotype of the predisposing GPR183/EBI2 SNP tended to associate
with overall progression to type 1 diabetes in the whole study population independently of
seroconversion status (progressors 51% vs. non-progressors 41%; P=0.008, Pc=0.06).
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Table 22. Predisposing SNPs associated with the delay from seroconversion to diagnosis of type 1
diabetes in progressors. NS=non-significant, Pc=corrected P-value by using the Benjamini-Hochberg
step-up procedure to control the false discovery rate.
Gene

SNP

Genotype (n)

Median (range)

P-value

Pc

RGS1

rs2816316

NS

rs601338

0.04

NS

LOC646538

rs630115

0.01

NS

IGF2BP2

rs4402960

4.6 (0.02–17.0)
3.5 (0.12–11.8)
4.8 (0.1–17.0)
3.1 (0.02–12.3)
4.6 (0.1–15.1)
3.4 (0.02–17.0)
4.3 (0.02–17.0)
2.8 (0.2–7.6)

0.03

FUT2

TT (148)
GT, GG (55)
AA, AG (133)
GG (69)
GG (108)
AA, AG (118)
GT, GG (219)
TT (18)

0.04

NS

High-risk HLA genotype
SH2B3

rs3184504

NS

rs3825932

0.01

NS

SLC30A8

rs13266634

0.04

NS

FUT2

rs601338

2.4 (0.1–11.0)
4.1 (0.1–12.0)
2.3 (0.2–8.0)
4.1 (0.1–12.0)
7.5 (0.3–10.6)
3.5 (0.1–12.0)
4.7 (0.3–12.0)
2.7 (0.1–11.4)

0.04

CTSH

TT (12)
CT, CC (75)
TT (16)
CT, CC (81)
TT (8)
CT, CC (91)
AA, AG (56)
GG (31)

0.02

NS

AA (15)
AC, CC (120)
TT, AT (112)
AA (3)
GG (100)
AG, AA (36)
CC, TT (76)
CT (63)

2.4 (0.1–15.4)
4.7 (0.02–17.0)
4.4 (0.1–17.0)
1.2 (0.2–3.4)
5.1 (0.1–15.4)
2.6 (0.02–17.0)
3.9 (0.1–15.4)
5.7 (0.02–17.0)

0.007

NS

0.04

NS

0.03

NS

0.03

NS

GG (61)
AG, AA (68)
GT, GG (126)
TT (8)
AA, AG (76)
GG (40)

5.6 (0.3–15.1)
3.3 (0.1–17.0)
4.5 (0.1–17.0)
2.7 (0.2–4.1)
5.3 (0.1–17.0)
3.1 (0.1–12.3)

0.004

NS

0.02

NS

0.04

NS

GG (35)
AG, AA (49)
CC (16)
CT, TT (71)
TT (2) 9.3
AA, AT (101)

3.0 (0.1–10.6)
5.3 (0.02–11.4)
2.3 (0.1–8.0)
4.4 (0.02–11.8)
9.3 (8.0–10.7)
3.6 (0.02–11.8)

0.045

NS

0.02

NS

0.04

NS

Moderate-risk HLA genotype
ERBB3
rs2292239
IL2RA

rs11594656

GIMAP5

rs6965571

SLC30A8

rs13266634

Boys
LOC646538

rs630115

IGF2BP2

rs4402960

NRP1

rs2666236

Girls
KIAA0350-CLEC16A

rs2903692

AFF3

rs9653442

INS

rs689

Reproduced with permission from J Clin Endocrinol Metab.
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Table 23. Comparison of the distributions of the predisposing SNPs in the groups of slow progressors, other progressors, and multipositive nonprogressors. Pc=corrected P-value by using the Benjamini-Hochberg procedure to control the false discovery rate. Reproduced with permission from
J Clin Endocrinol Metab.
Pa = Slow progressors vs. other progressors
Pb = Slow progressors vs. multipositive non-progressors
Pc = Other progressors vs. multipositive non-progressors
SNP

Genotype

Slow progressors

Other
progressors

Multipositive
non-progressors

DQX1
AFF3LOC150577
GPR183/EBI2
PHTF1
IL2RA
PTPN22
CD226

rs6546909
rs9653442

AA
CC

N (%)
29 (57)
4 (8)

N (%)
108 (71)
35 (23)

rs9585056
rs6679677
rs11594656
rs2476601
rs763361

CC, CT
AA, AC
TT
AA, AG
TT, CT

28 (55)
18 (35)
35 (69)
20 (33)
43 (74)

75 (49)
60 (40)
110 (74)
74 (41)
141 (79)

Pa

Pca

Pb

Pcb

Pc

P cc

N (%)
94 (76)
24 (19)

0.06
0.02

0.84
0.84

0.01
0.07

0.81
0.81

0.38
0.46

0.88
0.89

46 (37)
33 (27)
77 (62)
48 (27)
104 (65)

0.49
0.53
0.47
0.30
0.46

0.98
0.98
0.98
0.98
0.98

0.03
0.25
0.41
0.37
0.18

0.81
0.81
0.81
0.81
0.81

0.04
0.02
0.04
0.007
0.004

0.58
0.48
0.58
0.27
0.27

Table 24. Predisposing SNPs associated with overall progression to type 1 diabetes (T1D). Pc=corrected P-value by using the Benjamini-Hochberg
step-up procedure to control the false discovery rate. Reproduced with permission from J Clin Endocrinol Metab.
Gene

SNP

Predisposing genotype to T1D

Progressors

Non-progressors

P-value

Pc

PTPN22
INS
NRP1
CD226
PHTF1
PRKCQ
GPR183 / EBI2

rs2476601
rs689
rs2666236
rs763361
rs6679677
rs11258747
rs9585056

AA, AG
AA
AA, AG
TT, CT
AA, AC
TT
CC, CT

N (%)
97 (38.2)
199 (78.7)
150 (70.8)
192 (76.8)
78 (38.0)
20 (9.5)
107 (50.5)

N (%)
483 (23.4)
1268 (63.5)
738 (62.3)
1232 (70.2)
282 (23.9)
65 (5.5)
481 (40.7)

<0.001
<0.001
0.02
0.03
<0.001
0.03
0.008

<0.001
<0.001
0.13
0.16
<0.001
0.16
0.06
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Approaches to screening for risk of type 1 diabetes
Role of islet cell antibodies in disease prediction
In Study I, we explored the role of ICA in preclinical screening for risk of type 1 diabetes. Sensitivity,
specificity, and PPV of individual autoantibody reactivities and multipositivity for predicting type 1
diabetes are presented in Table 25. Most importantly, the disease specificity and PPV of positivity
for multiple biochemical autoantibodies were significantly higher than for ICA, when the threshold
for ICA positivity was set at 2.5 JDFU, but not when it was set at 10 JDFU.
Among multipositive children, there were no ICA-negative individuals and positivity for
individual biochemical autoantibodies occurred considerably less often in multipositive children than
positivity for ICA. Altogether 48 (68%) of the multipositive children tested positive for IAA, 52
(73%) for GADA, 40 (56%) for IA-2A, and 43 (61%) for ZnT8A. All available samples from these
children had been analyzed for ICA, IAA, GADA, IA-2A, and ZnT8A. When ICA was omitted from
the screening, 21 multipositive children (29.6%) would have been missed (Figure 8). Among these
children, there was one progressor with multiple biochemical autoantibodies at the time of diagnosis.
Removing ICA from the autoantibody analyses did not affect the association of the high-risk
HLA genotype with multipositivity compared with the moderate-risk HLA genotypes. With ICA in
the analysis, 32 (35%) of the seroconverted children in the high-risk HLA group and 39 (21%) of
those in the moderate-risk HLA group developed multiple autoantibodies (P=0.01) by 15 years of
age. The corresponding figures without ICA in the analysis were 26 (58%) and 24 (35%; P=0.02).
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Table 25. Sensitivities, specificities, and positive predictive values (PPV) of individual
autoantibodies and their combinations by the age of 15.5 years when at least two consecutive positive
samples were required for autoantibody positivity (A) and when one positive sample was required
for positivity (B). Confidence intervals (95%) are shown in parentheses. JDFU=Juvenile Diabetes
Foundation units. Table A reproduced with permission from J Clin Endocrinol Metab.
A

Autoantibody type

Sensitivity, %

Specificity, %

PPV, %

ICA

91 (76–98)

78 (78–78)

13 (11–14)

IAA

77 (61–89)

96 (95–96)

39 (31–45)

GADA

71 (55–84)

96 (95–96)

36 (28–43)

IA-2A

69 (53–81)

98 (98–99)

57 (44–68)

ZnT8A

71 (56–84)

98 (97–98)

52 (41–61)

Multiple (≥2) autoantibodies

91 (77–98)

96 (96–96)

45 (38–48)

Multiple (≥2) biochemical autoantibodies

89 (74–96)

98 (98–98)

62 (52–67)

ICA threshold for positivity ≥10 JDFU

89 (74–96)

96 (95–96)

43 (36–47)

Autoantibody type

Sensitivity, %

Specificity, %

PPV, %

ICA

91 (76–98)

77 (76–77)

13 (10–13)

IAA

80 (63–91)

91 (90–91)

24 (19–27)

GADA

74 (58–87)

93 (93–94)

29 (22–34)

IA-2A

77 (62–88)

97 (97–98)

52 (41–60)

ZnT8A

80 (64–91)

96 (95–96)

42 (33–47)

Multiple (≥2) autoantibodies

91 (77–98)

95 (94–95)

38 (32–41)

Multiple (≥2) biochemical autoantibodies

91 (78–98)

98 (97–98)

58 (49–62)

B
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Definition of autoantibody positivity
In Study I, we examined whether the definition of autoantibody positivity as positivity for at least
one autoantibody in at least one vs. two consecutive samples affected the screening for islet
autoimmunity. When two consecutive positive samples instead of only one positive sample were
required for autoantibody positivity, the cumulative proportion of children with only one positive
autoantibody was markedly lower, while the life-table curve for children with multiple autoantibodies
remained similar (Figure 8). Sensitivies, specificities, and PPV for predicting type 1 diabetes by using
both definitions are shown in Table 25.

Cumulative proportion of children with autoantibodies

0.5
≥1 AAB in ≥1 sample
≥1 AAB in ≥2 consecutive samples
≥2 AABs in ≥1 sample

0.4

≥2 AABs in ≥2 consecutive samples

0.3

0.2

0.1

0.0

0

5

10

15

Age, years
N=1006
N=1006
N=1006
N=1006

N=770
N=816
N=869
N=869

N=520
N=562
N=675
N=679

N=324
N=358
N=503
N=514

Figure 8A. Development of at least one (orange line) or at least two (red line) autoantibodies by the
age of 15.5 years when autoantibody positivity was defined as positivity for ICA, IAA, GADA, IA2A, and/or ZnT8A in at least one sample; development of at least one (blue line) or at least two (green
line) autoantibodies when at least two consecutive samples were required for autoantibody positivity
in 1006 children with increased HLA predisposition for type 1 diabetes.
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Cumulative proportion of children with autoantibodies
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≥1 AAB in ≥1 sample
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≥1 AAB in ≥2 consecutive samples
≥2 AABs in ≥1 sample
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Figure 8B. Development of at least one (orange line) or at least two (red line) autoantibodies by 15.5
years of age when autoantibody positivity was defined as positivity for the biochemical
autoantibodies (IAA, GADA, IA-2A, and/or ZnT8A) in at least one sample; development of at least
one (blue line) or at least two (green line) autoantibodies when positivity was defined as positivity
for the biochemical autoantibodies in at least two consecutive samples in 1006 children with increased
HLA predisposition for type 1 diabetes.
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Summary of findings

SUMMARY OF FINDINGS
The main findings of this thesis are summarized below.
1. Among HLA-predisposed children recruited from the general population, rapid progressors
to type 1 diabetes can be characterized by factors present at seroconversion to autoantibody
positivity, including young age, higher autoantibody titers of especially IAA, IA-2A, and ICA,
positivity for multiple autoantibodies, and higher prevalence of the high-risk HLADQB1*02/*03:02 genotype and the homozygous secretor GG genotype of the FUT2 SNP
predisposing to type 1 diabetes.
2. The double-peak profile of seroconversion age among the rapid progressors demonstrates for
the first time that rapid progression to type 1 diabetes may occur not only in young children
below the age of 5 years, but also in children closer to puberty. At seroconversion, young
rapid progressors are characterized by IAA positivity and high IAA titers, while older rapid
progressors are characterized by GADA positivity and high GADA titers. This indicates agedependent heterogeneity in the triggers of rapid progression.
3. Slow progressors to type 1 diabetes demonstrate lower titers of IAA and ICA, lower frequency
of positivity for IA-2A or multiple autoantibodies at seroconversion, and a longer delay from
single to multiple autoantibody positivity than other progressors.
4. Season of birth is associated with pace of disease progression from seroconversion to clinical
diabetes. Disease progression is accelerated in children born in the spring and slower among
children born in the fall.
5. None of the investigated SNPs predisposing to type 1 diabetes are associated with slow
disease progression after correction for multiple testing. The predisposing PTPN22, INS
(rs689), and PHTF1 SNPs are associated with overall progression to clinical type 1 diabetes.
The EBI2/GPR183 SNP might also be associated with overall progression to type 1 diabetes.
6. Over the first 15 years of life, the seroconversion rate to positivity for biochemically defined
autoantibodies decreases with advancing age, but the ICA seroconversion rate increases
continuously towards puberty.
7. Among children with a single biochemical autoantibody at seroconversion, IAA or GADA is
most often the primary biochemical autoantibody, but in young children, ZnT8A is the second
most common primary autoantibody after IAA. This is the first study to demonstrate that
ZnT8A may appear early in the disease process.
8. Inverse seroconversions and fluctuations of autoantibody positivity are observed most
frequently for IAA, followed by ICA, especially among non-progressors. Among progressors,
ICA is the most stable and persistent autoantibody. Reversion to complete autoantibody
negativity occurs rarely among children with multiple biochemical autoantibodies.
9. Among progressors to type 1 diabetes, the loss of IAA positivity is associated with delayed
progression from seroconversion to diagnosis.
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Dynamics of islet autoantibodies in childhood
In this thesis, we explored the dynamics of islet autoantibodies in HLA-predisposed children to type
1 diabetes during prospective follow-up from birth up to 15 years of age. This extensive general
population-based study was carried out in Finland, which has the highest incidence of type 1 diabetes
globally. Follow-up data from the same cohort up to the age of 2 and 5 years have been previously
published (7, 112).
During the first 15 years the overall seroconversion rate increased, which was mostly explained
by a continuous increase in the ICA seroconversion rate with increasing age. However, the
biochemical autoantibodies demonstrated decreasing seroconversion rates with advancing age.
Among the islet autoantibodies, ICA became the dominating autoantibody after the age of 3 years,
but IAA seroconversions prevailed in younger children. The cumulative proportion of multipositive
individuals showed a steady increase up to the age of 15 years, but positivity for multiple biochemical
autoantibodies developed rarely in children older than 10 years. Multipositivity within a year from
seroconversion indicated progression to clinical diabetes, but this observation no longer reached
statistical significance when ICA was omitted from the autoantibody analysis.
By 15 years of age, there were no differences in the overall seroconversion rate between boys
and girls. This was somewhat surprising considering that type 1 diabetes is more common among
males than females after puberty (298). However, the cumulative frequency of seroconversion to
biochemical autoantibody positivity was slightly higher among boys than girls. Also, the majority of
children diagnosed with type 1 diabetes after the age of 10 years were boys, while in younger children
there was no sex difference in the proportion of progressors. This might indicate that boys are more
susceptible to progression to clinical diabetes when approaching puberty.
We described for the first time systematically the role of ZnT8A in the prediction of type 1
diabetes as a part of the autoantibody repertoire used for screening purposes. During the first 15 years
ZnT8A emerged commonly in young children and often as the primary autoantibody preceding even
IAA. Together with IA-2A, ZnT8A demonstrated the highest specificity for type 1 diabetes, and, as
the primary autoantibody at seroconversion, was strongly predictive of clinical disease. This probably
reflects the strong beta-cell specificity of ZnT8.
Generally speaking, ZnT8A has been considered to appear relatively late in the disease process,
but according to the current observations, this might not be entirely true. More likely, ZnT8A might
reflect an aggressive disease process. Clinically, positivity for ZnT8A at diagnosis has been linked to
a high risk of diabetic ketoacidosis and predicts increased need for exogenous insulin after diagnosis
(163). Accordingly, our observations suggest that ZnT8A emerging early during the preclinical
process indicates a high risk of type 1 diabetes. However, this conclusion should be interpreted
cautiously due to the limited size of the study population.
The dynamics of islet autoantibodies might be utilized in preclinical screening when estimating
the risk of type 1 diabetes in multipositive individuals. We observed that the titers of ZnT8A together
with ICA and IA-2A increased in progressors months before diagnosis compared with matched
multipositive controls. This is consistent with earlier studies reporting that ZnT8A is often seen
together with ICA and/or IA-2A at diagnosis, but rarely with simultaneous IAA or GADA positivity
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(154, 159, 163). The prevalence of ZnT8A at diagnosis in the current study (66%) was in accordance
with earlier observations (159, 164).
As might be expected considering the heterogeneous nature of type 1 diabetes, we demonstrate
that the primary autoantibody is characteristic of age. In young children, islet autoimmunity often
begins with IAA or ZnT8A positivity, while at preschool age GADA and IA-2A-driven autoimmunity
increases. After the preschool years, ICA begins to dominate as the primary autoantibody, but if
remaining as a single autoantibody it does not mediate any risk for clinical diabetes. This indicates
the existence of multiple paths of islet autoimmunity and highlights the concept of disease endotypes.
Moreover, there are apparent differences in the primary autoantibody signatures between progressors
and non-progressors at seroconversion, with IAA and ZnT8A associating most often with progression
to clinical disease. The primary autoantibody might reflect the driving events of islet autoimmunity.
However, assessing these mechanisms was beyond the scope of this thesis.
Notably, GADA as the first single autoantibody at seroconversion was rarely seen in
progressors. Instead, GADA was the predominant primary autoantibody among multipositive nonprogressors. This might be explained by the typically older age at primary GADA positivity relative
to primary IAA or ZnT8A positivity (52, 151, 320). In the DIPP study, no difference in disease
progression was previously observed between individuals with IAA or GADA as the first
autoantibody who had also developed secondary autoantibodies (117). The substantially longer
follow-up in the current study has added to the number of older children with GADA as the first
autoantibody in whom the disease process has not yet advanced further.
Considering the different genetic backgrounds (117, 128, 129, 320, 340) and etiological
associations of the two major endotypes of islet autoimmunity (266), the current observations support
the idea of heterogeneity in the disease process and suggest that age and the stage of immunological
maturation contribute substantially to the features of islet autoimmunity. Environmental exposures in
children of various ages might differ considerably. As an example, the frequency of infections often
increases at preschool age, as children start daycare. Early childhood infections have, in fact, been
temporally associated with the onset of islet autoimmunity in several prospective studies (249–251).
These findings constitute a framework for understanding the disease heterogeneity and for
individualizing the approach of predicting and preventing type 1 diabetes. The increase in ICA
reactivity towards puberty might reflect the fact that ICA positivity is commonly seen in adults (395).
The labile state of autoantibodies might be of value when evaluating the risk of type 1 diabetes.
Among the islet autoantibodies, inverse seroconversions and fluctuations of IAA were most common,
followed by ICA in children who did not develop clinical type 1 diabetes. Inverse seroconversions of
IAA and ICA were inversely associated with peak IAA and ICA titers, respectively. Our findings
support previous observations stating that IAA appear at a young age, but are relatively unstable in
character (7, 52, 112, 115, 117, 151, 191, 320).
Since IAA appear early in the disease process, it has been considered whether insulin is the
primary autoantigen in type 1 diabetes (113, 114). In this respect, it was noteworthy that the loss of
IAA positivity was associated with delayed progression from seroconversion to clinical diabetes
compared with persistent IAA positivity. A similar finding has been previously described in
multipositive children (194). This phenomenon evokes questions about why the insulin-specific
autoantibody response might be suppressed during disease progression. First, the humoral immune
response might be attenuated, but the cell-mediated immune response towards insulin might persist.
Second, considering the heterogeneity in the residual beta-cell function in long-term type 1 diabetes,
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it is possible that the beta cells in some individuals possess the ability to escape the immune attack
rather than being entirely destroyed (58, 59). In non-obese diabetic (NOD) mice, a subset of beta cells
has been observed to survive immune attack supposedly due to mechanisms capable of hiding the
beta cells from the immune system (99). Third, some evidence exists that B cells might be actively
involved in the pathogenesis, and when the support provided by humoral immunity is removed,
disease progression might be decelerated (56).
At the beginning of the DIPP study, it was predicted that approximately 7% of children carrying
the high-risk HLA-DQB1*02/*03:02 genotype and 2–3% of children with moderate-risk genotypes
in the Finnish population might progress to clinical type 1 diabetes by 15 years of age (385). In this
thesis, we observed this prediction to hold true. This emphasizes the role of HLA-mediated antigen
presentation in the disease pathogenesis. However, the children in the current study cohort were born
in 1994–1997, and due to the evolving disease process behind type 1 diabetes, the HLA associations
are changing and might be different among more recently born individuals (204).

Characteristics of rapid disease progression
This is the first prospective study to demonstrate that children with rapid progression to type 1
diabetes can be characterized by demographic, genetic, and immunological factors present at
seroconversion to autoantibody positivity. These include young age, high autoantibody titers of
especially IAA, IA-2A, and ICA, positivity for multiple autoantibodies, and higher prevalence of the
high-risk HLA-DQB1*02/*03:02 genotype and the homozygous secretor genotype of the FUT2 SNP
predisposing to type 1 diabetes. Sex does not affect the pace of disease progression. In the multivariate
models, independent predictors of rapid progression were identified as the high-risk HLA genotype,
young age at seroconversion, multipositivity, IAA positivity, and high ICA titer at seroconversion.
Characteristics associated with the progression rate in this thesis are summarized in Table 26.
Our findings are consistent with previous observations that multipositivity at a young age, the
emergence of IA-2A as the primary biochemical autoantibody, and high initial titers of IAA strongly
indicate rapid progression to clinical diabetes in childhood (117, 149). Several of the characteristics
associated with overall progression to clinical diabetes were found also to be factors related to the
progression rate. These include high titers of IAA and ICA at seroconversion, multipositivity at a
young age, and persistent IAA positivity compared with unstable IAA (51, 107, 108, 130, 149, 175,
193).
As a novel discovery, we observed a double-peak profile of the seroconversion age among rapid
progressors. The first peak occurred in young children and the second closer to puberty. Young rapid
progressors were characterized by high frequency of IAA positivity and high titers of IAA at
seroconversion, while the older subgroup demonstrated high frequency of GADA positivity and high
titers of GADA at seroconversion. The differences in the autoantibody profiles between the subgroups
were not explained by distributions of the HLA genotype or the analyzed non-HLA SNPs. The duality
of seroconversion age among rapid progressors raises questions about whether the disease process is
similar in all forms of rapid progression (117). The environmental triggers of islet autoimmunity
might differ between young and prepubertal rapid progressors, both of whom are undergoing sensitive
stages of development. The idea of multiple triggers behind rapid progression is supported by the fact
that the majority of the older rapid progressors had tested autoantibody-negative within a year before
seroconversion. This might suggest that the mechanisms mediating rapid progression are independent
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of the triggers of islet autoimmunity. Considering the screening for risk of type 1 diabetes, the current
observations indicate that in the future the assessment of islet autoantibodies might be targeted to
selected age groups.
This is the first study to report an association between the FUT2 SNP predisposing to type 1
diabetes and the pace of disease progression. Rapid progressors with the high-risk HLA genotype
demonstrated an increased prevalence of the homozygous FUT2 secretor genotype. This is, however,
not the FUT2 genotype predisposing to type 1 diabetes (220). The FUT2 gene encodes 1,2-αfucosyltransferase (FUT2), the enzyme responsible for synthesis of soluble ABO histo-blood group
antigens found in bodily fluids and on intestinal mucosa, thereby defining the human secretor status
(396). Non-secretor individuals homozygous for the non-functional FUT2 allele A do not express the
functional enzyme, and, as a result, lack the soluble ABO antigens from secretions (397). The FUT2
secretor genotype has been reported to predispose to several intestinal pathogens, including rotavirus
and norovirus, whereas the non-secretor genotype provides protection against symptomatic norovirus
infection (398–401). This effect is probably mediated through the function of ABO histo-blood group
antigens as intestinal receptors for many pathogens, including rotavirus and norovirus (402, 403).
Notably, it has been reported that the incidence of type 1 diabetes in Australia and the United States
has decreased among children under the age of 5 years after the introduction of the rotavirus vaccine
into the national vaccination program, although it is controversial whether rotaviruses induce islet
autoimmunity (254, 255, 404). Recent studies have also suggested an association between ABO blood
type and susceptibility to COVID-19 disease (405). Intriguingly, high concentrations of α-1,2-linked
fucosylated glycans in human milk mediate protection against infectious diarrhea in breastfed infants
(406). The impact of the FUT2 secretor status on the infant gut microbiota remains incompletely
understood. According to the literature, the maternal FUT2 genotype modifies the composition of the
gut microbiota in cesarean-born infants, but not in vaginally born infants (407). The association of
the homozygous FUT2 secretor genotype with rapid disease progression suggests that high levels of
soluble ABO antigens in bodily secretions might contribute to rapid progression to type 1 diabetes.

Characteristics of slow disease progression
Similarly, we set out to identify the demographic, genetic, and immunological characteristics of slow
progressors to type 1 diabetes. The slow progressors tested less frequently positive for IA-2A and
multiple autoantibodies and demonstrated lower titers of ICA and IAA at seroconversion than the
other progressors. The delay from single to multiple autoantibody positivity was longer among slow
progressors than other progressors. There was an interesting trend in the season of birth between
progressors. The slow progressors were frequently born in the fall, while other progressors were born
more often in the spring. However, no specific characteristics at seroconversion were explicitly
predictive of slow progression. The main challenge was to distinguish characteristics predictive of
slow progression from the ones associated with overall progression to type 1 diabetes.
The characteristics of slow progressors to type 1 diabetes have been explored in several studies.
In the BABYDIAB study, slow progression from multipositivity to diagnosis was associated with
delayed appearance of IA-2A (150). Certain differences were also found in the distributions of nonHLA SNPs between progressors (150). In the TEDDY study, a genetic risk score based on multiple
HLA and non-HLA SNPs predicted the pace of disease progression (334). In the DAISY study, slow
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Table 26. Summary of characteristics associated with the progression rate to clinical type 1 diabetes based on observations in this thesis.
Progression to type 1
diabetes

Rapid progression

Slow progression

Possible ultraslow
progression (multiple
autoantibodies)

Non-progressive
autoimmunity

Season of birth

Any

Spring

Not spring / Fall

Any

Any

Age at
seroconversion

Young

Young or early
puberty

Young

Preschool and later

After preschool

HLA risk genotype

High risk

High risk

High risk

High or moderate

Moderate risk

Autoantibody
positivity at
seroconversion

Multipositive
IAA
ZnT8A

Multipositive
IA-2A

Multipositive
IAA without GADA

GADA without IAA

One autoantibody
Mostly ICA

Progression to
multipositivity

Within a year from
seroconversion

Fast

Slower than rapid
progressors

Slower than
progressors

Not multipositive

Autoantibody titers at
seroconversion

High ICA
High IAA

High ICA
High IAA
High IA-2A

Moderate ICA
Moderate IAA

Moderate ICA
Moderate IAA

Low ICA

Associated SNPs

INS
PTPN22
PHTF1
EBI2

FUT2 supersecretor
genotype (+ high risk
HLA genotype and
age ≤5 years at
seroconversion)

None found

NA

NA

Primary autoantibody

IAA
ZnT8A
Persistent ICA
Relatively persistent
IAA

IA-2A*

ZnT8A?*

GADA

ICA

Persistent IAA

Transient IAA

Fluctuating IAA
Transient ICA

Fluctuating GADA
Fluctuating ICA
Transient ICA
Transient IAA
Transient IA-2A

Autoantibody stability

*As previously observed by Ilonen et al. in (151).
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progressors were characterized by later onset of islet autoimmunity, lower frequency of IAA
positivity, and lower autoantibody titers, especially IAA, and demonstrated delayed progression to
multipositivity compared with other progressors (337). Our observations are in accordance with
earlier studies, implying that delayed development of multipositivity, lower frequency of IA-2A
positivity at seroconversion, and lower initial autoantibody titers of especially IAA are characteristic
of slow progressors. However, we found no associations between the investigated non-HLA SNPs
and slow disease progression after correction for multiple testing.
Since most multipositive children progress to clinical diabetes within 15 years, a proportion of
the current multipositive non-progressors may still progress to clinical diabetes, but extremely slowly
(149). Comparisons of multipositive individuals with phenotypically distinguished slow progressors
might promote the discovery of mechanisms capable of slowing down disease progression. In this
thesis, we demonstrated a GADA-positive signature among multipositive non-progressors that was
distinct at seroconversion from both progressors and single autoantibody-positive non-progressors.
Apart from seroconverting to autoantibody positivity at an older age than progressors, the
multipositive non-progressors tested more frequently GADA-positive at seroconversion without
simultaneous positivity for IAA. In contrast, the progressors tested more often IAA-positive in the
absence of GADA positivity.
Accordingly, the primary autoantibody seems to some extent predict the pace of progression to
clinical diabetes. In a multicohort analysis comprising data from five prospective studies, GADA was
the most frequent autoantibody in the first multipositive sample among individuals who remained
disease-free for more than 10 years after seroconversion, suggesting that initial GADA positivity
might indicate slower pace of the disease process (338). However, this might not hold entirely true
since in this thesis high initial titers of GADA were commonly seen in prepubertal rapid progressors.
This raises questions of whether e.g. GAD epitope-specific responses affect the pace of disease
progression in GADA-positive individuals (135, 178).
It is also enticing to consider whether GADA might reflect the action of mechanisms opposing
disease progression. The autoantigen of GADA, glutamic acid decarboxylase, is essential in the
synthesis of the neurotransmitter GABA, which has been reported to exhibit anti-inflammatory
properties, enhance beta-cell survival, and promote the maintenance of the human beta-cell mass
(408). Intriguingly, high levels of GABA after birth indicate future seroconversion to primary IAA
positivity, but do not contribute to future risk of primary GADA positivity (359). This might reflect
the fact that the function of GAD in beta cells may not be affected until an older age in GADA-driven
autoimmunity. However, increased levels of glutamic acid and decreased levels of metabolites
derived from it precede seroconversion to GADA-first in young children (359). This might suggest
that an abnormal glutamic acid metabolism is causally related to the underlying autoimmune response
against GAD and/or to its altered function. Whereas the IAA-first endotype has been linked to the
type 1 diabetes-associated coxsackievirus B1 infections, initial GADA positivity is likely to originate
from a different etiological background (266).
None of the investigated non-HLA SNPs were associated with slow progression after
corrections for multiple comparisons. This was not surprising since the HLA region contributes to
approximately 50% of the genetic heritability of type 1 diabetes, whereas the non-HLA loci together
account for an estimated 30% of the heritability (209). However, assessing this possibility was
mechanistically important to rule out significant associations. As expected, the predisposing SNPs in
the PTPN22, INS (rs689), and PHTF1 genes were associated with overall progression to clinical
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diabetes. The PTPN22 and PHTF1 SNPs are in almost perfect LD, meaning that individuals who
carry one particular SNP allele at one site in the genome also often carry specific alleles at another
nearby site. Both the PTPN22 and PHTF1 SNPs are located within a massive LD block containing
in addition several other genes (210, 409). Therefore, the association of the PHTF1 SNP with overall
progression might be explained by LD with the PTPN22 SNP, which strongly predisposes to type 1
diabetes.
Considering the development of immunological tolerance and the maturation of the immune
system, it is noteworthy that the predisposing EBI2/GPR183 SNP tended to be associated with overall
progression to clinical diabetes. The gene product of EBI2 is a chemokine receptor, the Ebstein-Barr
virus-induced G protein-coupled receptor (EBI2), which guides the localization of immune cells in
lymphoid tissues (410). In mice, EBI2 deficiency alters the migration rate of thymocytes into thymic
medulla during negative selection and might affect the development of central tolerance (411).
Deficiencies in EBI2 or its ligand 7α,25-dihydroxycholesterol result in impaired humoral immune
responses in mice (410). Furthermore, efficient induction of adaptive immune responses in mice
requires EBI2-mediated sensing of oxysterol gradients (412). Considering the essential role of EBI2
for the localization of B cells in lymphoid tissues, EBI2-orchestrated humoral immune responses
might be involved in the pathogenesis of type 1 diabetes, which is highly characterized by
autoantibody production against islet antigens. In newly diagnosed patients with type 1 diabetes, two
different phenotypes of insulitis have been described in which the number of CD20-positive B cells
in the insulitic lesion is either high or low, reflecting a considerably different age at diagnosis (64).
Also, since the migration of immune cells is controlled by a variety of chemokine receptors, EBI2
might play a role in the localization of immune cells into tissues outside the lymphoid organs such as
the pancreatic islets. In multiple sclerosis, EBI2 might mediate the migration of autoreactive T cells
into inflamed tissues (413). The potential role of EBI2 in the pathogenesis of type 1 diabetes requires
clarification in future studies.

Season of birth and environmental etiologies of beta-cell autoimmunity
This is the first study to report variation in the seasonality of birth between progressors to type 1
diabetes with variable pace of disease progression. The current findings indicate that seasonal
environmental factors, such as infections or dietary factors, may affect the progression rate to clinical
diabetes. The contribution of seasonal factors to the disease process is not, however, a novel idea.
Exposure to infectious pathogens, such as viruses, has been proposed to trigger islet autoimmunity as
early as during the fetal or neonatal period (414).
The strongest evidence for an association between type 1 diabetes and seasonal pathogens exists
for enteroviruses, especially group B coxsackieviruses (258). Taking into account that enteroviral
infections peak in Finland in the late summer or early fall, the observed seasonality of birth among
the progressors implies that enteroviral antigen presentation during the late prenatal or early neonatal
period might slow down the disease process (National Infectious Diseases Register, National Institute
for Health and Welfare, Finland). This effect might be mediated through stronger protection by
maternal antibodies in infants born in the fall, while infants born in the spring might encounter the
corresponding antigens at an older age when they are no longer protected by maternal antibodies. In
the DIPP study, the presence of maternal antiviral antibodies in cord blood attenuated the risk of
coxsackievirus B1 infection-associated islet autoimmunity in offspring (264). The seasonality of birth
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among patients with type 1 diabetes has been observed in numerous populations, but the findings are
inconsistent, most likely due to genetic, epidemiological, and lifestyle-related differences between
the various populations (415).
In this thesis, positivity for multiple biochemical autoantibodies appeared at a younger age
among children born in the winter than among those born in other seasons. This raises suspicions
about whether children born in the winter are exposed to environmental factors that promote
progressive islet autoimmunity at a younger age than children born in other seasons. One candidate
for such environmental promoters might be infections that peak during the winter such as rotavirus
or norovirus infections (416). Decreased levels of vitamin D have been associated with the
development of multiple autoantibodies (303). In Finland, vitamin D levels can easily diminish during
the winter when the amount of sunlight is limited. Therefore, a daily vitamin D supplement is
recommended for all Finnish children up to the age of 18 years starting from the age of two weeks
(National Institute for Health and Welfare, Finland). However, being born in the winter did not
increase the risk of type 1 diabetes relative to being born in other seasons. The association between
season of birth and the development of multipositivity requires confirmation in a larger study
population.

Islet cell antibodies in disease prediction
Persistent positivity for multiple biochemical autoantibodies indicates high risk for clinical diabetes
and has been used as an inclusion criterion in intervention studies (149). However, the assay used for
the analysis of ICA is laborious and challenging to standardize. The idea of replacing ICA with
biochemical autoantibodies is therefore alluring.
We explored the dynamics of ICA in detail and examined whether removing ICA from the
autoantibody screening repertoire would affect the preclinical prediction of type 1 diabetes. In
contrast to previously published 5-year follow-up data of the same cohort, ICA demonstrated rather
poor specificity compared with biochemical autoantibodies (7). The significantly higher specificity
and PPV of multipositivity for biochemical autoantibodies relative to ICA indicate that low-titer ICA
can be replaced by testing for multiple biochemical autoantibodies when screening for risk of type 1
diabetes (318, 417). However, when the threshold for ICA positivity is set at 10 JDF units, ICA
predict type 1 diabetes with a high specificity (96%) and PPV (43%). The rather poor specificity of
low-titer ICA indicates that most children identified only by ICA reactivity are not at any increased
risk for type 1 diabetes, although the sensitivity for type 1 diabetes is relatively high (91%).
The ICA method is biological, using pancreatic tissue. Accordingly, the method detects a wide
range of islet-specific antibodies and occasionally other cross-reactive antibodies (105). Because of
this, the ICA method can never reach the specificity of biochemical methods, but it is more sensitive.
By determining the optimal JDF level of ICA that provides the best combination of sensitivity and
specificity, the ICA method can provide something more than is attainable in the four biochemical
autoantibody method set and might improve the preclinical screening of type 1 diabetes.
The increasing ICA seroconversion rate towards adolescence is seen only in the case of low
ICA titers, while seroconversions to high ICA titers decrease with advancing age in parallel with
biochemical autoantibodies. Removing low-titer ICA from the preclinical screening plan in the
general population would considerably decrease the age at seroconversion. This should be taken into
account when explaining the risk of type 1 diabetes to physicians and families undergoing screening.
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Among progressors to type 1 diabetes, ICA was the most stable autoantibody. Interestingly,
there were no inverse seroconversions or fluctuations of ICA in progressors, while over a third of
ICA-positive non-progressors reverted back to ICA negativity. Moreover, no ICA-negative children
were found among multipositive individuals. This might reflect the fact that in addition to reactivity
against known islet autoantigens some undiscovered autoantigens probably mediate diseaseassociated ICA reactivity (105).

Strengths and limitations of the study
The strength of the DIPP study is the long, regular, prospective follow-up starting from birth, allowing
close collaboration between the study personnel and the participating families. The proportion of
children completing the 15-year follow-up (55.8%) was acceptable considering the long duration of
the follow-up. The DIPP study is carried out in Finland, which has the highest incidence of type 1
diabetes in the world, thus providing the most extensive general population-based cohort on
childhood type 1 diabetes. As a downside, the high incidence of type 1 diabetes in Finland might limit
the generalizability of the results. In the Finnish population, the attitude towards screening of newborn
infants for the genetic risk of type 1 diabetes is generally positive. The Finnish Pediatric Diabetes
Register is a national cross-sectional project that comprises information on more than 90% of
pediatric diabetes cases in Finland from 2002 onwards. This database enables detection of progression
to type 1 diabetes also among children who have dropped out from the preclinical DIPP study and
analysis of autoantibody data obtained at the diagnosis of type 1 diabetes from all preclinically
followed individuals.
Compared with other longitudinal follow-up studies on type 1 diabetes, such as Type 1 Diabetes
TrialNet or TEDDY, an advantage of the DIPP study is the inclusion of both ICA and ZnT8A in the
screening protocol in addition to the three other biochemical autoantibodies. Another benefit of the
DIPP study is the birth cohort-based ability to define age at seroconversion in all children. In the
TrialNet protocol, for instance, this is not possible in study participants recruited to the follow-up
based on positivity for islet autoantibodies.
The main limitation of the DIPP study is the inclusion of only children carrying HLA risk
genotypes for type 1 diabetes, which limits the generalization of the study results. However, most
children (62%) diagnosed with type 1 diabetes are positive for the selected risk genotypes used in the
DIPP study screening (385). It is possible that children with a positive family history for type 1
diabetes who are more genetically and environmentally prone to the disease might be more motivated
to participate in the DIPP study and to complete the study follow-up than those who do not have a
relative affected by type 1 diabetes. This together with the relatively high dropout rate (55.8%) might
cause some selection bias in the study population.
Another limitation of the DIPP study is the ICA-based primary screening that was applied until
the end of 2002, except for the selected group of the first 1006 children who were also analyzed for
all four biochemical autoantibodies. Children testing positive for only biochemical autoantibodies
and born before the beginning of 2003 might have been missed as autoantibody-positive since before
2003 the biochemical autoantibodies were analyzed only if the child became ICA-positive or
progressed to clinical type 1 diabetes. Among the 1006 children analyzed for ICA and all four
biochemical autoantibodies, 30 (3.0%) tested positive for one or more biochemical autoantibodies
without ICA and would have been missed in the ICA-based screening. Moreover, the relatively low
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sensitivities of the autoantibody assays imply that a proportion of autoantibody-positive children have
been missed as false negatives in the screening, especially as two consecutive positive samples were
required for autoantibody positivity. This may have affected the study outcomes.
Although Studies II and III are based on the whole, initially large DIPP study cohort, the number
of progressors and especially rapid progressors to type 1 diabetes is modest, limiting the power of
statistical analyses. The definitions of rapid and slow progression are primarily based on practical
considerations, but are also partly data-driven. This might limit the generalizability of the results.
However, the findings of Study II indicate that 1.5 years from seroconversion to diagnosis is a
justified cut-off to distinguish rapid progressors from slower progressors. The cut-off for slow
progression at 7.26 years from seroconversion provides a setting that allows evaluation of the
characteristics associated with a considerably longer delay from seroconversion to diagnosis than
observed for most progressors in the DIPP study.
In Study I, the number of children in the study cohort is relatively modest, which limits the
power of statistical analyses, but allows testing for statistical differences. By 15.5 years, only 35
children (3.5%) had been diagnosed with type 1 diabetes. The dropout rate was relatively high, but
acceptable taking into account the long duration of the follow-up. Due to the limited size of the study
population, the results should be interpreted with caution. Corrections for multiple testing were not
applied in the data analysis, which might limit the interpretation of the results, as positive associations
may have been falsely detected by chance due to the multiple testing. Accordingly, the results should
be replicated in another population. No data were available on metabolic risk factors for the study
participants that might affect the risk for type 1 diabetes, which is another limitation in this thesis.
It should also be noted that although ZnT8A had been analyzed from all available samples in
Study I, the information on ZnT8A was missing for some participants for the specific sample obtained
at initial seroconversion. Therefore, some multipositive children at seroconversion and children with
ZnT8A as the single first autoantibody at seroconversion might have been missed. This may, to some
extent, have affected the observed primary autoantibody signatures among the groups of progressors,
multipositive non-progressors, and single autoantibody-positive non-progressors. The associations
observed between the primary autoantibodies and disease progression need to be replicated in a larger
study population. However, it seems unlikely that positivity for ZnT8A during the follow-up would
have remained completely undetected since ZnT8A had been analyzed from multiple samples from
each individual during the long follow-up.
Considering the comparison of autoantibody titers between progressors to type 1 diabetes and
their multipositive controls in Study I, the number of available matched controls was limited due to
the relatively modest number of participants in the study cohort. Because of the limited selection of
controls, the differences in the autoantibody titers between the two groups might have been observed
by chance. Negative autoantibody titers were also included in that analysis.
In the non-HLA SNP analyses, the non-optimal data coverage and small sample size were the
major limitations. SNP markers were originally analyzed for other purposes (128). As a consequence,
many participants lacked data on the non-HLA SNP genotypes. The results achieved in this work
require confirmation in larger study populations with more optimal data coverage. Also the
association of the FUT2 SNP with rapid disease progression must be confirmed in future studies.
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Future perspectives on prediction and prevention of type 1 diabetes
As soon as a safe and effective preventive measure is available, screening for the risk of type 1
diabetes in the general population becomes justified in high-incidence countries such as Finland.
Cost-effective screening at selected time points would save resources and might decrease the burden
experienced by children and their families. The discoveries made in this thesis improve the preclinical
estimation of type 1 diabetes risk and the timing of disease onset and can be utilized to target
screening and preventive measures to optimal populations. Rapid progressors to type 1 diabetes
comprise the primary target group for clinical trials and might benefit from careful clinical monitoring
and early preventive measures. Targeting this group may reduce the costs of clinical trials, but as a
disadvantage the generalizability of any outcomes might be limited.
As autoantibody seroconversions peak at a young age, screening in the public health context
might be most effective in preschool years. Most children who progress to clinical type 1 diabetes
before puberty test positive for autoantibodies before the age of 5 years (51). However, beta-cell
autoimmunity may begin at an older age, and, as demonstrated in this thesis, rapid progression to type
1 diabetes occurs not exclusively in young children but also in older children approaching puberty,
suggesting that additional screening points might be needed closer to puberty.
The recent staging of type 1 diabetes introduces the idea that type 1 diabetes begins as positivity
for multiple biochemical autoantibodies (53). Accordingly, advanced islet autoimmunity might be
seen as a disease, not only a risk for disease, and clinical interventions carried out at stage 1 or stage
2 type 1 diabetes might be considered as treatment of early disease to preserve beta-cell function
rather than actual prevention.
Therefore, cost-effective screening for type 1 diabetes risk in the general population may be
best achieved by screening for multiple biochemical autoantibodies. Additional monitoring might be
carried out to stratify the disease risk and the pace of disease progression by using e.g. metabolic
assessments. Children with only one autoantibody might be invited to follow-up visits for a few years
since progression to multipositivity usually occurs within the next couple of years after initial
seroconversion, but rarely thereafter (146, 175). The use of modified islet autoantigens, such as Nterminally truncated GAD, might improve our understanding of the disease pathomechanisms in the
future and facilitate the identification of study subjects suitable for intervention trials (135).
To date, the treatment of type 1 diabetes is largely missing immunomodulatory therapies
targeted to biological pathomechanisms. Evidence from clinical trials suggests that beta cells can be
preserved to some extent at stage 2 and stage 3 (56, 71, 366, 372). However, efficacy of primary
prevention, or immunotherapy at stage 1 preclinical diabetes, remains to be demonstrated.
Randomized trials are challenging to carry out because any intervention administered to human
populations needs to be safe, tolerable, and easily administered, with costs carefully considered in
relation to benefits. In this respect, the heterogeneity in type 1 diabetes sets a challenge for conducting
successful trials. For any given treatment, a therapeutic effect is seen only in a subset of treated
individuals, whereas a proportion of individuals will demonstrate no effect. This implies that there
are multiple pathways leading to the same phenotype and that therapeutic agents affecting one
biological pathway do not reach their full potential when administered to a population comprising
many individuals in whom this pathway is not active (5).
In trial design, the selection of the target population therefore plays a key role and raises the
question of how to identify populations that benefit from a given treatment. Age, genetic
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susceptibility, and disease severity are likely to affect outcome. The stage of disease progression sets
the frame for the intensity of the applied treatment (374). As therapies targeting a single biological
pathway have failed in most cases to preserve beta-cell function, the use of multifaceted therapies
combining multiple mechanisms of action might improve the probability of detecting a therapeutic
effect in a diverse population (371).
Disease endotypes are likely driven by distinct physiological mechanisms, but currently there
is no understanding of any exact mechanisms. Factors associated with type 1 diabetes are often linked
together in a way that suggests they might form pathobiological entities such as the triad of age, HLA
genotype, and development of IAA vs. GADA as the first autoantibody (117, 129, 320). One
important question is whether disease endotypes are driven by distinct etiological events or whether
they arise in the background of shared causal mechanisms similar to all cases of type 1 diabetes such
as beta-cell damage resulting from persistent viral infection (5). Age has a great impact on disease
heterogeneity, but this might reflect changes in immunological maturation, metabolic function, and
gene-environment interactions (diet, infections, physical and social activity) with advancing age
rather than heterogeneity in causal mechanisms (325). In older children, beta-cell dysfunction rather
than direct beta-cell damage might be a central mechanism in type 1 diabetes (64).
Responses to preventive therapies in clinical trials may provide important clues to disease
endotypes. In the anti-CD3 teplizumab trial, for instance, persons most likely to demonstrate a
therapeutic effect were characterized by the HLA-DR4 genotype and the absence of ZnT8A (71).
Disease endotypes might be identified based on the primary autoantibody, but in the public health
context this would require autoantibody testing close to the time of initial seroconversion. If
autoantibody screening in the general population was targeted to a few selected time points, additional
biomarkers for endotyping would be required. These might include e.g. heterogeneous metabolic and
cellular responses and proteomic, metabolomic, or transcriptomic patterns in prediabetic individuals.
Given the multifactorial nature of type 1 diabetes, mathematical modeling of longitudinal
autoantibody profiles and clusters of immune and metabolic phenotypes might facilitate the
identification of complex disease endotypes and underlying biological pathways (5).
The endeavor to identify the mechanisms behind the heterogeneity in type 1 diabetes continues.
A personalized approach to disease prediction and prevention would enhance the beneficial effects
of a preventive treatment and decrease the potential risks and costs.
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CONCLUSIONS
1. Among HLA-predisposed children recruited from the general population in Finland,
conspicuous differences are present in the dynamics of islet autoantibodies during the first 15
years of life. The ICA seroconversion rate increases continuously towards puberty, but
biochemical autoantibodies peak already at a young age. The primary autoantibody is
characteristic of age and might reflect the etiological background driving the disease process
towards clinical type 1 diabetes. In children under the age of 2 years, IAA or ZnT8A emerge
commonly as the primary autoantibody, but in preschool years IA-2A and especially GADAinitiated islet autoimmunity increases. ICA becomes the prevailing autoantibody after 3 years
of age, but if remaining as the only autoantibody does not confer any risk for type 1 diabetes.
In young children, ZnT8A especially as the primary autoantibody might be a strong indicator
of risk for type 1 diabetes.
2. The increasing ICA seroconversion rate towards adolescence is restricted to low ICA titers.
High-titer ICA seroconversions decrease with advancing age in parallel with biochemical
autoantibodies. The significantly higher specificity and PPV of positivity for multiple
biochemical autoantibodies than for ICA indicate that low-titer ICA (<10 JDF units) can be
replaced by positivity for multiple biochemical autoantibodies when screening for risk of type
1 diabetes in children. However, high ICA titers predict type 1 diabetes and in preclinical
screening might provide information beyond that available in the four biochemical
autoantibody method set. Excluding low-titer ICA from the screening plan in the general
population would significantly affect the age at seroconversion.
3. The labile patterns of autoantibodies, especially IAA, might affect the risk for type 1 diabetes.
Reversions and fluctuations of IAA are common in HLA-predisposed children, with nearly
half of IAA-positive individuals returning to persistent IAA-negativity by 15 years of age.
Reversions and fluctuations of ICA are also common among non-progressors, but among
progressors to type 1 diabetes, ICA is the most persistent autoantibody. Children with multiple
biochemical autoantibodies seem to have proceeded to a stage in the disease process at which
they rarely revert to complete autoantibody negativity. Among progressors to type 1 diabetes,
transient IAA positivity is associated with delayed progression from seroconversion to
diagnosis, suggesting a role for the humoral immune response against insulin in the
determination of the progression rate to clinical disease.
4. Rapid progressors to type 1 diabetes can be characterized among HLA-susceptible children
by demographic, genetic, and immunological factors present at the initial seroconversion to
autoantibody positivity. These include young age, high autoantibody titers of especially IAA,
IA-2A, and ICA, multipositivity, and higher prevalence of the HLA-DQB1*02/*03:02
genotype and the homozygous secretor genotype of the FUT2 SNP. Rapid progression occurs
not exclusively in young children under the age of 5 years, but also in children approaching
puberty. Young rapid progressors are characterized by IAA positivity and high IAA titers at
seroconversion, and older rapid progressors by GADA positivity and high GADA titers. These
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differences might reflect the IAA vs. GADA-driven endotypes of type 1 diabetes and suggest
that mechanisms behind rapid progression might be independent of the etiological triggers of
the disease process. The association of the homozygous FUT2 secretor genotype with rapid
progression suggests that a higher amount of soluble ABO histo-blood group antigens in
bodily secretions and on the intestinal mucosa might promote events that contribute to rapid
progression to type 1 diabetes. Rapid progressors to type 1 diabetes comprise the primary
target group for clinical prevention trials. To cover both young and prepubertal populations
of rapid progressors, future screening for risk of type 1 diabetes in the public health context
might be targeted to a few selected age points, e.g. one at preschool age and another closer to
puberty.
5. Slow progressors to type 1 diabetes may be distinguished from other progressors by
immunological characteristics present at seroconversion, including lower titers of IAA and
ICA and lower frequency of positivity for IA-2A and multiple biochemical autoantibodies.
Progression from single to multiple autoantibody positivity is delayed among slow
progressors. Season of birth contributes to the progression rate from seroconversion to clinical
diabetes. Disease progression is accelerated among children born in the spring and is slower
among children born in the fall. The impact of season of birth on the rate of functional betacell loss indicates that seasonal environmental factors contribute substantially to the
pathogenesis of type 1 diabetes. The timing of exposure to certain environmental factors in
relation to a child’s immunological development might be a major determinant in setting the
pace of disease progression.
6. No associations were found between the non-HLA SNPs analyzed and slow disease
progression after corrections for multiple testing. As expected, the predisposing SNPs in the
PTPN22, INS (rs689), and PHTF1 genes showed associations with overall progression to type
1 diabetes. Also the predisposing EBI2/GPR183 SNP tended to associate with progression to
type 1 diabetes. EBI2 might be of relevance in future pathomechanistic studies of type 1
diabetes considering its pivotal role in humoral immune responses and its potential
contribution to the development of central tolerance. However, this finding must be confirmed
in a larger study population with improved data coverage.
In summary, several demographic, genetic, and autoantibody characteristics were found to be
associated with progression rate to type 1 diabetes in this work, but we observed no unambiguous
characteristics specifically predictive for slow disease progression. The unique variations in the
dynamics of islet autoantibodies support the idea of heterogeneity in the disease process. Apart from
genetic and etiological elements, age and the stage of immunological maturation contribute
substantially to the characteristics of islet autoimmunity. These findings provide an important
framework for understanding the heterogeneous nature of type 1 diabetes and might be utilized in
future trial design to personalize the efforts to delay or prevent the onset of type 1 diabetes. Further
investigation of the age-specific features of beta-cell autoimmunity might provide mechanistic clues
to the driving events of the disease process. The observed associations between the season of birth
and positivity for multiple autoantibodies, the primary autoantibodies and disease progression, and
the FUT2 SNP and rapid progression require confirmation in future studies.
103

Acknowledgments

ACKNOWLEDGMENTS
This thesis was carried out at the Pediatric Research Center, Children’s Hospital, University of
Helsinki and Helsinki University Hospital, at the Research Programs Unit, Clinical and Molecular
Metabolism Research Program, University of Helsinki, in the Doctoral Programme in Clinical
Research, Doctoral School in Health Sciences, and at the Pediatric Graduate School. These
organizations are acknowledged for providing excellent research facilities.
I wish to express my gratitude to Professors Kaija-Leena Kolho, Kirsi Jahnukainen, Harri Saxén, and
Professors Emeriti Markku Heikinheimo and Mikael Knip, for the opportunity to conduct scientific
research at the Children’s Hospital.
I owe my gratitude to Professor Taneli Raivio, Head of the Pediatric Research Center, and Professor
Kim Vettenranta, Head of the Pediatric Graduate School, for the excellent education and financial
support these organizations provided me.
With appreciation I thank Docent Jari Petäjä (Director of the Children’s Hospital), Doctor Anne
Wikström (Head of General Pediatrics), and Professor Eero Jokinen (Head of Tertiary Pediatrics),
Helsinki University Hospital.
My deepest gratitude and respect are owed to my supervisors, Professor Emeritus Mikael Knip and
Docent Heli Siljander. Professor Knip’s extraordinary scientific vision and his ability to perceive
solutions rather than obstacles are truly an inspiration. His optimism, enthusiasm, and devotion to
diabetes and immunology research have inspired me to reach goals I never imagined achieving.
Thank you for supporting me and providing me with stimulating intellectual challenges. My sincere
gratitude goes to Docent Siljander for her creative ideas, scientific ambition, and excellent advice on
the practical matters, all the while reminding me of the importance of being human.
I thank the Diabetes Research Foundation, the Pediatric Research Foundation, the Biomedicum
Helsinki Foundation, the Orion Research Foundation sr, the Maud Kuistila Memorial Foundation, the
Yrjö Jahnsson Foundation, the Sigrid Jusélius Foundation, the Finska Läkaresällskapet, the Juvenile
Diabetes Research Foundation, the Novo Nordisk Foundation, the Academy of Finland, and the
European Union for financially supporting the studies.
I owe my most sincere gratitude to the DIPP steering committee, Professor Riitta Veijola, Professor
Heikki Hyöty, Professor Jorma Ilonen, Professor Jorma Toppari, Professor Mikael Knip, and Docent
Johanna Lempainen, for being able to be a part of the outstanding DIPP group. I am truly honored to
have collaborated with so highly esteemed and ambitious scientists.
My sincere gratitude goes to the co-authors of the publications for their valuable contributions and
expertise: Professors Jorma Ilonen, Jorma Toppari, and Riitta Veijola, Docents Johanna Lempainen,
Samppa Ryhänen, and Paula Vähäsalo, and Doctor Antti-Pekka Laine. I am privileged to say that I
have been able to learn from the best.
With gratitude I thank my thesis committee, Professor Petri Kulmala and Docent Tiinamaija Tuomi,
for their valuable advice and encouragement. I am grateful to the reviewers of this thesis, Docent
Jorma Komulainen and Professor Harri Niinikoski, for their excellent comments and constructive
criticism.

104

Acknowledgments
I offer my gratitude to Carol Ann Pelli for revising the language of this thesis.
I warmly thank the children and their families and the physicians, nurses, and other study personnel
in the DIPP clinics and laboratories for their efforts in the DIPP study.
I thank all the current and former members of the PEDIA group for their friendship, assistance, and
contributions to my studies: Taina Härkönen, Markku Latva-Koivisto, Iiris Ahonen, Mevlida Kararic,
Juho Hämäläinen, Leni Joutsjoki, Sinikka Pietikäinen, Berta Davydova, Katriina Koski, Anna
Parkkola, Kirsi Salonen, Neea Mustonen, Maaret Turtinen, Matilda Juusola, Anna Parviainen, Linnea
Hartwall, Jarno Honkanen, Kristiina Luopajärvi, Terhi Ruohtula, Arja Vuorela, John Sandström, and
many others. Thank you also for the great company at numerous trips and parties.
I sincerely thank Professor Emeritus Olli Simell for his exceptional vision of the DIPP study and for
the invitation to play the violin at his retirement dinner when I was seventeen. This event turned out
to be one of the meaningful moments in my life that inspired me to pursue a career in medicine.
I appreciate my brilliant colleagues and the wonderful personnel at the Pediatric Departments of the
Päijät-Häme Central Hospital, the New Children’s Hospital, the Jorvi Hospital, and the South Karelia
Central Hospital, for providing support and introducing me to the beautiful field of pediatrics.
I am most thankful to my dear friends, Kirsi, Elina, Anna, Reetta, Anni, Minttu, and so many others
along the way, for their kind support, and enjoyable and unforgettable moments. As the saying goes,
an old friend is the best mirror. Because of you, I remember what is truly important in life. On the
rocky road of science, you have cheered me on endlessly and motivated me to continue to the finish
line. Simply put, you are pure gold. Thank you for sharing the journey.
With heartfelt longing I remember my late grandmother, Sylvi, who taught me that a woman should
always pursue her own education and showed me that there is absolutely no hardship in life that could
not be overcome. Her legacy lives on in my heart.
With deep gratitude I thank my beloved grandparents, Leo and Anita, for their invaluable support and
encouragement. The beautiful memories of our time spent together remind me of genuine happiness
and joy and continue to warm my heart deeply. I sincerely thank my grandfather, also a doctor, for
inspiring me to pursue a career in the field of medicine.
My brother Pessi and my sister Pirta, my absolutely brilliant siblings: Thank you for unconditional
love and for constantly challenging me further. You were my inseparable best friends growing up and
will always hold a special place in my heart. Without you I would not be the person I am today.
Emilia, I am grateful for you being a part of our family.
My dear parents, Saara and Pasi, words will never be enough to express my gratitude for your endless
support and encouragement. Throughout my life, you have believed in me and provided me with the
best opportunities. In pursuit of my dreams, you have taught me to appreciate perseverance, diligence,
and the academic life. Because of your efforts, I am today proud to be able to follow your example
on a path of my own.
Helsinki, October 2020
Petra Maria Pöllänen
105

References

REFERENCES
1.

2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

Patterson CC, Harjutsalo V, Rosenbauer J, Neu A, Cinek O, Skrivarhaug T, Rami-Merhar B, Soltesz G, Svensson
J, Parslow RC, Castell C, Schoenle EJ, Bingley PJ, Dahlquist G, Jarosz-Chobot PK, Marciulionyte D, Roche
EF, Rothe U, Bratina N, Ionescu-Tirgoviste C, Weets I, Kocova M, Cherubini V, Rojnic Putarek N, deBeaufort
CE, Samardzic M, Green A. Trends and cyclical variation in the incidence of childhood type 1 diabetes in 26
European centres in the 25 year period 1989–2013; a multicentre prospective registration study. Diabetologia
2019;62:408–417
Ziegler AG, Pflueger M, Winkler C, Achenbach P, Akolkar B, Krischer JP, Bonifacio E. Accelerated progression
from islet autoimmunity to diabetes is causing the escalating incidence of type 1 diabetes in young children. J
Autoimmun 2011;37:3–7
Rawshani A, Sattar N, Franzén S, Rawshani A, Hattersley AT, Svensson AM, Eliasson B, Gudbjörnsdottir S.
Excess mortality and cardiovascular disease in young adults with type 1 diabetes in relation to age at onset: a
nationwide, register-based cohort study. Lancet 2018;392:477–486
Morgan E, Cardwell CR, Black CJ, McCance DR, Patterson CC. Excess mortality in Type 1 diabetes diagnosed
in childhood and adolescence: a systematic review of population-based cohorts. Acta Diabetol 2015;52:801–817
Battaglia M, Ahmed S, Anderson MS, Atkinson MA, Becker D, Bingley PJ, Bosi E, Brusko TM, DiMeglio LA,
Evans-Molina C, Gitelman SE, Greenbaum CJ, Gottlieb PA, Herold KC, Hessner MJ, Knip M, Jacobsen L,
Krischer JP, Long SA, Lundgren M, McKinney EF, Morgan NG, Oram RA, Pastinen T, Peters MC, Petrelli A,
Qian X, Redondo MJ, Roep BO, Schatz D, Skibinski D, Peakman M. Introducing the endotype concept to
address the challenge of disease heterogeneity in type 1 diabetes. Diabetes Care 2020;43:5–12
Knip M, Korhonen S, Kulmala P, Veijola R, Reunanen A, Raitakari OT, Viikari J, Åkerblom HK. Prediction of
type 1 diabetes in the general population. Diabetes Care 2010;33:1206–1212
Kukko M, Kimpimäki T, Korhonen S, Kupila A, Simell S, Veijola R, Simell T, Ilonen J, Simell O, Knip M.
Dynamics of diabetes-associated autoantibodies in young children with human leukocyte antigen-conferred risk
of type 1 diabetes recruited from the general population. J Clin Endocrinol Metab 2005;90:2712–2717
Siljander HT, Simell S, Hekkala A, Lähde J, Simell T, Vähäsalo P, Veijola R, Ilonen J, Simell O, Knip M.
Predictive characteristics of diabetes-associated autoantibodies among children with HLA-conferred disease
susceptibility in the general population. Diabetes 2009;58:2835–2842
American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in
Diabetes — 2020. Diabetes Care 2020;43:S14–S31
Polonsky KS. The past 200 years in diabetes. N Engl J Med 2012;367:1332–1340
Gemmill CL. The Greek concept of diabetes. Bull N Y Acad Med 1972;48:1033–1036
von Mering J, Minkowski O. Diabetes mellitus nach Pankreasextirpation. Arch Exp Pathol Pharmacol
1890;26:371–387
Langerhans P. Beitrage zur Mikroscopischen Anatomie der Bauchspeichel Druse. Inaugural-dissertation. Berlin:
Gustav Lange 1869
Banting FG, Best CH, Collip JB, Campbell WR, Fletcher AA. Pancreatic extracts in the treatment of diabetes
mellitus. Can Med Assoc J 1922;12:141–146
Bornstein J, Lawrence RD. Two types of diabetes mellitus, with and without available plasma insulin. Br Med
J 1951;1:732
Bottazzo GF, Florin-Christensen A, Doniach D. Islet-cell antibodies in diabetes mellitus with autoimmune
polyendocrine deficiencies. Lancet 1974;2:1279–1283
Patterson CC, Dahlquist GG, Gyürüs E, Green A, Soltész G; EURODIAB Study Group. Incidence trends for
childhood type 1 diabetes in Europe during 1989–2003 and predicted new cases 2005–20: a multicentre
prospective registration study. Lancet 2009;373:2027–2033
Gale EAM. The rise of childhood type 1 diabetes in the 20th century. Diabetes 2002;51:3353–3361
Harjutsalo V, Sjöberg L, Tuomilehto J. Time trends in the incidence of type 1 diabetes in Finnish children: a
cohort study. Lancet 2008;371:1777–1782
Onkamo P, Väänänen S, Karvonen M, Tuomilehto J. Worldwide increase in incidence of type I diabetes — the
analysis of the data published incidence trends. Diabetologia 1999;42:1395–1403
Harjutsalo V, Sund R, Knip M, Groop PH. Incidence of type 1 diabetes in Finland. JAMA 2013;310:427–428
Skrivarhaug T, Stene LC, Drivvoll AK, Strom H, Joner G; Norwegian Childhood Diabetes Study Group.
Incidence of type 1 diabetes in Norway among children aged 0–14 years between 1989 and 2012: has the
incidence stopped rising? Results from the Norwegian Childhood Diabetes Registry. Diabetologia 2014;57:57–
62
Redondo MJ, Yu L, Hawa M, Mackenzie T, Pyke DA, Eisenbarth GS, Leslie RD. Heterogeneity of type I
diabetes: analysis of monozygotic twins in Great Britain and the United States. Diabetologia 2001;44:354–362
Hussen HI, Moradi T, Persson M. The risk of type 1 diabetes among offspring of immigrant mothers in relation
to the duration of residency in Sweden. Diabetes Care 2015;38:934–936

106

References
25. Oilinki T, Otonkoski T, Ilonen J, Knip M, Miettinen PJ. Prevalence and characteristics of diabetes among Somali
children and adolescents living in Helsinki, Finland. Pediatric Diabetes 2012;13:176–180
26. Gallo RL, Hooper LV. Epithelial antimicrobial defense of the skin and intestine. Nat Rev Immunol 2012;12:503–
516
27. Gros P, Milder FJ, Janssen BJ. Complement driven by conformational changes. Nat Rev Immunol 2008;8:48–
58
28. Chertov O, Yang D, Howard OM, Oppenheim JJ. Leukocyte granule proteins mobilize innate host defenses and
adaptive immune responses. Immunol Rev 2000;177:68–78
29. Luster AD. The role of chemokines in linking innate and adaptive immunity. Curr Opin Immunol 2002;14:129–
135
30. Cyster JG. Chemokines and cell migration in secondary lymphoid organs. Science 1999;286:2098–2102
31. Itano AA, Jenkins MK. Antigen presentation to naive CD4 T cells in the lymph node. Nat Immunol 2003;4:733–
739
32. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations. Annu Rev Immunol
2010;28:445–489
33. Weninger W, Manjunath N, von Andrian UH. Migration and differentiation of CD8+ T cells. Immunol Rev
2002;186:221–233
34. Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors: positioning cells for host defense and
immunity. Annu Rev Immunol 2014;32:659–702
35. Rudolph MG, Stanfield RL, Wilson IA. How TCRs bind MHCs, peptides, and coreceptors. Annu Rev Immunol
2006;24:419–466
36. Nimmerjahn F, Ravetch JV. Fcgamma receptors as regulators of immune responses. Nat Rev Immunol
2008;8:34–47
37. Poljak RJ. Structure of antibodies and their complexes with antigens. Mol Immunol 1991;28:1341–1345
38. Schatz DG, Ji Y. Recombination centres and the orchestration of V(D)J recombination. Nat Rev Immunol
2011;11:251–263
39. Batista FD, Harwood NE. The who, how and where of antigen presentation to B cells. Nat Rev Immunol
2009;9:15–27
40. Rajewsky K. Clonal selection and learning in the antibody system. Nature 1996;381:751–758
41. Mueller SN, Gebhardt T, Carbone FR, Heath WR. Memory T cell subsets, migration patterns, and tissue
residence. Annu Rev Immunol 2012;31:137–161
42. Good-Jacobson KL, Tarlinton DM. Multiple routes to B-cell memory. Int Immunol 2012;24:403–408
43. Pabst O, Mowat AM. Oral tolerance to food protein. Mucosal Immunol 2012;5:232–239
44. MacDonald TT, Monteleone I, Fantini C, Monteleone G. Regulation of homeostasis and inflammation in the
intestine. Gastroenterology 2011;140:1768–1775
45. Melchers F, ten Boekel E, Seidl T, Kong XC, Yamagami T, Onishi K, Shimizu T, Rolink AG, Andersson J.
Repertoire selection by pre-B-cell receptors and B-cell receptors, and genetic control of B-cell development
from immature to mature B cells. Immunol Rev 2000;175:33–46
46. von Boehmer H. The developmental biology of T lymphocytes. Annu Rev Immunol 1993;6:309–326
47. Starr TK, Jameson SC, Hogquist KA. Positive and negative selection of T cells. Annu Rev Immunol
2003;21:139–176
48. Goodnow CC, Sprent J, Fazekas de St Groth B, Vinuesa CG. Cellular and genetic mechanisms of self tolerance
and autoimmunity. Nature 2005;435:590–597
49. Cashman KS, Jenks SA, Woodruff MC, Tomar D, Tipton CM, Scharer CD, Eun-Hyung Lee F, Boss JM, Sanz
I. Understanding and measuring human B-cell tolerance and its breakdown in autoimmune disease. Immunol
Rev 2019;292:76–89
50. Pacheco Y, Acosta-Ampudia Y, Monsalve DM, Chang C, Gershwin ME, Anaya JM. Bystander activation and
autoimmunity. J Autoimmun 2019;103:102301
51. Parikka V, Näntö-Salonen K, Saarinen M, Simell T, Ilonen J, Hyöty H, Veijola R, Knip M, Simell O. Early
seroconversion and rapidly increasing autoantibody concentrations predict prepubertal manifestation of type 1
diabetes in children at genetic risk. Diabetologia 2012;55:1926–1936
52. Krischer JP, Lynch KF, Schatz DA, Ilonen J, Lernmark Å, Hagopian WA, Rewers MJ, She JX, Simell OG,
Toppari J, Ziegler AG, Akolkar B, Bonifacio E; TEDDY Study Group. The 6 year incidence of diabetesassociated autoantibodies in genetically at-risk children: the TEDDY study. Diabetologia 2015;58:980–987
53. Insel RA, Dunne JL, Atkinson MA, Chiang JL, Dabelea D, Gottlieb PA, Greenbaum CJ, Herold KC, Krischer
JP, Lernmark Å, Ratner RE, Rewers MJ, Schatz DA, Skyler JS, Sosenko JM, Ziegler AG. Staging
presymptomatic type 1 diabetes: a scientific statement of JDRF, the Endocrine Society and the American
Diabetes Association. Diabetes Care 2015;38:1964–1974

107

References
54. Bonifacio E, Mathieu C, Nepom GT, Ziegler AG, Anhalt H, Haller MJ, Harrison LC, Hebrok M, Kushner JA,
Norris JM, Peakman M, Powers AC, Todd JA, Atkinson MA. Rebranding asymptomatic type 1 diabetes: the
case for autoimmune beta cell disorder as a pathological and diagnostic entity. Diabetologia 2017;60:35–38
55. Diediesheim M, Mallone R, Boitard C, Larger E. β-cell mass in nondiabetic autoantibody-positive subjects: an
analysis based on the Network for Pancreatic Organ Donors database. J Clin Endocrinol Metab 2016;101:1390–
1397
56. Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, Becker DJ, Gitelman SE, Goland R, Gottlieb PA, Marks JC,
McGee PF, Moran AM, Raskin P, Rodriguez H, Schatz DA, Wherrett D, Wilson DM, Lachin JM, Skyler JS;
Type Diabetes TrialNet Anti-CD20 Study Group. Rituximab, B-lymphocyte depletion, and preservation of betacell function. N Engl J Med 2009;361:2143–2152
57. Battaglia M, Atkinson MA. The streetlight effect in type 1 diabetes. Diabetes 2015;64:1081–1090
58. Keenan HA, Sun JK, Levine J, Doria A, Aiello LP, Eisenbarth G, Bonner-Weir S, King GL. Residual insulin
production and pancreatic β-cell turnover after 50 years of diabetes: Joslin Medalist Study. Diabetes
2010;59:2846–2853
59. Oram RA, McDonald TJ, Shields BM, Hudson MM, Shepherd MH, Hammersley S, Pearson ER, Hattersley AT;
UNITED Team. Most people with long-duration type 1 diabetes in a large population-based study are insulin
microsecretors. Diabetes Care 2015;38:323–328
60. Gregg BE, Moore PC, Demozay D, Hall BA, Li M, Husain A, Wright AJ, Atkinson MA, Rhodes CJ. Formation
of a human β-cell population within pancreatic islets is set early in life. J Clin Endocrinol Metab 2012;97:3197–
3206
61. Meier JJ, Butler AE, Saisho Y, Monchamp T, Galasso R, Bhushan A, Rizza RA, Butler BC. Beta-cell replication
is the primary mechanism subserving the postnatal expansion of beta-cell mass in humans. Diabetes
2008;57:1584–1594
62. Willcox A, Richardson SJ, Bone AJ, Foulis AK, Morgan NG. Analysis of islet inflammation in human type 1
diabetes. Clin Exp Immunol 2009;155:173–181
63. In’t Veld P, Lievens D, De Grijse J, Ling Z, Van der Auwera B, Pipeleers-Marichal M, Gorus F, Pipeleers D.
Screening for insulitis in adult autoantibody-positive organ donors. Diabetes 2007;56:2400–2404
64. Arif S, Leete P, Nguyen V, Marks K, Nor NM, Estorninho M, Kronenberg-Versteeg D, Bingley PJ, Todd JA,
Guy C, Dunger DB, Powrie J, Willcox A, Foulis AK, Richardson SJ, de Rinaldis E, Morgan NG, Lorenc A,
Peakman M. Blood and islet phenotypes indicate immunological heterogeneity in type 1 diabetes. Diabetes
2014;63:3835–3845
65. Richardson SJ, Rodriguez-Calvo T, Gerling IC, Mathews CE, Kaddis JS, Russell MA, Zeissler M, Leete P,
Krogvold L, Dahl-Jorgensen K, von Herrath M, Pugliese A, Atkinson MA, Morgan NG. Islet cell
hyperexpression of HLA class I antigens: a defining feature in type 1 diabetes. Diabetologia 2016;59:2448–2458
66. Foulis AK, Farquharson MA, Hardman R. Aberrant expression of class II major histocompatibility complex
molecules by beta cells and hyperexpression of class I major histocompatibility complex molecules by insulin
containing islets in type I (insulin dependent) diabetes mellitus. Diabetologia 1987;30:333–343
67. Coppieters KT, Dotta F, Amirian N, Campbell PD, Kay TW, Atkinson MA, Roep BO, von Herrath MG.
Demonstration of islet-autoreactive CD8 T cells in insulitic lesions from recent onset and long-term type 1
diabetes patients. J Exp Med 2012;209:51–60
68. Babon JA, DeNicola ME, Blodgett DM, Crèvecoeur I, Buttrick TS, Maehr R, Bottino R, Naji A, Kaddis J,
Elyaman W, James EA, Haliyur R, Brissova M, Overbergh L, Mathieu C, Delong T, Haskins K, Pugliese A,
Campbell-Thompson M, Mathews C, Atkinson MA, Powers AC, Harlan DM, Kent SC. Analysis of self-antigen
specificity of islet infiltrating T cells from human donors with type 1 diabetes. Nat Med 2016;22:1482–1487
69. Skowera A, Ladell K, McLaren JE, Dolton G, Matthews KK, Gostick E, Kronenberg-Versteeg D, Eichmann M,
Knight RR, Heck S, Powrie J, Bingley PJ, Dayan CM, Miles JJ, Sewell AK, Price DA, Peakman M. β-cellspecific CD8 T cell phenotype in type 1 diabetes reflects chronic autoantigen exposure. Diabetes 2015;64:916–
925
70. Yeo L, Pujol-Autonell I, Baptista R, Eichmann M, Kronenberg-Versteeg D, Heck S, Dolton G, Sewell AK,
Härkönen T, Mikk ML, Toppari J, Veijola R, Knip M, Ilonen J, Peakman M. Circulating β cell-specific CD8+ T
cells restricted by high risk HLA class I molecules show antigen experience in children with and at risk of type
1 diabetes. Clin Exp Immunol 2019;199:263–277
71. Herold KC, Bundy BN, Long SA, Bluestone JA, DiMeglio LA, Dufort MJ, Gitelman SE, Gottlieb PA, Krischer
JP, Linsley PS, Marks JB, Moore W, Moran A, Rodriguez H, Russell WE, Schatz D, Skyler JS, Tsalikian E,
Wherrett DK, Ziegler AG, Greenbaum CJ; Type 1 Diabetes TrialNet Study Group. An anti-CD3 antibody,
teplizumab, in relatives at risk for type 1 diabetes. N Engl J Med 2019;381:603–613
72. Rigby MR, Harris KM, Pinckney A, DiMeglio LA, Rendell MS, Felner EI, Dostou JM, Gitelman SE, Griffin
KJ, Tsalikian E, Gottlieb PA, Greenbaum CJ, Sherry NA, Moore WV, Monzavi R, Willi SM, Raskin P, KeyesElstein L, Long SA, Kanaparthi S, Lim N, Phippard D, Soppe CL, Fitzgibbon ML, McNamara J, Nepom GT,

108

References

73.
74.

75.
76.

77.

78.
79.
80.
81.
82.

83.
84.

85.

86.
87.
88.
89.
90.

Ehlers MR. Alefacept provides sustained clinical and immunological effects in new-onset type 1 diabetes
patients. J Clin Invest 2015;125:3285–3296
Burrack AL, Martinov T, Fife BT. T cell-mediated beta cell destruction: Autoimmunity and alloimmunity in the
context of type 1 diabetes. Front Endocrinol (Lausanne) 2017;8:343
Russell MA, Redick SD, Blodgett DM, Richardson SJ, Leete P, Krogvold L, Dahl-Jorgensen K, Bottino R,
Brissova M, Spaeth JM, Babon JAB, Haliyur R, Powers AC, Yang C, Kent SC, Derr AG, Kucukural A, Garber
MG, Morgan NG, Harlan DM. HLA class II antigen processing and presentation pathway components
demonstrated by transcriptome and protein analyses of islet beta cells from donors with type 1 diabetes. Diabetes
2019;988–1001
Kenefeck R, Wang CJ, Kapadi T, Wardzinski L, Attridge K, Clough LE, Heuts F, Kogimtzis A, Patel S,
Rosenthal M, Ono M, Sansom DM, Narendran P, Walker LS. Follicular helper T cell signature in type 1 diabetes.
J Clin Invest 2015;125:292–303
Ferreira RC, Simons HZ, Thompson WS, Cutler AJ, Dopico XC, Smyth DJ, Mashar M, Schuilenburg H, Walker
NM, Dunger DB, Wallace C, Todd JA, Wicker JS, Pekalski ML. IL-21 production by CD4+ effector T cells and
frequency of circulating follicular helper T cells are increased in type 1 diabetes patients. Diabetologia
2015;58:781–790
Viisanen T, Ihantola EL, Näntö-Salonen K, Hyöty H, Nurminen N, Selvenius J, Juutilainen A, Moilanen L,
Pihlajamäki J, Veijola R, Toppari J, Knip M, Ilonen J, Kinnunen T. Circulating CXCR5+PD-1+ICOS+ follicular
T helper cells are increased close to the diagnosis of type 1 diabetes in children with multiple autoantibodies.
Diabetes 2017;66:437–447
Ekman I, Ihantola EL, Viisanen T, Rao DA, Näntö-Salonen K, Knip M, Veijola R, Toppari J, Ilonen J, Kinnunen
T. Circulating CXCR5-PD-1hi peripheral T helper cells are associated with progression to type 1 diabetes.
Diabetologia 2019;62:1681–1688
Habib T, Long SA, Samuels PL, Brahmandam A, Tatum M, Funk A, Hocking AM, Cerosaletti K, Mason MT,
Whalen E, Rawlings DJ, Greenbaum C, Buckner JH; Type 1 Diabetes TrialNet Study Group. Dynamic immune
phenotypes of B and T helper cells mark distinct stages of T1D progression. Diabetes 2019;68:1240–1250
Long SA, Cerosaletti K, Bollyky PL, Tatum M, Shilling H, Zhang S, Zhang ZY, Pihoker C, Sanda S, Greenbaum
CJ, Buckner JH. Defects in IL-2R signaling contribute to diminished maintenance of FOXP3 expression in
CD4(+)CD25(-) regulatory T-cells of type 1 diabetic subjects. Diabetes 2010;59:407–415
Schwedhelm K, Thorpe J, Murray SA, Gavin M, Speake C, Greenbaum C, Cerosaletti K, Buckner J, Long SA.
Attenuated IL-2R signaling in CD4 memory T cells of T1D subjects in intrinsic and dependent on activation
state. Clin Immunol 2017;181:67–74
Hundhausen C, Roth A, Whalen E, Chen J, Schneider A, Long SA, Wei S, Rawlings R, Kinsman M, Evanko
SP, Wight TN, Greenbaum CJ, Cerosaletti K, Buckner JH. Enhanced T cell responses to IL-6 in type 1 diabetes
are associated with early clinical disease and increased IL-6 receptor expression. Sci Transl Med
2016;8:356ra119
Viisanen T, Gazali AM, Ihantola EL, Ekman I, Näntö-Salonen K, Veijola R, Toppari J, Knip M, Ilonen J,
Kinnunen T. FOXP3+ regulatory T cell compartment is altered in children with newly diagnosed type 1 diabetes
but not in autoantibody-positive at-risk children. Front Immunol 2019;10:19
Ahmed R, Omidian Z, Giwa A, Cornwell B, Majety N, Bell DR, Lee S, Zhang H, Michels A, Desiderio S,
Sadegh-Nasseri S, Gritsch S, Suva ML, Cahan P, Zhou R, Jie C, Donner T, Hamad ARA. A public BCR present
in a unique dual-receptor-expressing lymphocyte from type 1 diabetes patients encodes a potent T cell
autoantigen. Cell 2019;177:1583–1599
Vecchio F, Lo Buono N, Stabilini A, Nigi L, Dufort MJ, Geyer S, Rancoita PM, Cugnata F, Mandelli A, Valle
A, Leete P, Mancarella F, Linsley PS, Krogvold L, Herold KC, Elding Larsson H, Richardson SJ, Morgan NG,
Dahl-Jorgensen K, Sebastiani G, Dotta F, Bosi E, DRI Biorepository Group; Type 1 Diabetes TrialNet Study
Group, Battaglia M. Abnormal neutrophil signature in the blood and pancreas of presymptomatic and
symptomatic type 1 diabetes. JCI Insight 2018;3. pii: 122146
Salami F, Lee HS, Freyhult E, Elding Larsson H, Lernmark Å, Törn C; TEDDY Study Group. Reduction in
white blood cell, neutrophil, and red blood cell counts related to sex, HLA, and islet autoantibodies in Swedish
TEDDY children at increased risk for type 1 diabetes. Diabetes 2018;67:2329–2336
In’t Veld P. Insulitis in human type 1 diabetes: the quest for an elusive lesion. Islets 2011;3:131–138
Campbell-Thompson ML, Fu A, Kaddis JS, Wasserfall C, Schatz DA, Pugliese A, Atkinson MA. Insulitis and
β-cell mass in the natural history of type 1 diabetes. Diabetes 2016;65:719–731
Leete P, Willcox A, Krogvold A, Dahl-Jorgensen K, Foulis AK, Richardson SJ, Morgan NG. Differential
insulitic profiles determine the extent of β-cell destruction and the age at onset of type 1 diabetes. Diabetes
2016;65:1362–1369
Campbell-Thompson ML, Atkinson MA, Butler AE, Chapman NM, Frisk G, Gianani R, Giepmans BN, von
Herrath MG, Hyöty H, Kay TW, Krosgren O, Morgan NG, Powers AC, Pugliese A, Richardson SJ, Rowe PA,
Tracy S, In’t Veld PA. The diagnosis of insulitis in human type 1 diabetes. Diabetologia 2013;56:2541–2543

109

References
91. Krogvold L, Edwin B, Buanes T, Frisk G, Skog O, Anagandula M, Korsgren O, Undlien D, Eike MC, Richardson
SJ, Leete P, Morgan NG, Oikarinen S, Oikarinen M, Laiho JE, Hyöty H, Ludvigsson J, Hanssen KF, DahlJorgensen K. Detection of a low-grade enteroviral infection in the islets of Langerhans of living patients newly
diagnosed with type 1 diabetes. Diabetes 2015;64:1682–1687
92. Marroqui L, Dos Santos RS, Op de Beeck A, Coomans de Brachène A, Marselli L, Marchetti P, Eizirik DL.
Interferon-alpha mediates human beta cell HLA class I overexpression, endoplasmic reticulum stress and
apoptosis, three hallmarks of early human type 1 diabetes. Diabetologia 2017;60:656–667
93. Leete P, Oram RA, McDonald TJ, Shields BM, Ziller C; TIGI study team, Hattersley AT, Richardson SJ, Morgan
NG. Studies of insulin and proinsulin in pancreas and serum support the existence of aetiopathological endotypes
of type 1 diabetes associated with age at diagnosis. Diabetologia 2020;63:1258–1267
94. Oram RA, Sims EK, Evans-Molina C. Beta cells in type 1 diabetes: mass and function; sleeping or dead?
Diabetologia 2019;62:567–577
95. Krogvold L, Skog O, Sundström G, Edwin B, Buanes T, Hanssen KF, Ludvigsson J, Grabherr M, Korsgren O,
Dahl-Jorgensen K. 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;64:2506–251
96. 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;68:598–608
97. Seiron P, Wiberg A, Kuric E, Krogvold L, Jahnsen FL, Dahl-Jørgensen K, Skog O, Korsgren O. Characterisation
of the endocrine pancreas in type 1 diabetes: islet size is maintained but islet number is markedly reduced. J
Pathol Clin Res 2019;5:248–255
98. Talchai C, Xuan S, Lin HV, Sussel L, Accili D. Pancreatic β cell dedifferentiation as a mechanism of diabetic β
cell failure. Cell 2012;150:1223–1234
99. Rui J, Deng S, Arazi A, Perdigoto AL, Liu Z, Herold KC. β cells that resist immunological attack develop during
progression of autoimmune diabetes in NOD mice. Cell Metab 2017;25:727–738
100. Campbell-Thompson ML, Kaddis SJ, Wasserfall C, Haller MJ, Pugliese A, Schatz DA, Shuster JJ, Atkinson
MA. The influence of type 1 diabetes on pancreatic weight. Diabetologia 2016;59:271–221
101. Campbell-Thompson ML, Filipp SL, Grajo JR, Nambam B, Beegle R, Middlebrooks EH, Gurka MJ, Atkinson
MA, Schatz DA, Haller MJ. Relative pancreas volume is reduced in first-degree relatives of patients with type
1 diabetes. Diabetes Care 2019;42:281–287
102. Thompson PJ, Shah A, Ntranos V, Van Gool F, Atkinson M, Bhushan A. Targeted elimination of senescent beta
cells prevents type 1 diabetes. Cell Metab 2019;29:1045–1060
103. MacCuish AC, Irvine WJ, Barnes EW, Duncan LJ. Antibodies to pancreatic islet cells in insulin-dependent
diabetics with coexistent autoimmune disease. Lancet 1974;304:1529–1531
104. Månsson L, Törn C, Landin-Olsson M. Islet cell antibodies represent autoimmune response against several
antigens. Int J Exp Diabetes Res 2001;2:85–90
105. Andersson C, Kolmodin M, Ivarsson SA, Carlsson A, Forsander G, Lindblad B, Ludvigsson J, Kockum I,
Marcus C, Samuelsson U, Ortqvist E, Lernmark Å, Elding Larsson H, Törn C; Better Diabetes Diagnosis Study
Group. Islet cell antibodies (ICA) identify autoimmunity in children with new onset diabetes mellitus negative
for other islet cell antibodies. Pediatr Diabetes 2014;15:336–344
106. Bottazzo GF, Genovese S, Bosi E, Dean BM, Christie MR, Bonifacio E. Novel considerations on the
antibody/autoantigen system in type I (insulin-dependent) diabetes mellitus. Ann Med 1991;23:453–461
107. Bonifacio E, Bingley PJ, Shattock M, Dean BM, Dunger D, Gale EA, Bottazzo GF. Quantification of islet-cell
antibodies and prediction of insulin-dependent diabetes. Lancet 1990;335:147–149
108. Bingley PJ. Interactions of age, islet cell antibodies, insulin autoantibodies, and first-phase insulin response in
predicting risk of progression to IDDM in ICA+ relatives: the ICARUS data set. Islet Cell Antibody Register
Users Study. Diabetes 1996;45:1720–1728
109. Bingley PJ, Bonifacio E, Williams AJ, Genovese S, Bottazzo GF, Gale EA. Prediction of IDDM in the general
population: strategies based on combinations of autoantibody markers. Diabetes 1997;46:1701–1710
110. Graham J, Hagopian WA, Kockum I, Li LS, Sanjeevi CB, Lowe RM, Schaefer JB, Zarghami M, Day HL,
Landin-Olsson M, Palmer JP, Janer-Villanueva M, Hood L, Sundkvist G, Lernmark A, Breslow N, Dahlquist G,
Blohmé G; Diabetes Incidence in Sweden Study Group; Swedish Childhood Diabetes Study Group. Genetic
effects on age-dependent onset and islet cell autoantibody markers in type 1 diabetes. Diabetes 2002;51:1346–
1355
111. Palmer JP, Asplin CM, Clemons P, Lyen K, Tatpati O, Raghu PK, Paquette TL. Insulin antibodies in insulindependent diabetics before insulin treatment. Science 1983;222:1337–1339
112. Kimpimäki T, Kulmala P, Savola K, Kupila A, Korhonen S, Simell T, Ilonen J, Simell O, Knip M. Natural
history of beta-cell autoimmunity in young children with increased genetic susceptibility to type 1 diabetes
recruited from the general population. J Clin Endocrinol Metab 2002;87:4572–4579

110

References
113. Kimpimäki T, Kupila A, Hämäläinen AM, Kukko M, Kulmala P, Savola K, Simell T, Keskinen P, Ilonen J,
Simell O, Knip M. The first signs of beta-cell autoimmunity appear in infancy in genetically susceptible children
from the general population: The Finnish Type 1 Diabetes Prediction and Prevention Study. J Clin Endocrinol
Metab 2001;86:4782–4788
114. Ziegler AG, Hummel M, Schenker M, Bonifacio E. Autoantibody appearance and risk for development of
childhood diabetes in offspring of parents with type 1 diabetes: the 2-year analysis of the German BABYDIAB
Study. Diabetes 1999;48:460–468
115. Colman PG, Steele C, Couper JJ, Beresford SJ, Powell T, Kewming K, Pollard A, Gellert S, Tait B, Honeyman
M, Harrison LC. Islet autoimmunity in infants with a type 1 diabetic relative is common but frequently restricted
to one autoantibody. Diabetologia 2000;43:203–209
116. Ziegler AG, Standl E, Albert E, Mehnert H. HLA-associated insulin autoantibody formation in newly diagnosed
type I diabetic patients. Diabetes 1991;40:1146–1149
117. Ilonen J, Hammais A, Laine AP, Lempainen J, Vaarala O, Veijola R, Simell O, Knip M. Patterns of β-cell
autoantibody appearance and genetic associations during the first years of life. Diabetes 2013;62:3636–3640
118. Knip M, Kukko M, Kulmala P, Veijola R, Simell O, Åkerblom HK, Ilonen J. Humoral beta-cell autoimmunity
in relation to HLA-defined disease susceptibility in preclinical and clinical type 1 diabetes. Am J Med Genet
2002;115:48–54
119. Hermann R, Laine AP, Veijola R, Vahlberg T, Simell S, Lähde J, Simell O, Knip M, Ilonen J. The effect of HLA
class II, insulin and CTLA4 gene regions on the development of humoral beta cell autoimmunity. Diabetologia
2005;48:1766–1775
120. Lempainen J, Härkönen T, Laine A, Knip M, Ilonen J; Finnish Pediatric Diabetes Register. Associations of
polymorphisms in non-HLA loci with autoantibodies at the diagnosis of type 1 diabetes: INS and IKZF4
associate with insulin autoantibodies. Pediatric Diabetes 2013;14:490–496
121. Hermann R, Lipponen K, Kiviniemi M, Kakko T, Veijola R, Simell O, Knip M, Ilonen J. Lymphoid tyrosine
phosphatase (LYP/PTPN22) Arg620Trp variant regulates insulin autoimmunity and progression to type 1
diabetes. Diabetologia 2006;49:1198–1208
122. Strollo R, Vinci C, Napoli N, Fioriti E, Maddaloni E, Åkerman L, Casas R, Pozzilli P, Ludvigsson J, Nissim A.
Antibodies to oxidized insulin improve prediction of type 1 diabetes in children with positive standard islet
autoantibodies. Diabetes Metab Res Rev 2019;35-e3132
123. Baekkeskov S, Nielsen JH, Marner B, Bilde T, Ludvigsson J, Lernmark Å. Autoantibodies in newly diagnosed
diabetic children immunoprecipitate human pancreatic islet cell proteins. Nature 1982;298:167–169
124. Baekkeskov S, Aanstoot HJ, Christgau S, Reetz A, Solimena M, Cascalho M, Folli F, Richter-Olesen H, De
Camilli P. Identification of the 64K autoantigen in insulin-dependent diabetes as the GABA-synthesizing
enzyme glutamic acid decarboxylase. Nature 1990;347:151–156
125. Karlsen AE, Hagopian WA, Petersen SJ, Boel E, Dyrberg T, Grubin CE, Michelsen BK, Madsen OD, Lernmark
Å. Recombinant glutamic acid decarboxylase (representing the single isoform expressed in human islets) detects
IDDM-associated 64,000-M(r) autoantibodies. Diabetes 1992;41:1355–1359
126. Vandewalle CL, Falorni A, Lernmark A, Goubert P, Dorchy H, Coucke W, Semakula C, Van der Auwera B,
Kaufman L, Schuit FC, Pipeleers DG, Gorus FK. Associations of GAD65- and IA-2- autoantibodies with genetic
risk markers in new-onset IDDM patients and their siblings. The Belgian Diabetes Registry. Diabetes Care
1997;20:1547–1552
127. Kulmala P, Savola K, Reijonen H, Veijola R, Vähäsalo P, Karjalainen J, Tuomilehto-Wolf E, Ilonen J,
Tuomilehto J, Åkerblom HK, Knip M. Genetic markers, humoral autoimmunity, and prediction of type 1
diabetes in siblings of affected children. Diabetes 2000;49:48–58
128. Lempainen J, Laine AP, Hammais A, Toppari J, Simell O, Veijola R, Knip M, Ilonen J. Non-HLA gene effects
on the disease process of type 1 diabetes: From HLA susceptibility to overt disease. J Autoimmun 2015;61:45–
53
129. Krischer JP, Lynch KF, Lernmark Å, Hagopian WA, Rewers MJ, She JX, Toppari J, Ziegler AG, Akolkar B;
TEDDY Study Group. Genetic and environmental interactions modify the risk of diabetes-related autoimmunity
by 6 years of age: The TEDDY Study. Diabetes Care 2017;40:1194–1202
130. Steck AK, Vehik K, Bonifacio E, Lernmark A, Ziegler AG, Hagopian WA, She J, Simell O, Akolkar B, Krischer
J, Schatz D, Rewers MJ; TEDDY Study Group. Predictors of progression from the appearance of islet
autoantibodies to early childhood diabetes: The Environmental Determinants of Diabetes in the Young
(TEDDY). Diabetes Care 2015;38:808–813
131. Kulmala P, Savola K, Petersen JS, Vähäsalo P, Karjalainen J, Löppönen T, Dyrberg T, Åkerblom HK, Knip M.
Prediction of insulin-dependent diabetes mellitus in siblings of children with diabetes – a population-based study.
J Clin Invest 1998;101:327–336
132. Sabbah E, Savola K, Ebeling T, Kulmala P, Vähäsalo P, Ilonen J, Salmela PI, Knip M. Genetic, autoimmune,
and clinical characteristics of childhood and adult-onset type 1 diabetes. Diabetes Care 2000;23:1326–1332

111

References
133. Mäkinen A, Härkönen T, Ilonen J, Knip M; Finnish Pediatric Diabetes Register. Finnish Pediatric Diabetes
Register: Characterization of the humoral immune response to islet antigen 2 in children with newly diagnosed
type 1 diabetes. Eur J Endocrinol 2008;159:19–26
134. Ronkainen MS, Savola K, Knip M. Antibodies to GAD65 epitopes at diagnosis and over the first 10 years of
clinical type 1 diabetes mellitus. Scand J Immunol 2004;59:334–340
135. Williams AJK, Lampasona V, Wyatt R, Brigatti C, Gillespie KM, Bingley PJ, Achenbach P. Reactivity to Nterminally truncated GAD65(96–585) identifies GAD autoantibodies that are more closely associated with
diabetes progression in relatives of patients with type 1 diabetes. Diabetes 2015;64:3247–3252
136. Achenbach P, Hawa MI, Krause S, Lampasona V, Jerram ST, Williams AJK, Bonifacio E, Ziegler AG, Leslie
RD; Action LADA consortium. Autoantibodies to N-terminally truncated GAD improve clinical phenotyping
of individuals with adult-onset diabetes: Action LADA 12. Diabetologia 2018;61:1644–1649
137. Ronkainen M, Hoppu S, Korhonen S, Simell S, Veijola R, Ilonen J, Simell O, Knip M. Early epitope- and
isotype-specific humoral immune responses to GAD65 in young children with genetic susceptibility to type 1
diabetes. Eur J Endocrinol 2006;155:633–642
138. Hoppu S, Ronkainen MS, Kulmala P, Åkerblom HK, Knip M; Childhood Diabetes in Finland Study Group.
GAD65 antibody isotypes and epitope recognition during the prediabetic process in siblings of children with
type I diabetes. Clin Exp Immunol 2004;136:120–128
139. Bonifacio E, Lampasona V, Bernasconi L, Ziegler AG. Maturation of the humoral autoimmune response to
epitopes of GAD in preclinical childhood type 1 diabetes. Diabetes 2000;49:202–208
140. Söhnlein P, Müller M, Syren K, Hartmann U, Böhm BO, Meinck HM, Knip M, Åkerblom HK, Richter W.
Epitope spreading and a varying but not disease-specific GAD65 antibody response in type I diabetes.
Diabetologia 2000;43:210–217
141. Christie MR, Vohra G, Champagne P, Daneman D, Delovitch TL. Distinct antibody specificities to a 64-kD islet
cell antigen in type 1 diabetes as revealed by trypsin treatment. J Exp Med 1990;172:789–795
142. Rabin DU, Pleasic SM, Shapiro JA, Yoo-Warren H, Oles J, Hicks JM, Goldstein DE, Rae PM. Islet cell antigen
512 is a diabetes-specific islet autoantigen related to protein tyrosine phosphatases. J Immunol 1994;152:3183–
3188
143. Bonifacio E, Lampasona V, Genovese S, Ferrari M, Bosi E. Identification of protein tyrosine phosphatase-like
IA2 (islet cell antigen 512) as the insulin-dependent diabetes-related 37/40K autoantigen and a target of isletcell antibodies. J Immunol 1995;155:5419–5426
144. Kawasaki E, Yu L, Rewers MJ, Hutton JC, Eisenbarth GS. Definition of multiple ICA512/phogrin autoantibody
epitopes and detection of intramolecular epitope spreading in relatives of patients with type 1 diabetes. Diabetes
1998;47:733–742
145. Bonifacio E, Lampasona V, Bingley PJ. IA-2 (islet cell antigen 512) is the primary target of humoral
autoimmunity against type 1 diabetes-associated tyrosine phosphatase autoantigens. J Immunol 1998;161:2648–
2654
146. Kupila A, Keskinen P, Simell T, Erkkilä S, Arvilommi P, Korhonen S, Kimpimäki T, Sjöroos M, Ronkainen M,
Ilonen J, Knip M, Simell O. Genetic risk determines the emergence of diabetes-associated autoantibodies in
young children. Diabetes 2002;51:646–651
147. Decochez K, De Leeuw IH, Keymeulen B, Mathieu C, Rottiers R, Weets I, Vandemeulebroucke E, Truyen I,
Kaufman L, Schuit FC, Pipeleers DG, Gorus FK; Belgian Diabetes Registry. IA-2 autoantibodies predict
impending Type I diabetes in siblings of patients. Diabetologia 2002;45:1658–1666
148. Achenbach P, Warncke K, Reiter J, Naserke HE, Williams AJ, Bingley PJ, Bonifacio E, Ziegler AG.
Stratification of type 1 diabetes risk on the basis of islet autoantibody characteristics. Diabetes 2004;53:384–392
149. Ziegler AG, Rewers M, Simell O, Simell T, Lempainen J, Steck A, Winkler C, Ilonen J, Veijola R, Knip M,
Bonifacio E, Eisenbarth GS. Seroconversion to multiple islet autoantibodies and risk of progression to diabetes
in children. JAMA 2013;309:2473–2479
150. Achenbach P, Hummel M, Thümer L, Boerschmann H, Höfelmann D, Ziegler AG. Characteristics of rapid vs
slow progression to type 1 diabetes in multiple islet autoantibody-positive children. Diabetologia 2013;56:1615–
1622
151. Ilonen J, Lempainen J, Hammais A, Laine AP, Härkönen T, Toppari J, Veijola R, Knip M; Finnish Pediatric
Diabetes Register. Primary islet autoantibody at initial seroconversion and autoantibodies at diagnosis of type 1
diabetes as markers of disease heterogeneity. Pediatric Diabetes 2018;19:284–292
152. Genovese S, Bonfanti R, Bazzigaluppi E, Lampasona V, Benazzi E, Bosi E, Chiumello G, Bonifacio E.
Association of IA-2 autoantibodies with HLA DR4 phenotypes in IDDM. Diabetologia 1996;39:1223–1226
153. Siljander HT, Hermann R, Hekkala A, Lähde J, Tanner L, Keskinen P, Ilonen J, Simell O, Veijola R, Knip M.
Insulin secretion and sensitivity in the prediction of type 1 diabetes in children with advanced β-cell
autoimmunity. Eur J Endocrinol 2013;169:479–485

112

References
154. Wenzlau JM, Juhl K, Yu L, Moua O, Sarkar SA, Gottlieb P, Rewers M, Eisenbarth GS, Jensen J, Davidson HW,
Hutton JC. The cation efflux transporter ZnT8 (Slc30A8) is a major autoantigen in human type 1 diabetes. Proc
Natl Acad Sci USA 2007;104:17040–17045
155. Chimienti F, Devergnas S, Favier A, Seve M. Identification and cloning of a beta-cell-specific zinc transporter,
ZnT-8, localized into insulin secretory granules. Diabetes 2004;53:2330–2337
156. Chimienti F, Devergnas S, Pattou F, Schuit F, Garcia-Cuenca R, Vandewalle B, Kerr-Conte J, Van Lommel L,
Grunwald D, Favier A, Seve M. In vivo expression and functional characterization of the zinc transporter ZnT8
in glucose-induced insulin secretion. J Cell Sci 2006;119:4199–4206
157. Kirchhoff K, Machicao F, Haupt A, Schäfer SA, Tschritter O, Staiger H, Stefan N, Häring HU, Fritsche A.
Polymorphisms in the TCF7L2, CDKAL1, and SLC30A8 genes are associated with impaired proinsulin
conversion. Diabetologia 2008;51:597–601
158. Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, Boutin P, Vincent D, Belisle A, Hadjadj S, Balkau B,
Heude B, Charpentier G, Hudson TJ, Montpetit A, Pshezhetsky AV, Prentki M, Posner BI, Balding DJ, Meyre
D, Polychronakos C, Froguel P. A genome-wide association study identifies novel risk loci for type 2 diabetes.
Nature 2007;445:881–885
159. Achenbach P, Lampasona V, Landherr U, Koczwara K, Krause S, Grallert H, Winkler C, Pflüger M, Illig T,
Bonifacio E, Ziegler AG. Autoantibodies to zinc transporter 8 and SLC30A8 genotype stratify type 1 diabetes
risk. Diabetologia 2009;52:1881–1888
160. Vaziri-Sani F, Delli AJ, Elding-Larsson H, Lindblad B, Carlsson A, Forsander G, Ivarsson SA, Ludvigsson J,
Marcus C, Lernmark Å. A novel triplemix radiobinding assay for the three ZnT8 (ZnT8-RWQ) autoantibody
variants in children with newly diagnosed diabetes. J Immunol Methods 2011;371:25–37
161. Wenzlau JM, Liu Y, Yu L, Moua O, Fowler KT, Rangasamy S, Walters J, Eisenbarth GS, Davidson HW, Hutton
JC. A common nonsynonymous single nucleotide polymorphism in the SLC30A8 gene determines ZnT8
autoantibody specificity in type 1 diabetes. Diabetes 2008;57:2693–2697
162. Skärstrand H, Krupinska E, Haataja TJ, Vaziri-Sani F, Lagerstedt JO, Lernmark Å. Zinc transporter 8 (ZnT8)
autoantibody epitope specificity and affinity examined with recombinant ZnT8 variant proteins in specific
ZnT8R and ZnT8W autoantibody-positive type 1 diabetes patients. Clin Exp Immunol 2015;179:220–229
163. Juusola M, Parkkola A, Härkönen T, Siljander H, Ilonen J, Åkerblom HK, Knip M; Childhood Diabetes in
Finland Study Group. Positivity for zinc transporter 8 autoantibodies at diagnosis is subsequently associated
with reduced β-cell function and higher exogenous insulin requirement in children and adolescents with type 1
diabetes. Diabetes Care 2016;39:118–121
164. Salonen KM, Ryhänen S, Härkönen T, Ilonen J, Knip M; Finnish Pediatric Diabetes Register. Autoantibodies
against zinc transporter 8 are related to age, metabolic state and HLA DR genotype in children with newly
diagnosed type 1 diabetes. Diabetes Metab Res Rev 2013;29:646–654
165. Andersson C, Vaziri-Sani F, Delli A, Lindblad B, Carlsson A, Forsander G, Ludvigsson J, Marcus C, Samuelsson
U, Ivarsson S, Lernmark Å, Larsson HE; BDD Study Group. Triple specificity of ZnT8 autoantibodies in relation
to HLA and other islet autoantibodies in childhood and adolescent type 1 diabetes. Pediatric Diabetes
2013;14:97–105
166. Delli AJ, Vaziri-Sani F, Lindblad B, Elding-Larsson H, Carlsson A, Forsander G, Ivarsson SA, Ludvigsson J,
Kockum I, Marcus C, Samuelsson U, Örtqvist E, Groop L, Bondinas GP, Papadopoulos GK, Lernmark Å; Better
Diabetes Diagnosis Study Group. Zinc transporter 8 autoantibodies and their association with SLC30A8 and
HLA-DQ genes differ between immigrant and Swedish patients with newly diagnosed type 1 diabetes in the
Better Diabetes Diagnosis Study. Diabetes 2012;61:2556–2564
167. Dang ML, Rockell J, Wagner R, Wenzlau JM, Yu L, Hutton JC, Gottlieb PA, Davidson HW. Human type 1
diabetes is associated with T cell autoimmunity to zinc transporter 8. J Immunol 2011;186:6056–6063
168. Enee E, Kratzer R, Arnoux JB, Barilleau E, Hamel Y, Marchi C, Beltrand J, Michaud B, Chatenoud L, Robert
JJ, van Endert P. ZnT8 is a major CD8+ T cell-recognized autoantigen in pediatric type 1 diabetes. Diabetes
2012;61:1779–1784
169. Scotto M, Afonso G, Larger E, Raverdy C, Lemonnier FA, Carel JC, Dubois-Laforgue D, Baz B, Levy D, Gautier
JF, Launay O, Bruno G, Boitard C, Sechi LA, Hutton JC, Davidson HW, Mallone R. Zinc transporter
(ZnT)8(186–194) is an immunodominant CD8+ T cell epitope in HLA-A2+ type 1 diabetic patients.
Diabetologia 2012;55:2026–2031
170. Xu X, Gu Y, Bian L, Shi Y, Cai Y, Chen Y, Chen H, Qian L, Wu X, Xu K, Mallone R, Davidson HW, Yu L,
She J, Zhang M, Yang T. Characterization of immune response to novel HLA-A2 restricted epitopes from zinc
transporter 8 in type 1 diabetes. Vaccine 2016;34:854–862
171. Culina S, Lalanne AI, Afonso G, Cerosaletti K, Pinto S, Sebastiani G, Kuranda K, Nigi L, Eugster A, Østerbye
T, Maugein A, McLaren JE, Ladell K, Larger E, Beressi JP, Lissina A, Appay V, Davidson HW, Buus S, Price
DA, Kuhn N, Bonifacio E, Battaglia M, Caillat-Zucman S, Dotta F, Scharfmann R, Kyewski B, Mallone R;
ImMaDiab Study Group. 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: pii. eaao4013

113

References
172. Yu L, Boulware DC, Beam CA, Hutton JC, Wenzlau JM, Greenbaum CJ, Bingley PJ, Krischer JP, Sosenko JM,
Skyler JS, Eisenbarth GS, Mahon JL; Type 1 Diabetes TrialNet Study Group. Zinc transporter-8 autoantibodies
improve prediction of type 1 diabetes in relatives positive for the standard biochemical autoantibodies. Diabetes
Care 2012;35:1213–1218
173. Mannering SI, Di Carluccio AR, Elso CM. Neoepitopes: a new take on beta cell autoimmunity in type 1 diabetes.
Diabetologia 2019;62:351–356
174. Naserke HE, Ziegler AG, Lampasona V, Bonifacio E. Early development and spreading of autoantibodies to
epitopes of IA-2 and their association with progression to type 1 diabetes. J Immunol 1998;161:6963–6969
175. Chmiel R, Giannopoulou EZ, Winkler C, Achenbach P, Ziegler AG, Bonifacio E. Progression from single to
multiple islet autoantibodies often occurs soon after seroconversion: implications for early screening.
Diabetologia 2015;58:411–413
176. Mayr A, Schlosser M, Grober N, Kenk H, Ziegler AG, Bonifacio E, Achenbach P. GAD autoantibody affinity
and epitope specificity identify distinct immunization profiles in children at risk for type 1 diabetes. Diabetes
2007;56:1527–1533
177. Williams AJ, Lampasona V, Schlosser M, Mueller PW, Pittman DL, Winter WE, Akolkar B, Wyatt R, Brigatti
C, Krause S, Achenbach P; Participating Laboratories. Detection of antibodies directed to the N-terminal region
of GAD is dependent on assay format and contributes to differences in the specificity of GAD autoantibody
assays for type 1 diabetes. Diabetes 2015;64:3239–3246
178. Wyatt RC, Brigatti C, Liberati D, Grace SL, Gillard BT, Long AE, Marzinotto I, Shoemark DK, Chandler KA,
Achenbach P, Gillespie KM, Piemonti L, Lampasona V, Williams AJK. The first 142 amino acids of glutamate
decarboxylase do not contribute to epitopes recognized by autoantibodies associated with type 1 diabetes. Diabet
Med 2018;35:954–963
179. Schlosser M, Banga JP, Madec AM, Binder KA, Strebelow M, Rjasanowski I, Wassmuth R, Gilliam LK, Luo
D, Hampe CS. Dynamic changes of GAD65 autoantibody epitope specificities in individuals at risk of
developing type 1 diabetes. Diabetologia 2005;48:922–930
180. Hampe CS, Radtke JR, Wester A, Carlsson A, Cedervall E, Jönsson B, Ivarsson SA, Elding Larsson H, Larsson
K, Lindberg B, Neiderud J, Rolandsson O, Lernmark Å. Reduced display of conformational epitopes in the Nterminal truncated GAD65 isoform: relevance for people with stiff person syndrome or DQ8/8-positive type 1
diabetes mellitus. Diabet Med 2019;36:1375–1383
181. Notkins AL, Zhang B, Matsumoto Y, Lan MS. Comparison of IA-2 and IA-2beta with six other members of the
protein tyrosine phosphatase family: recognition of antigenic determinants by IDDM sera. J Autoimmun
1997;10:245–250
182. Lampasona V, Bearzatto M, Genovese S, Bosi E, Ferrari M, Bonifacio E. Autoantibodies in insulin-dependent
diabetes recognize distinct cytoplasmic domains of the protein tyrosine phosphatase-like IA-2 autoantigen. J
Immunol 1996;157:2707–2711
183. Hoppu S, Härkönen T, Ronkainen MS, Simell S, Hekkala A, Toivonen A, Ilonen J, Simell O, Knip M. IA-2
antibody isotypes and epitope specificity during the prediabetic process in children with HLA-conferred
susceptibility to type I diabetes. Clin Exp Immunol 2006;144:59–66
184. Füchtenbusch M, Kredel K, Bonifacio E, Schnell O, Ziegler AG. Exposure to exogenous insulin promotes IgG1
and the T-helper 2-associated IgG4 responses to insulin but not to other islet autoantigens. Diabetes
2000;49:918–925
185. Bonifacio E, Scirpoli M, Kredel K, Füchtenbusch M, Ziegler AG. Early autoantibody responses in prediabetes
are IgG1 dominated and suggest antigen-specific regulation. J Immunol 1999;163:525–532
186. Hoppu S, Ronkainen MS, Kimpimäki T, Simell S, Korhonen S, Ilonen J, Simell O, Knip M. Insulin autoantibody
isotypes during the prediabetic disease process in children with increased genetic risk for type 1 diabetes. Pediatr
Res 2004;55:236–242
187. Hawa MI, Fava D, Medici F, Den YJ, Notkins AL, De Mattia G, Leslie RD. Antibodies to IA-2 and GAD65 in
type 1 and type 2 diabetes: isotype restriction and polyclonality. Diabetes Care 2000;23:228–233
188. Schlosser M, Koczwara K, Kenk H, Strebelow M, Rjasanowski I, Wassmuth R, Achenbach P, Ziegler AG,
Bonifacio E. In insulin-autoantibody-positive children from the general population, antibody affinity identifies
those at high and low risk. Diabetologia 2005;48:1830–1832
189. Achenbach P, Koczwara K, Knopff A, Naserke H, Ziegler AG, Bonifacio E. Mature high-affinity immune
responses to (pro)insulin anticipate the autoimmune cascade that leads to type 1 diabetes. J Clin Invest
2004;114:589–597
190. Siljander H, Härkönen T, Hermann R, Simell S, Hekkala A, Salonsaari RT, Simell T, Simell O, Ilonen J, Veijola
R, Knip M. Role of insulin autoantibody affinity as a predictive marker for type 1 diabetes in young children
with HLA-conferred disease susceptibility. Diabetes Metab Res Rev 2009;25:615–622
191. Yu L, Yu L, Bugawan TL, Erlich HA, Barriga K, Hoffman M, Rewers M, Eisenbarth GS. Transient antiislet
autoantibodies: infrequent occurrence and lack of association with ”genetic” risk factors. J Clin Endocrinol
Metab 2000;85:2421–2428

114

References
192. Kulmala P, Rahko J, Savola K, Vähäsalo P, Veijola R, Sjöroos M, Reunanen A, Ilonen J, Knip M. Stability of
autoantibodies and their relation to genetic and metabolic markers of type I diabetes in initially unaffected
schoolchildren. Diabetologia 2000;43:457–464
193. Steck AK, Johnson K, Barriga KJ, Miao D, Yu L, Hutton JC, Eisenbarth GS, Rewers MJ. Age of islet
autoantibody appearance and mean levels of insulin, but not GAD or IA-2 autoantibodies, predict age of
diagnosis of type 1 diabetes: Diabetes Autoimmunity Study in the Young (DAISY). Diabetes Care
2011;34:1397–1399
194. Endesfelder D, Hagen M, Winkler C, Haupt F, Zillmer S, Knopff A, Bonifacio E, Ziegler AG, Zu Castell W,
Achenbach P. A novel approach for the analysis of longitudinal profiles reveals delayed progression to type 1
diabetes in a subgroup of multiple-islet-autoantibody-positive children. Diabetologia 2016;59:2172–2180
195. Endesfelder D, Zu Castell W, Bonifacio E, Rewers M, Hagopian WA, She JZ, Lernmark Å, Toppari J, Vehik K,
Williams AJK, Yu L, Akolkar B, Krischer JP, Ziegler AG, Achenbach P; TEDDY Study Group. Time-resolved
autoantibody profiling facilitates stratification of preclinical type 1 diabetes in children. Diabetes 2019;68:119–
130
196. So M, O’Rourke C, Bahnson HT, Greenbaum CJ, Speake C. Autoantibody reversion: changing risk categories
in multiple-autoantibody-positive individuals. Diabetes Care 2020;43:913–917
197. Smith MJ, Packard TA, O’Neill SK, Henry Dunand CJ, Huang M, Fitzgerald-Miller L, Stowell D, Hinman RM,
Wilson PC, Gottlieb PA, Cambier JC. Loss of anergic B cells in prediabetic and new-onset type 1 diabetic
patients. Diabetes 2015;64:1703–1712
198. Morran MP, Vonberg A, Khadra A, Pietropaolo M. Immunogenetics of type 1 diabetes mellitus. Mol Aspects
Med 2015;42:42–60
199. Noble JA. Immunogenetics of type 1 diabetes: A comprehensive review. J Autoimmun 2015,64:101–112
200. Hu X, Deutsch AJ, Lenz TL, Onengut-Gumuscu S, Han B, Chen WM, Howson JM, Todd JA, de Bakker PI,
Rich SS, Raychaudhuri S. Additive and interaction effects at three amino acid positions in HLA-DQ and HLADR molecules drive type 1 diabetes risk. Nat Genet 2015;47:898–905
201. Ilonen J, Kiviniemi M, Lempainen J, Simell O, Toppari J, Veijola R, Knip M; Finnish Pediatric Diabetes
Register. Genetic susceptibility to type 1 diabetes in childhood — estimation of HLA class II associated disease
risk and class II effect in various phases of islet autoimmunity. Pediatric Diabetes 2016;17:8–16
202. Noble JA, Valdes AM. Genetics of the HLA region in the prediction of type 1 diabetes. Curr Diab Rep
2011;11:533–542
203. Hermann R, Turpeinen H, Laine AP, Veijola R, Knip M, Simell O, Sipilä I, Åkerblom HK, Ilonen J. HLA DRDQ-encoded genetic determinants of childhood-onset type 1 diabetes in Finland: an analysis of 622 nuclear
families. Tissue Antigens 2003;62:162–169
204. Gillespie KM, Bain SC, Barnett AH, Bingley PJ, Christie MR, Gill GV, Gale EA. The rising incidence of
childhood type 1 diabetes and reduced contribution of high-risk HLA haplotypes. Lancet 2004;364:1699–1700
205. Noble JA, Valdes AM, Varney MD, Carlson JA, Moonsamy P, Fear AL, Lane JA, Lavant E, Rappner R, Louey
A, Concannon P, Mychaleckyj JC, Erlich HA; Type 1 Diabetes Genetics Consortium. HLA class I and genetic
susceptibility to type 1 diabetes: results from the Type 1 Diabetes Genetics Consortium. Diabetes 2010;59:2972–
2979
206. Nejentsev S, Howsom JM, Walker NM, Szeszko J, Field SF, Stevens HE, Reynolds P, Hardy M, King E, Masters
J, Hulme J, Maier LM, Smyth D, Bailey R, Cooper JD, Ribas G, Campbell RD, Clayton DG, Todd JA; Wellcome
Trust Case Control Consortium. Localization of type 1 diabetes susceptibility to the MHC class I genes HLA-B
and HLA-A. Nature 2007;450:887–892
207. Mikk ML, Heikkinen T, El-Amir MI, Kiviniemi M, Laine AP, Härkönen T, Veijola R, Toppari J, Knip M, Ilonen
J; Finnish Paediatric Diabetes Register. The association of the HLA-A*24:02, B*39:01 and B*39:06 alleles with
type 1 diabetes is restricted to specific HLA-DR/DQ haplotypes in Finns. HLA 2017;89:215–224
208. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper JD, Erlich HA, Julier C, Morahan G, Nerup J, Nierras
C, Plagnol V, Pociot F, Schuilenburg H, Smyth DJ, Stevens H, Todd JA, Walker NM, Rich SS; Type 1 Diabetes
Genetics Consortium. Genome-wide association study and meta-analysis find that over 40 loci affect risk of type
1 diabetes. Nat Genet 2009;41:703–707
209. Redondo MJ, Steck AK, Pugliese A. Genetics of type 1 diabetes. Pediatr Diabetes 2018;19:346–353
210. Todd JA, Walker NM, Cooper JD, Smyth DJ, Downes K, Plagnol V, Bailey R, Nejentsev S, Field SF, Payne F,
Lowe CE, Szeszko JS, Hafler JP, Zeitels L, Yang JH, Vella A, Nutland S, Stevenes HE, Schuilenburg H,
Coleman G, Maisuria M, Meadows W, Smink LJ, Healy B, Burren OS, Lam AA, Ovington NR, Allen J, Adlem
E, Leung HT, Wallace C, Howson JM, Guja C, Ionescu-Tîrgoviste C; Genetics of Type 1 Diabetes in Finland,
Simmonds MJ, Heward JM, Gough SC; Wellcome Trust Case Control Consortium, Dunger DB, Wicker LS,
Clayton DG. Robust associations of four new chromosome regions from genome-wide analyses of type 1
diabetes. Nat Genet 2007;39:857–864
211. Wellcome Trust Case Control Consortium. Genome-wide association study of 14,000 cases of seven common
disease and 3,000 shared controls. Nature 2008;447:661–678

115

References
212. Cooper JD, Smyth DJ, Smiles AM, Plagnol V, Walker NM, Allen JE, Downes K, Barrett JC, Healy BC,
Mychaleckyj JC, Warram JH, Todd JA. Meta-analysis of genome-wide association study data identifies
additional type 1 diabetes risk loci. Nat Genet 2008;40:1399–1401
213. Bradfield JP, Qu HQ, Wang K, Zhang H, Sleiman PM, Kim CE, Mentch FD, Qiu H, Glessner JT, Thomas KA,
Frackelton EC, Chiavacci RM, Imielinski M, Monos DS, Pandey R, Bakay M, Grant SF, Polychronakos C,
Hakonarson H. A genome-wide meta-analysis of six type 1 diabetes cohorts identifies multiple associated loci.
PLoS Genet 2011;7:e1002293
214. Hakonarson H, Qu HQ, Bradfield JP, Marchand L, Kim CE, Glessner JT, Grabs R, Casalunovo T, Taback SP,
Frackelton EC, Eckert AW, Annaiah K, Lawson ML, Otieno FG, Santa E, Shaner JL, Smith RM, Onyiah CC,
Skraban R, Chiavacci RM, Robinson LJ, Stanley CA, Kirsch SE, Devoto M, Monos DS, Grant SF,
Polychronakos C. A novel susceptibility locus for type 1 diabetes on Chr12q13 identified by a genome-wide
association study. Diabetes 2008;57:1143–1146
215. Evangelou M, Smyth DJ, Fortune MD, Burren OS, Walker NM, Guo H, Onengut-Gumuscu S, Chen WM,
Concannon P, Rich SS, Todd JA, Wallace C. A method for gene-based pathway analysis using genomewide
association study summary statistics reveals nine new type 1 diabetes associations. Genet Epidemiol
2014;38:661–670
216. Smyth DJ, Plagnol V, Walker NM, Cooper JD, Downes K, Yang JH, Howson JM, Stevens H, McManus R,
Wijmenga C, Heap GA, Dupois PC, Clayton DG, Hunt KA, van Heel DA, Todd JA. Shared and distinct genetic
variants in type 1 diabetes and celiac disease. N Engl J Med 2008;359:2767–2777
217. Hakonarson H, Grant SF, Bradfield JP, Marchand L, Kim CE, Glessner JT, Grabs R, Casalunovo T, Taback SP,
Frackelton EC, Lawson ML, Robinson LJ, Skraban R, Lu Y, Chiavacci RM, Stanley CA, Kirsch SE, Rappaport
EF, Orange JS, Monos DS, Devoto M, Qu HQ, Polychronakos C. A genome-wide association study identifies
KIAA0350 as a type 1 diabetes gene. Nature 2007;448:591–594
218. Smyth DJ, Cooper JD, Bailey R, Field S, Burren O, Smink LJ, Guja C, Ionescu-Tirgoviste C, Widmer B, Dunger
DB, Savage DA, Walker NM, Clayton DG, Todd JA. A genome-wide association study of nonsynonymous
SNPs identifies a type 1 diabetes locus in the interferon-induced helicase (IFIH1) region. Nat Genet
2006;38:617–619
219. Heinig M, Petretto E, Wallace C, Bottolo L, Rotival M, Lu H, Li Y, Sarwar R, Langley SR, Bauerfeind A,
Hummel O, Lee YA, Paskas S, Rintisch C, Saar K, Cooper J, Buchan R, Gray EE, Cyster JG; Cardiogenics
Consortium, Erdmann J, Hengstenberg C, Maouche S, Ouwehand WH, Rice CM, Samani NJ, Schunkert H,
Goodall AH, Schulz H, Roider HG, Vingron M, Blankenberg S, Münzel T, Zeller T, Szymczak S, Ziegler A,
Tiret L, Smyth DJ, Pravenec, Aitman TJ, Cambien F, Clayton D, Todd JA, Hubner N, Cook SA. A trans-acting
locus regulates an anti-viral expression network and type 1 diabetes risk. Nature 2010;467:460–464
220. Smyth DJ, Cooper JD, Howson JM, Clarke P, Downes K, Mistry T, Stevens H, Walker NM, Todd JA. FUT2
nonsecretor status links type 1 diabetes susceptibility and resistance to infection. Diabetes 2011;60:3081–3084
221. Onengut-Gumuscu S, Chen WM, Burren O, Cooper NJ, Quinlan AR, Mychaleckyj JC, Farber E, Bonnie JK,
Szpak M, Schofield E, Achuthan P, Guo H, Fortune MD, Stevens H, Walker NM, Ward LD, Kundaje A, Kellis
M, Daly MJ, Barret JC, Cooper JD, Deloukas P; Type 1 Diabetes Genetics Consortium, Todd JA, Wallace C,
Concannon P, Rich SS. Fine mapping of type 1 diabetes susceptibility loci and evidence for colocalization of
causal variants with lymphoid gene enhancers. Nat Genet 2015;47:381–386
222. Redondo MJ, Geyer S, Steck AK, Sharp S, Wentworth JM, Weedon MN, Antinozzi P, Sosenko J, Atkinson M,
Pugliese A, Oram RA; Type 1 Diabetes TrialNet Study Group. A type 1 diabetes genetic risk score predicts
progression of islet autoimmunity and development of type 1 diabetes in individuals at risk. Diabetes Care
2018;41:1887–1894
223. Márquez A, Kerick M, Zhernakova A, Gutierrez-Achury J, Chen WM, Onengut-Gumuscu S, González-Álvaro
I, Rodriguez-Rodriguez L, Rios-Fernández R, González-Gay MA; Coeliac Disease Immunochip Consortium;
Rheumatoid Arthritis Consortium International for Immunochip (RACI); International Scleroderma Group;
Type 1 Diabetes Genetics Consortium, Mayes MD, Raychaudhuri S, Rich SS, Wijmenga C, Martín J. Metaanalysis of Immunochip data of four autoimmune diseases reveals novel single-disease and cross-phenotype
associations. Genome Med 2018;10:97
224. Sharma A, Liu X, Hadley D, Hagopian W, Chen WM, Onengut-Gumuscu S, Törn C, Steck AK, Frohnert BI,
Rewers M, Ziegler AG, Lernmark Å, Toppari J, Krischer JP, Akolkar B, Rich SS, She JX; TEDDY Study Group.
Identification of non-HLA genes associated with the development of islet autoimmunity and type 1 diabetes in
the prospective TEDDY cohort. J Autoimmun 2018;89:90–100
225. Inshaw JRJ, Walker NM, Wallace C, Bottolo L, Todd JA. The chromosome 6q22.33 region is associated with
age at diagnosis of type 1 diabetes and disease risk in those diagnosed under 5 years of age. Diabetologia
2018;61:147–157
226. Törn C, Liu X, Hagopian W, Lernmark Å, Simell O, Rewers M, Ziegler AG, Schatz D, Akolkar B, OnengutGumuscu S, Chen WM, Toppari J, Mykkänen J, Ilonen J, Rich SS, She JX, Sharma A, Steck A, Krischer J;

116

References
TEDDY Study Group. Complement gene variants in relation to autoantibodies to beta-cell specific antigens and
type 1 diabetes in the TEDDY study. Sci Rep 2016;6:27887
227. Steck AK, Xu P, Geyer S, Redondo MJ, Antinozzi P, Wentworth JM, Sosenko J, Onengut-Gumuscu S, Chen
WM, Rich SS, Pugliese A; Type 1 Diabetes TrialNet Study Group. Can non-HLA single nucleotide
polymorphisms help stratify risk in TrialNet relatives at risk for type 1 diabetes? J Clin Endocrinol Metab
2017;102:2873–2880
228. Hippich M, Beyerlein A, Hagopian WA, Krischer JP, Vehik K, Knoop J, Winker C, Toppari J, Lernmark Å,
Rewers MJ, Steck AK, She JX, Akolkar B, Robertson CC, Onengut-Gumuscu S, Rich SS, Bonifacio E, Ziegler
AG; TEDDY Study Group; Teddy Study Group. Genetic contribution to the divergence in type 1 diabetes risk
between children from the general population and children from affected families. Diabetes 2019;68:847–857
229. Inshaw JRJ, Cutler AJ, Crouch DJM, Wicker LS, Todd JA. Genetic variants predisposing most strongly to type
1 diabetes diagnosed under age 7 years lie near candidate genes that function in the immune system and in
pancreatic β-cells. Diabetes Care 2020;43:169–177
230. Krischer JP, Liu X, Vehik K, Akolkar B, Hagopian WA, Rewers MJ, She JX, Toppari J, Ziegler AG, Lernmark
Å; TEDDY Study Group. Predicting islet cell autoimmunity and type 1 diabetes: an 8-year TEDDY study
progress report. Diabetes Care 2019;42:1051–1060
231. Bennett ST, Lucassen AM, Gough SC, Powell EE, Undlien DE, Pritchard LE, Merriman ME, Kawaguchi Y,
Dronsfield MJ, Pociot F, Nerup J, Bouzekri N, Cambon-Thomsen A, Ronningen KS, Barnett AH, Todd JA.
Susceptibility to human type 1 diabetes at IDDM2 is determined by tandem repeat variation at the insulin gene
minisatellite locus. Nat Genet 1995;9:284–292
232. Barratt BJ, Payne F, Lowe CE, Hermann R, Healy BC, Harold D, Concannon P, Gharani N, McCarthy MI,
Olavesen MG, McCormack R, Guja C, Ionescu-Tîrgoviste C, Undlien DE, Ronningen KS, Gillespie KM,
Tuomilehto-Wolf E, Tuomilehto J, Bennett ST, Clayton DG, Cordell HJ, Todd JA. Remapping the insulin
gene/IDDM2 locus in type 1 diabetes. Diabetes 2004;53:1884–1889
233. Stead JD, Hurles ME, Jeffreys AJ. Global haplotype diversity in the human insulin gene region. Genome Res
2003;13:2101–2111
234. Vafiadis P, Bennett ST, Todd JA, Nadeau J, Grabs R, Goodyer CG, Wickramasinghe S, Colle E, Polychronakos
C. Insulin expression in human thymus is modulated by INS VNTR alleles at the IDDM2 locus. Nat Genet
1997;15:289–292
235. Pugliese A, Zeller M, Fernandez A Jr, Zalcberg LJ, Bartlett RJ, Ricordi C, Pietropaolo M, Eisenbarth GS,
Bennett ST, Patel DD. The insulin gene is transcribed in the human thymus and transcription levels correlated
with allelic variation at the INS VNTR-IDDM2 susceptibility locus for type 1 diabetes. Nat Genet 1997;15:293–
297
236. Laine AP, Holmberg H, Nilsson A, Ortqvist E, Kiviniemi M, Vaarala O, Åkerblom HK, Simell O, Knip M,
Ludvigsson J, Ivarsson SA, Larsson K, Lernmark A, Ilonen J; Finnish Paediatric Diabetes Registry. Two insulin
gene single nucleotide polymorphisms associated with type 1 diabetes risk in the Finnish and Swedish
populations. Dis Markers 2007;23:139–145
237. Bottini N, Musumeci L, Alonso A, Rahmouni S, Nika K, Rostamkhani M, MacMurray J, Meloni GF, Lucarelli
P, Pellecchia M, Eisenbarth GS, Comings D, Mustelin T. A functional variant of lymphoid tyrosine phosphatase
is associated with type 1 diabetes. Nat Genet 2004;36:337–338
238. Twohig JP, Cardus Figueras A, Andrews R, Wiede F, Cossins BC, Derrac Soria A, Lewis MJ, Townsend MJ,
Millrine D, Li J, Hill DG, Uceda Fernandez J, Liu X, Szomolay B, Pepper CJ, Taylor PR, Pitzalis C, Tiganis T,
Williams NM, Jones GW, Jones SA. Activation of naïve CD4+ T cells re-tunes STAT1 signaling to deliver
unique cytokine responses in memory CD4+ T cells. Nat Immunol 2019;20:458–470
239. Valta M, Gazali AM, Viisanen T, Ihantola EL, Ekman I, Toppari J, Knip M, Veijola R, Ilonen J, Lempainen J,
Kinnunen T. Type 1 diabetes linked PTPN22 gene polymorphism is associated with the frequency of circulating
regulatory T cells. Eur J Immunol 2020;50:581–588
240. Lempainen J, Hermann R, Veijola R, Simell O, Knip M, Ilonen J. Effect of the PTPN22 and INS risk genotypes
on the progression to clinical type 1 diabetes after the initiation of β-cell autoimmunity. Diabetes 2012;61:963–
966
241. Harjutsalo V, Reunanen A, Tuomilehto J. Differential transmission of type 1 diabetes from diabetic fathers and
mothers to their offspring. Diabetes 2006;55:1517–1524
242. Weires MB, Tausch B, Haug PJ, Edwards CQ, Wetter T, Cannon-Albright LA. Familiality of diabetes mellitus.
Exp Clin Endocrinol Diabetes 2007;115:634–640
243. Surace AEA, Hedrich CM. The role of epigenetics in autoimmune/inflammatory disease. Front Immunol
2019;10:1525
244. Rakyan VK, Beyan H, Down TA, Hawa MI, Maslau S, Aden D, Daunay A, Busato F, Mein CA, Manfras B,
Dias KR, Bell CG, Tost J, Boehm BO, Beck S, Leslie RD. Identification of type 1 diabetes-associated DNA
methylation variable positions that precede disease diagnosis. PLoS Genet 2011;7:e1002300
245. Cerna M. Epigenetic regulation in etiology of type 1 diabetes mellitus. Int J Mol Sci 2019;21:36

117

References
246. Johnson RK, Vanderlinden LA, Dong F, Carry PM, Seifert J, Waugh K, Shorrosh H, Fingerlin T, Frohnert BI,
Yang IV, Kechris K, Rewers M, Norris JM. Longitudinal DNA methylation differences precede type 1 diabetes.
Sci Rep 2020;10:3721
247. Kondrashova A, Seiskari T, Ilonen J, Knip M, Hyöty H. The ’hygiene hypothesis’ and the sharp gradient in the
incidence of autoimmune and allergic diseases between Russian Karelia and Finland. APMIS 2013;121:478–
493
248. Virtanen SM, Takkinen HM, Nwaru BI, Kaila M, Ahonen S, Nevalainen J, Niinistö S, Siljander H, Simell O,
Ilonen J, Hyöty H, Veijola R, Knip M. Microbial exposure in infancy and subsequent appearance of type 1
diabetes mellitus-associated autoantibodies: A cohort study. JAMA Pediatr 2014;168:755–763
249. Beyerlein A, Wehweck F, Ziegler AG, Pflueger M. Respiratory infections in early life and the development of
islet autoimmunity in children at increased type 1 diabetes risk: evidence from the BABYDIET study. JAMA
Pediatr 2013;167:800–807
250. Lönnrot M, Lynch KF, Elding Larsson H, Lernmark Å, Rewers MJ, Törn C, Burkhardt BR, Briese T, Hagopian
WA, She JX, Toppari J, Ziegler AG, Akolkar B, Krischer JP, Hyöty H; TEDDY Study Group. Respiratory
infections are temporally associated with initiation of type 1 diabetes autoimmunity: the TEDDY study.
Diabetologia 2017;60:1931–1940
251. Mustonen N, Siljander H, Peet A, Tillmann V, Härkönen T, Ilonen J, Hyöty H, Knip M; DIABIMMUNE Study
Group. Early childhood infections precede development of beta-cell autoimmunity and type 1 diabetes in
children with HLA-conferred disease risk. Pediatr Diabetes 2018;19:293–299
252. Snell-Bergeon JK, Smith J, Dong F, Barón AE, Barriga K, Norris JM, Rewers M. Early childhood infections
and the risk of islet autoimmunity: the Diabetes Autoimmunity Study in the Young (DAISY). Diabetes Care
2012;35:2553–2558
253. Hanski I, von Hertzen L, Fyhrquist N, Koskinen K, Torppa K, Laatikainen T, Karisola P, Auvinen P, Paulin L,
Mäkelä MJ, Vartiainen E, Kosunen TU, Alenius H, Haahtela T. Environmental biodiversity, human microbiota,
and allergy are interrelated. Proc Natl Acad Sci USA 2012;109:8334–8339
254. Perrett KP, Jachno K, Nolan TM, Harrison LC. Association of rotavirus vaccination with the incidence of type
1 diabetes in children. JAMA Pediatr 2019;173:280–282
255. Rogers MAM, Basu T, Kim C. Lower incidence rate of type 1 diabetes after receipt of the rotavirus vaccine in
the United States, 2001–2007. Sci Rep 2019;9:7727
256. Ekman I, Vuorinen T, Knip M, Veijola R, Toppari J, Hyöty H, Kinnunen T, Ilonen J, Lempainen J. Early
childhood CMV infection may decelerate the progression to clinical type 1 diabetes. Pediatr Diabetes
2019;20:73–77
257. Bornstein SR, Rubino F, Khunti K, Mingrone G, David H, Birkenfeld AL, Boehm B, Amiel S, Holt RIG, Skyler
JS, DeVries JH, Renard E, Eckel RH, Zimmet P, Alberti KG, Vidal J, Geloneze B, Chan JC, Ji L, Ludwig B.
Practical recommendations for the management of diabetes in patients with COVID-19. Lancet Diabetes
Endocrinol 2020;8:546–550
258. Hyöty H, Leon F, Knip M. Developing a vaccine for type 1 diabetes by targeting coxsackievirus B. Expert Rev
Vaccines 2018;17:1071–1083
259. Oikarinen S, Martiskainen M, Tauriainen S, Huhtala H, Ilonen J, Veijola R, Simell O, Knip M, Hyöty H.
Enterovirus RNA in blood is linked to the development of type 1 diabetes. Diabetes 2011;60:276–279
260. Honkanen H, Oikarinen S, Nurminen N, Laitinen OH, Huhtala H, Lehtonen J, Ruokoranta T, Hankaniemi MM,
Lecouturier V, Almond JW, Tauriainen S, Simell O, Ilonen J, Veijola R, Viskari H, Knip M, Hyöty H. Detection
of enteroviruses in stools precedes islet autoimmunity by several months: possible evidence for slowly operating
mechanisms in virus-induced autoimmunity. Diabetologia 2017;60:424–431
261. Ylipaasto P, Klingel K, Lindberg AM, Otonkoski T, Kandolf R, Hovi T, Roivainen M. Enterovirus infection in
human pancreatic islet cells, islet tropism in vivo and receptor involvement in cultured islet beta cells.
Diabetologia 2004;47:225–239
262. Oikarinen M, Tauriainen S, Honkanen T, Vuori K, Karhunen P, Vasama-Nolvi C, Oikarinen S, Verbeke C, Blair
GE, Rantala I, Ilonen J, Simell O, Knip M, Hyöty H. Analysis of pancreas tissue in a child positive for islet cell
antibodies. Diabetologia 2008;51:1796–1802
263. Yeung WC, Rawlinson WD, Craig ME. Enterovirus infection and type 1 diabetes mellitus: systematic review
and meta-analysis of observational molecular studies. Br Med J 2011;342:d35
264. Laitinen OH, Honkanen H, Pakkanen O, Oikarinen S, Hankaniemi MM, Huhtala H, Ruokoranta T, Lecouturies
V, André P, Harju R, Virtanen SM, Lehtonen J, Almond JW, Simell T, Simell O, Ilonen J, Veijola R, Knip M,
Hyöty H. Coxsackievirus B1 is associated with the induction of beta-cell autoimmunity that portends type 1
diabetes. Diabetes 2014;63:446–455
265. Vehik K, Lynch KF, Wong MC, Tian X, Ross MC, Gibbs RA, Ajami NJ, Petrosino JF, Rewers M, Toppari J,
Ziegler AG, She JX, Lernmark Å, Akolkar B, Hagopian WA, Schatz DA, Krischer JP, Hyöty H, Lloyd RE;
TEDDY Study Group. Prospective virome analyses in young children at increased genetic risk for type 1
diabetes. Nat Med 2019;25:1865–1872

118

References
266. Sioofy-Khojine AB, Lehtonen J, Nurminen N, Laitinen OH, Oikarinen S, Huhtala H, Pakkanen O, Ruokoranta
T, Hankaniemi MM, Toppari J, Vähä-Mäkilä M, Ilonen J, Veijola R, Knip M, Hyöty H. Coxsackievirus B1
infections are associated with the initiation of insulin-driven autoimmunity that progresses to type 1 diabetes.
Diabetologia 2018;61:1192–1202
267. Viskari H, Ludvigsson J, Uibo R, Salur L, Marciulionyte D, Hermann R, Soltesz G, Füchtenbusch M, Ziegler
AG, Kondrashova A, Romanov A, Knip M, Hyöty H. Relationship between the incidence of type 1 diabetes and
enterovirus infections in different European populations: results from the EPIVIR project. J Med Virol
2004;72:610–617
268. Stewart CJ, Ajami NJ, O’Brien JL, Hutchinson DS, Smith DP, Wong MC, Ross MC, Lloyd RE, Doddapaneni
H, Metcalf GA, Muzny D, Gibbs RA, Vatanen T, Huttenhower C, Xavier RJ, Rewers M, Hagopian W, Toppari
J, Ziegler AG, She JX, Akolkar B, Lernmark Å, Hyöty H, Vehik K, Krischer JP, Petrosino JF. Temporal
development of the gut microbiome in early childhood from the TEDDY study. Nature 2018;562:583–588
269. Yassour M, Vatanen T, Siljander H, Hämäläinen AM, Härkönen T, Ryhänen SJ, Franzosa EA, Vlamakis H,
Huttenhower C, Gevers D, Lander ES, Knip; DIABIMMUNE Study Group, Xavier RJ. Natural history of the
infant gut microbiome and impact of antibiotic treatments on bacterial strain diversity and stability. Sci Transl
Med 2016;8:343ra81
270. Siljander H, Honkanen J, Knip M. Microbiome and type 1 diabetes. EBioMedicine 2019;46:512–521
271. Kemppainen KM, Vehik K, Lynch KF, Larsson HE, Canepa RJ, Simell V, Koletzko S, Liu E, Simell OG,
Toppari J, Ziegler AG, Rewers MJ, Lernmark Å, Hagopian WA, She JX, Akolkar B, Schatz DA, Atkinson MA,
Blaser MJ, Krischer JP, Hyöty H, Agardh D, Triplett EW; Environmental Determinants of Diabetes in the Young
(TEDDY) Study Group. Association between early-life antibiotic use and the risk of islet or celiac disease
autoimmunity. JAMA Pediatr 2017;171:1217–1225
272. Kostic AD, Gevers D, Siljander H, Vatanen T, Hyötyläinen T, Hämäläinen AM, Peet A, Tillmann V, Pöhö P,
Mattila I, Lähdesmäki H, Franzosa EA, Vaarala O, de Goffau M, Harmsen H, Ilonen J, Virtanen SM, Clish CB,
Oresic M, Huttenhower C, Knip M; DIABIMMUNE Study Group, Xavier RJ. The dynamics of the human infant
gut microbiome in development and in progression toward type 1 diabetes. Cell Host & Microbe 2015;17:260–
273
273. Pellegrini S, Sordi V, Bolla AM, Saita D, Ferrarese R, Canducci F, Clementi M, Invernizzi F, Mariani A,
Bonfanti R, Barera G, Testoni PA, Doglioni C, Bosi E, Piemonti L. Duodenal mucosa of patients with type 1
diabetes shows distinctive inflammatory profile and microbiota. J Clin Endocrinol Metab 2017;102:1468–1477
274. Vatanen T, Franzosa EA, Schwager R, Tripathi S, Arthur TD, Vehik K, Lernmark Å, Hagopian WA, Rewers
MJ, She JX, Toppari J, Ziegler AG, Akolkar B, Krischer JP, Stewart CJ, Ajami NJ, Petrosino JF, Gevers D,
Lähdesmäki H, Vlamakis H, Huttenhower C, Xavier RJ. The human gut microbiome in early-onset type 1
diabetes from the TEDDY study. Nature 2018;562:589–594
275. Maffeis C, Martina A, Corradi M, Quarella S, Nori N, Torriani S, Plebani M, Contreas G, Felis GE. Association
between intestinal permeability and faecal microbiota composition in Italian children with beta cell
autoimmunity at risk for type 1 diabetes. Diab Metab Res Rev 2016;32:700–709
276. Gavin PG, Mullaney JA, Loo D, Cao KL, Gottlieb PA, Hill MM, Zipris D, Hamilton-Williams EE. Intestinal
metaproteomics reveals host-microbiota interactions in subjects at risk for type 1 diabetes. Diabetes Care
2018;41:2178–2186
277. Endesfelder D, Engel M, Davis-Richardson AG, Ardissone AN, Achenbach P, Hummel S, Winkler C, Atkinson
M, Schatz D, Triplett E, Ziegler AG, zu Castell W. Towards a functional hypothesis relating anti-islet cell
autoimmunity to the dietary impact on microbial communities and butyrate production. Microbiome 2016;4:17
278. Uusitalo U, Liu X, Yang J, Aronsson CA, Hummel S, Butterworth M, Lernmark Å, Rewers M, Hagopian WA,
She JX, Simell O, Toppari J, Ziegler AG, Akolkar B, Krischer J, Norris JM, Virtanen SM; TEDDY Study Group.
Association of early exposure of probiotics and islet autoimmunity in the TEDDY study. JAMA Pediatr
2016;170:20–28
279. Oever JT, Netea MG. The bacteriome-mycobiome interaction and antifungal host defense. Eur J Immunol
2014;44:3182–3191
280. Honkanen J, Vuorela A, Muthas D, Orivuori L, Luopajärvi K, Tejesvi MVG, Lavrinienko A, Pirttilä AM,
Fogarty CL, Härkönen T, Ilonen J, Ruohtula T, Knip M, Koskimäki JJ, Vaarala O. Fungal dysbiosis and
intestinal inflammation in children with beta-cell autoimmunity. Front Immunol 2020;11:468
281. Kramná L, Kolárová K, Oikarinen S, Pursiheimo JP, Ilonen J, Simell O, Knip M, Veijola R, Hyöty H, Cinek O.
Gut virome sequencing in children with early islet autoimmunity. Diabetes Care 2015;38:930–933
282. Cinek O, Kramna L, Lin J, Oikarinen S, Kolarova K, Ilonen J, Simell O, Veijola R, Autio R, Hyöty H. Imbalance
of bacteriome profiles within the Finnish diabetes prediction and prevention study: parallel use of 16S profiling
and virome sequencing in stool samples from children with islet autoimmunity and matched controls. Pediatr
Diabetes 2017;18:588–598

119

References
283. Kim KW, Horton JL, Pang CNI, Jain K, Leung P, Isaacs SR, Bull RA, Luciani F, Wilkins MR, Catteau J, Lipkin
WI, Rawlinson WD, Briese T, Craig ME. Higher abundance of enterovirus A species in the gut of children with
islet autoimmunity. Sci Rep 2019;9:1749
284. Zhao G, Vatanen T, Droit L, Park A, Kostic AD, Poon TW, Vlamakis H, Siljander H, Härkönen T, Hämäläinen
AM, Peet A, Tillmann V, Ilonen J, Wang D, Knip M, Xavier RJ, Virgin HW. Intestinal virome changes precede
autoimmunity in type 1 diabetes-susceptible children. Proc Natl Acad Sci U S A 2017;114:E6166–E6175
285. Cardwell CR, Stene LC, Ludvigsson J, Rosenbauer J, Cinek O, Svensson J, Perez-Bravo F, Memon A, Gimeno
SG, Wadsworth EJ, Strotmeyer ES, Goldacre MJ, Radon K, Chuang LM, Parslow RC, Chetwynd A, Karavanaki
K, Brigis G, Pozzilli P, Urbonaite B, Schober E, Devoti G, Sipetic S, Joner G, Ionescu-Tirgoviste C, de Beaufort
CE, Harrild K, Benson V, Savilahti E, Ponsonby AL, Salem M, Rabiei S, Patterson CC. Breast-feeding and
childhood-onset type 1 diabetes: a pooled analysis of individual participant data from 43 observational studies.
Diabetes Care 2012;35:2215–2225
286. Lund-Blix NA, Dydensborg Sander S, Stordal K, Nybo Andersen AM, Ronningen KS, Joner G, Skrivarhaug T,
Njolstad PR, Husby S, Stene LC. Infant feeding and risk of type 1 diabetes in two large scandinavian birth
cohorts. Diabetes Care 2017;40:920–927
287. Frederiksen B, Kroehl M, Lamb MM, Seifert J, Barriga K, Eisenbarth GS, Rewers M, Norris JM. Infant
exposures and development of type 1 diabetes mellitus: The Diabetes Autoimmunity Study in the Young
(DAISY). JAMA Pediatr 2013;167:808–815
288. Writing Group for the TRIGR Study Group, Knip M, Åkerblom HK, Al Taji E, Becker D, Bruining J, Castano
L, Danne T, de Beaufort C, Dosch HM, Dupre J, Fraser WD, Howard N, Ilonen J, Konrad D, Kordonouri D,
Krischer JP, Lawson ML, Ludvigsson J, Madacsy L, Mahon JL, Ormisson A, Palmer JP, Pozzilli P, Savilahti E,
Serrano-Rios M, Songini M, Taback S, Vaarala O, White NH, Virtanen SM, Wasikowa R. Effect of hydrolyzed
infant formula vs conventional formula on risk of type 1 diabetes: the TRIGR randomized clinical trial. JAMA
2018;319:38–48
289. Knip M, Virtanen SM, Seppä K, Ilonen J, Savilahti E, Vaarala O, Reunanen A, Teramo K, Hämäläinen AM,
Paronen J, Dosch HM, Hakulinen T, Åkerblom HK; Finnish TRIGR Study Group. Dietary intervention in
infancy and later signs of beta-cell autoimmunity. N Engl J Med 2010;363:1900–1908
290. Virtanen SM, Nevalainen J, Kronberg-Kippilä C, Ahonen S, Tapanainen H, Uusitalo L, Takkinen HM, Niinistö
S, Ovaskainen ML, Kenward MG, Veijola R, Ilonen J, Simell O, Knip M. Food consumption and advanced beta
cell autoimmunity in young children with HLA-conferred susceptibility to type 1 diabetes: a nested case-control
design. Am J Clin Nutr 2012;95:471–478
291. Koivusaari K, Syrjälä E, Niinistö S, Takkinen HM, Ahonen S, Åkerlund M, Korhonen TE, Toppari J, Ilonen J,
Peltonen J, Nevalainen J, Knip M, Alatossava T, Veijola R, Virtanen SM. Consumption of differently processed
milk products in infancy and early childhood and the risk of islet autoimmunity. Br J Nutr 2020, doi.
10.1017/S000711452000744
292. Lamb MM, Miller M, Seifert JA, Frederiksen B, Kroehl M, Rewers M, Norris JM. The effect of childhood cow’s
milk intake and HLA-DR genotype on risk of islet autoimmunity and type 1 diabetes: the Diabetes
Autoimmunity Study in the Young. Pediatr Diabetes 2015;16:31–38
293. Uusitalo U, Lee HS, Andrén Aronsson C, Vehik K, Yang J, Hummel S, Silvis K, Lernmark Å, Rewers M,
Hagopian W, She JX, Simell O, Toppari J, Ziegler AG, Akolkar B, Krischer J, Virtanen SM, Norris JM; TEDDY
Study Group. Early infant diet and islet autoimmunity in the TEDDY study. Diabetes Care 2018;41:522–530
294. Ziegler AG, Schmid S, Huber D, Hummel M, Bonifacio E. Early infant feeding and risk of developing type 1
diabetes-associated autoantibodies. JAMA 2003;290:1721–1728
295. Norris JM, Barriga K, Klingensmith G, Hoffman M, Eisenbarth GS, Erlich HA, Rewers M. Timing of initial
cereal exposure in infancy and risk of islet autoimmunity. JAMA 2003;290:1713–1720
296. Lund-Blix NA, Dong F, Mårild K, Seifert J, Barón AE, Waugh KC, Joner G, Stordal K, Tapia G, Stene LC,
Johnson RK, Rewers MJ, Norris JM. Gluten intake and risk of islet autoimmunity and progression to type 1
diabetes in children at increased risk of the disease: The Diabetes Autoimmunity Study in the Young (DAISY).
Diabetes Care 2019;42:789–796
297. Hakola L, Miettinen ME, Syrjälä E, Åkerlund M, Takkinen HM, Korhonen TE, Ahonen S, Ilonen J, Toppari J,
Veijola R, Nevalainen J, Knip M, Virtanen SM. Association of cereal, gluten, and dietary fiber intake with islet
autoimmunity and type 1 diabetes. JAMA Pediatr 2019;173:953–960
298. Norris JM, Johnson RK, Stene LC. Type 1 diabetes-early life origins and changing epidemiology. Lancet
Diabetes Endocrinol 2020;8:226–238
299. Norris JM, Lee HS, Frederiksen B, Erlund I, Uusitalo U, Yang J, Lernmark Å, Simell O, Toppari J, Rewers M,
Ziegler AG, She JX, Onengut-Gumuscu S, Chen WM, Rich SS, Sundvall J, Akolkar B, Krischer J, Virtanen SM,
Hagopian W; TEDDY Study Group. Plasma 25-hydroxyvitamin D concentration and risk of islet autoimmunity.
Diabetes 2018;67:146–154

120

References
300. Tapia G, Mårild K, Dahl SR, Lund-Blix NA, Viken MK, Lie BA, Njolstad PR, Joner G, Skrivarhaug T, Cohen
AS, Stordal K, Stene LC. Maternal and newborn vitamin D-binding protein, vitamin D levels, vitamin D receptor
genotype, and childhood type 1 diabetes. Diabetes Care 2019;42:553–559
301. Mäkinen M, Löyttyniemi E, Koskinen M, Vähä-Mäkilä M, Siljander H, Nurmio M, Mykkänen J, Virtanen SM,
Simell O, Hyöty H, Ilonen J, Knip M, Veijola R, Toppari J. Serum 25-hydroxyvitamin D concentrations at birth
in children screened for HLA-DQB1 conferred risk for type 1 diabetes. J Clin Endocrinol Metab 2019;104:2277–
2285
302. Mäkinen M, Mykkänen J, Koskinen M, Simell V, Veijola R, Hyöty H, Ilonen J, Knip M, Simell O, Toppari J.
Serum 25-hydroxyvitamin D concentrations in children progressing to autoimmunity and clinical type 1
diabetes. J Clin Endocrinol Metab 2016;101:723–729
303. Miettinen ME, Niinistö S, Erlund I, Cuthbertson D, Nucci AM, Honkanen J, Vaarala O, Hyöty H, Krischer JP,
Knip M, Virtanen SM; TRIGR Investigators. Serum 25-hydroxyvitamin D concentration in childhood and risk
of islet autoimmunity and type 1 diabetes: the TRIGR nested case-control ancillary study. Diabetologia
2020;63:780–787
304. Norris JM, Kroehl M, Fingerlin TE, Frederiksen BN, Seifert J, Wong R, Clare-Salzler M, Rewers M. Erythrocyte
membrane docosapentaenoic acid levels are associated with islet autoimmunity: the Diabetes Autoimmunity
Study in the Young. Diabetologia 2014;57:295–304
305. Silvis K, Aronsson CA, Liu X, Uusitalo U, Yang J, Tamura R, Lernmark Å, Rewers M, Hagopian W, She JX,
Simell O, Toppari J, Ziegler A, Akolkar B, Krischer J, Virtanen SM, Norris JM; TEDDY Study Group. Maternal
dietary supplement use and development of islet autoimmunity in the offspring: TEDDY study. Pediatr Diabetes
2019;20:86–92
306. Mattila M, Erlund I, Lee HS, Niinistö S, Uusitalo U, Andrén Aronsson C, Hummel S, Parikh H, Rich SS,
Hagopian W, Toppari J, Lernmark Å, Ziegler AG, Rewers M, Krischer JP, Norris JM, Virtanen SM; TEDDY
Study Group. Plasma ascorbic acid and the risk of islet autoimmunity and type 1 diabetes: the TEDDY study.
Diabetologia 2020;63:278–286
307. Savilahti E, Härkönen T, Savilahti EM, Kukkonen K, Kuitunen M, Knip M. Probiotic intervention in infancy is
not associated with development of beta cell autoimmunity and type 1 diabetes. Diabetologia 2018;61:2668–
2670
308. Salonen KM, Ryhänen SJ, Forbes JM, Härkönen T, Ilonen J, Simell O, Veijola R, Groop PH, Knip M. A drop
in the circulating concentrations of soluble receptor for advanced glycation end products is associated with
seroconversion to autoantibody positivity but not with subsequent progression to clinical disease in children en
route to type 1 diabetes. Diabetes Metab Res Rev 2017;33. doi: 10.1002/dmrr.2872
309. Rewers M, Ludvigsson J. Environmental risk factors for type 1 diabetes. Lancet 2016;387:2340–2348
310. Verbeeten KC, Elks KC, Daneman D, Ong KK. Association between childhood obesity and subsequent type 1
diabetes: a systematic review and meta-analysis. Diabet Med 2011;28:10–18
311. Cardwell CR, Stene LC, Joner G, Davis EA, Cinek O, Rosenbauer J, Ludvigsson J, Castell C, Svensson J,
Goldacre MJ, Waldhoer T, Polanska J, Gimeno SG, Chuang LM, Parslow RC, Wadsworth EJ, Chetwynd A,
Pozzilli P, Brigis G, Urbonaite B, Sipetic S, Schober E, Ionescu-Tirgoviste C, de Beaufort CE, Stoyanov D,
Buschard K, Patterson CC. Birthweight and the risk of childhood-onset type 1 diabetes: a meta-analysis of
observational studies using individual patient data. Diabetologia 2010;53:641–651
312. Elding Larsson H, Vehik K, Haller MJ, Liu X, Akolkar B, Hagopian W, Krischer J, Lernmark Å, She JX, Simell
O, Toppari J, Ziegler AG, Rewers M; TEDDY Study Group. Growth and risk for islet autoimmunity and
progression to type 1 diabetes in early childhood: the Environmental Determinants of Diabetes in the Young
Study. Diabetes 2016;65:1988–1995
313. Liu X, Vehik K, Huang Y, Elding Larsson H, Toppari J, Ziegler AG, She JX, Rewers M, Hagopian WA, Akolkar
B, Krischer JP; TEDDY Study Group. Distinct growth phases in early life associated with the risk of type 1
diabetes: the TEDDY study. Diabetes Care 2020;43:556–562
314. Ferrara-Cook C, Geyer SM, Evans-Molina C, Libman IM, Becker DJ, Gitelman SE, Redondo MJ; Type 1
Diabetes TrialNet Study Group. Excess BMI accelerates islet autoimmunity in older children and adolescents.
Diabetes Care 2020;43:580–587
315. Lundgren M, Ellström K, Elding Larsson H; DiPiS study group. Influence of early-life parental severe life events
on the risk of type 1 diabetes in children: the DiPiS study. Acta Diabetol 2018;55:797–804
316. Nygren M, Carstensen J, Koch F, Ludvigsson J, Frostell A. Experience of a serious life event increases the risk
for childhood type 1 diabetes: the ABIS population-based prospective cohort study. Diabetologia 2015;58:1188–
1197
317. Sims EK, Evans-Molina C, Tersey SA, Eizirik DL, Mirmira RG. Biomarkers of islet beta cell stress and death
in type 1 diabetes. Diabetologia 2018;61:2259–2265
318. Bingley PJ, Gale EA; European Nicotinamide Diabetes Intervention Trial (ENDIT) Group. 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;49:881–890

121

References
319. Redondo MJ, Sosenko J, Libman I, McVean JJF, Tosur M, Atkinson MA, Becker D, Geyer S; Type 1 Diabetes
TrialNet Study Group. Single islet autoantibody at diagnosis of clinical type 1 diabetes is associated with older
age and insulin resistance. J Clin Endocrinol Metab 2020;105:1629–1640
320. Giannopoulou EZ, Winkler C, Chmiel R, Matzke C, Scholz M, Beyerlein A, Achenbach P, Bonifacio E, Ziegler
AG. Islet autoantibody phenotypes and incidence in children at increased risk for type 1 diabetes. Diabetologia
2015;58:2317–2323
321. Arif S, Gibson VB. Nguyen V, Bingley PJ, Todd JA, Guy C, Dunger DB, Dayan CM, Powrie J, Lorenc A,
Peakman M. β-cell specific T-lymphocyte response has a distinct inflammatory phenotype in children with Type
1 diabetes compared with adults. Diabet Med 2017;34:419–425
322. Cabrera SM, Engle S, Kaldunski M, Jia S, Geoffrey R, Simpson P, Szabo A, Speake C, Greenbaum CJ; Type 1
Diabetes TrialNet CTLA4-Ig (Abatacept) Study Group, Chen YG, Hessner MJ. Innate immune activity as a
predictor of persistent insulin secretion and association with responsiveness to CTLA4-Ig treatment in recentonset type 1 diabetes. Diabetologia 2018;61:2356–2370
323. Turtinen M, Härkönen T, Parkkola A, Ilonen J, Knip M; Finnish Pediatric Diabetes Register. Characteristics of
familial type 1 diabetes: effects of the relationship to the affected family member on phenotype and genotype at
diagnosis. Diabetologia 2019;62:2025–2039
324. Turtinen M, Härkönen T, Parkkola A, Ilonen J, Knip M; Finnish Pediatric Diabetes Register. Sex as a
determinant of type 1 diabetes at diagnosis. Pediatr Diabetes 2018;19:1221–1228
325. Leete P, Mallone R, Richardson SJ, Sosenko JM, Redondo MJ, Evans-Molina C. The effect of age on the
progression and severity of type 1 diabetes: potential effects on disease mechanisms. Curr Diab Rep 2018;26:115
326. Kimpimäki T, Kulmala P, Savola K, Vähäsalo P, Reijonen H, Ilonen J, Åkerblom HK, Knip M. Diseaseassociated autoantibodies as surrogate markers of type 1 diabetes in young children at increased genetic risk. J
Clin Endocrinol Metab 2000;85:1126–1132
327. Kukko M, Kimpimäki T, Kupila A, Korhonen S, Kulmala P, Savola K, Simell T, Keskinen P, Ilonen J, Simell
O, Knip M. Signs of beta-cell autoimmunity and HLA-defined diabetes susceptibility in the Finnish population:
the sib cohort from the Type 1 Diabetes Prediction and Prevention Study. Diabetologia 2003;46:65–70
328. Mbunwe E, Van der Auwera BJ, Weets I, Van Crombrugge P, Crenier L, Coeckelberghs M, Seret N, Decochez
K, Vandemeulebroucke E, Gillard P, Keymeulen B, van Schravendijk C, Wenzlau JM, Hutton JC, Pipeleers DG,
Gorus FK; Belgian Diabetes Registry. In antibody-positive first-degree relatives of patients with type 1 diabetes,
HLA-A*24 and HLA-B*18, but not HLA-B*39, are predictors of impending diabetes with distinct HLA-DQ
interactions. Diabetologia 2013;56:1964–1970
329. Lipponen K, Gombos Z, Kiviniemi M, Siljander H, Lempainen J, Hermann R, Veijola R, Simell O, Knip M,
Ilonen J. Effect of HLA class I and class II alleles on progression from autoantibody positivity to overt type 1
diabetes in children with risk-associated class II genotypes. Diabetes 2010;59:3252–3256
330. Balke EM, Balti EV, Van der Auwera B, Weets I, Costa O, Demeester S, Abrams P, Casteels K, Coeckelberghs
M, Tenoutasse S, Keymeulen B, Pipeleers DG, Gorus FK; Belgian Diabetes Registry. Accelerated progression
to type 1 diabetes in the presence of HLA-A*24 and -B*18 is restricted to multiple islet autoantibody-positive
individuals with distinct HLA-DQ and autoantibody risk profiles. Diabetes Care 2018;41:1076–1083
331. Long AE, Gillespie KM, Aitken RJ, Goode CJ, Bingley PJ, Williams AJ. Humoral responses to islet antigen-2
and zinc transporter 8 are attenuated in patients carrying HLA-A*24 alleles at the onset of type 1 diabetes.
Diabetes 2013;62:2067–2071
332. Ye J, Long AE, Pearson JA, Taylor H, Bingley PJ, Williams AJ, Gillespie KM. Attenuated humoral responses
in HLA-A*24-positive individuals at risk of type 1 diabetes. Diabetologia 2015;58:2284–2287
333. Pugliese A, Boulware D, Yu L, Babu S, Steck AK, Becker D, Rodriguez H, DiMeglio L, Evans-Molina C,
Harrison LC, Schatz D, Palmer JP, Greenbaum C, Eisenbarth GS, Sosenko JM; Type 1 Diabetes TrialNet Study
Group. HLA-DRB1*15:01-DQA1*01:02-DQB1*06:02 haplotype protects autoantibody-positive relatives from
type 1 diabetes throughout the stages of disease progression. Diabetes 2016;65:1109–1119
334. Beyerlein A, Bonifacio E, Vehik K, Hippich M, Winkler C, Frohnert BI, Steck AK, Hagopian WA, Krischer JP,
Lernmark Å, Rewers MJ, She JX, Toppari J, Akolkar B, Rich SS, Ziegler AG; TEDDY Study Group.
Progression from islet autoimmunity to clinical type 1 diabetes is influenced by genetic factors: results from the
prospective TEDDY study. J Med Genet 2019;56:602–605
335. Steck AK, Dong F, Wong R, Fouts A, Liu E, Romanos J, Wijmenga C, Norris JM, Rewers MJ. Improving
prediction of type 1 diabetes by testing non-HLA genetic variants in addition to HLA markers. Pediatr Diabetes
2014;15:355–362
336. Gohlke H, Ferrari U, Koczwara K, Bonifacio E, Illig T, Ziegler AG. SLC30A8 (ZnT8) polymorphism is
associated with young age at type 1 diabetes onset. Rev Diabet Stud 2008;5:25–27
337. Steck AK, Dong F, Waugh K, Frohnert BI, Yu L, Norris JM, Rewers MJ. Predictors of slow progression to
diabetes in children with multiple islet autoantibodies. J Autoimmun 2016;72:113–117
338. Long AE, Wilson IV, Becker DJ, Libman IM, Arena VC, Wong FD, Steck AK, Rewers MJ, Yu L, Achenbach
P, Casas R, Ludvigsson J, Williams AJK, Gillespie KM. Characteristics of slow progression to diabetes in

122

References
multiple islet autoantibody-positive individuals from five longitudinal cohorts: the SNAIL study. Diabetologia
2018;61:1484–1490
339. Jacobsen LM, Bocchino L, Evans-Molina C, DiMeglio L, Goland R, Wilson DM, Atkinson MA, Aye T, Russell
WE, Wentworth JM, Boulware D, Geyer S, Sosenko JM. The risk of progression to type 1 diabetes is highly
variable in individuals with multiple autoantibodies following screening. Diabetologia 2020;63:588–596
340. Bauer W, Veijola R, Lempainen J, Kiviniemi M, Härkönen T, Toppari J, Knip M, Gyenesei A, Ilonen J. Age at
seroconversion, HLA genotype, and specificity of autoantibodies in progression of islet autoimmunity in
childhood. J Clin Endocrinol Metab 2019;104:4521–4530
341. Koskinen MK, Helminen O, Matomäki J, Aspholm S, Mykkänen J, Mäkinen M, Simell V, Vähä-Mäkilä M,
Simell T, Ilonen J, Knip M, Veijola R, Toppari J, Simell O. Reduced β-cell function in early preclinical type 1
diabetes. Eur J Endocrinol 2016;174:251–259
342. Sosenko JM, Skyler JS, Beam CA, Krischer JP, Greenbaum CJ, Mahon J, Rafkin LE, Matheson D, Herold KC,
Palmer JP; Type 1 Diabetes TrialNet and Diabetes Prevention Trial-Type 1 Study Groups. 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;62:4179–4183
343. Stene LC, Barriga K, Hoffman M, Kean J, Klingensmith G, Norris JM, Erlich HA, Eisenbarth GS, Rewers M.
Normal but increasing hemoglobin A1c levels predict progression from islet autoimmunity to overt type 1
diabetes: Diabetes Autoimmunity Study in the Young (DAISY). Pediatr Diabetes 2006;7:247–253
344. Krischer JP; Type 1 Diabetes TrialNet Study Group. The use of intermediate endpoints in the design of type 1
diabetes prevention trials. Diabetologia 2013;56:1919–1924
345. Helminen O, Aspholm S, Pokka T, Hautakangas MR, Haatanen N, Lempainen J, Ilonen J, Simell O, Knip M,
Veijola R. HbA1c predicts time to diagnosis of type 1 diabetes in children at risk. Diabetes 2015;64:1719–1727
346. Ismail HM, Becker DJ, Libman I, Herold KC, Redondo MJ, Atkinson MA, Cleves MA, Palmer J, Sosenko J;
Diabetes Prevention Trial-Type 1 (DPT-1) Study Group. Early and late C-peptide responses during oral glucose
tolerance testing are oppositely predictive of type 1 diabetes in autoantibody positive individuals. Diabetes Obes
Metab 2020;22:997–1000
347. Helminen O, Aspholm S, Pokka T, Ilonen J, Simell O, Veijola R, Knip M. OGTT and random plasma glucose
in the prediction of type 1 diabetes and time to diagnosis. Diabetologia 2015;58:1787–1796
348. Steck AK, Dong F, Taki I, Hoffman M, Simmons K, Frohnert BI, Rewers MJ. Continuous glucose monitoring
predicts progression to diabetes in autoantibody positive children. J Clin Endocrinol Metab 2019;104:3337–
3344
349. Xu P, Krischer JP; Type 1 Diabetes TrialNet Study Group. Prognostic classification factors associated with
development of multiple autoantibodies, dysglycemia, and type 1 diabetes a recursive partitioning analysis.
Diabetes Care 2016;39:1036–1044
350. Shapiro MR, Wasserfall CH, McGrail SM, Posgai AL, Bacher R, Muir A, Haller MJ, Schatz DA, Wesley JD,
von Herrath M, Hagopian WA, Speake C, Atkinson MA, Brusko TM. Insulin-like growth factor dysregulation
both preceding and following type 1 diabetes diagnosis. Diabetes 2020;69:413–423
351. Lietzen N, Cheng L, Moulder R, Siljander H, Laajala E, Härkönen T, Peet A, Vehtari A, Tillmann V, Knip M,
Lähdesmäki H, Lahesmaa R. Characterization and non-parametric modeling of the developing serum proteome
during infancy and early childhood. Sci Rep 2018;8:5883
352. Moulder R, Bhosale SD, Erkkilä T, Laajala E, Salmi J, Nguyen EV, Kallionpää H, Mykkänen J, Vähä-Mäkilä
M, Hyöty H, Veijola R, Ilonen J, Simell T, Toppari J, Knip M, Goodlett DR, Lähdesmäki H, Simell O, Lahesmaa
R. Serum proteomes distinguish children developing type 1 diabetes in a cohort with HLA-conferred
susceptibility. Diabetes 2015;64:2265–2278
353. von Toerne C, Laimighofer M, Achenbach P, Beyerlein A, de Las Heras Gala T, Krumsiek J, Theis FJ, Ziegler
AG, Hauck SM. Peptide serum markers in islet autoantibody-positive children. Diabetologia 2017;60:287–295
354. Liu CW, Bramer L, Webb-Robertson BJ, Waugh K, Rewers MJ, Zhang Q. Temporal expression profiling of
plasma proteins reveals oxidative stress in early stages of type 1 diabetes progression. J Proteomics
2018;172:100–110
355. Oresic M, Gopalacharyulu P, Mykkänen J, Lietzen N, Mäkinen M, Nygren H, Simell S, Simell V, Hyöty H,
Veijola R, Ilonen J, Sysi-Aho M, Knip M, Hyötyläinen T, Simell O. Cord serum lipidome in prediction of islet
autoimmunity and type 1 diabetes. Diabetes 2013;62:3268–3274
356. La Torre D, Seppänen-Laakso T, Larsson HE, Hyötyläinen T, Ivarsson SA, Lernmark Å, Oresic M; DiPiS Study
Group. Decreased cord-blood phospholipids in young age-at-onset type 1 diabetes. Diabetes 2013;62:3951–3956
357. Lamichhane S, Kemppainen E, Trost K, Siljander H, Hyöty H, Ilonen J, Toppari J, Veijola R, Hyötyläinen T,
Knip M, Oresic M. Circulating metabolites in progression to islet autoimmunity and type 1 diabetes.
Diabetologia 2019;62:2287–2297
358. Johnson RK, Vanderlinden L, DeFelice BC, Kechris K, Uusitalo U, Fiehn O, Sontag M, Crume T, Beyerlein A,
Lernmark Å, Toppari J, Ziegler AG, She JX, Hagopian W, Rewers M, Akolkar B, Krischer J, Virtanen SM,

123

References
Norris JM; TEDDY Study Group. Metabolite-related dietary patterns and the development of islet
autoimmunity. Sci Rep 2019;9:14819
359. Li Q, Parikh H, Butterworth MD, Lernmark Å, Hagopian W, Rewers M, She JX, Toppari J, Ziegler AG, Akolkar
B, Fiehn O, Fan S, Krischer JP; TEDDY Study Group. Longitudinal metabolome-wide signals prior to the
appearance of a first islet autoantibody in children participating in the TEDDY Study. Diabetes 2020;69:465–
476
360. Sen P, Dickens AM, López-Bascón MA, Lindeman T, Kemppainen E, Lamichhane S, Rönkkö T, Ilonen J,
Toppari J, Veijola R, Hyöty H, Hyötyläinen T, Knip M, Oresic M. Metabolic alterations in immune cells
associate with progression to type 1 diabetes. Diabetologia 2020;63:1017–1031
361. Elo LL, Mykkänen J, Nikula T, Järvenpää H, Simell S, Aittokallio T, Hyöty H, Ilonen J, Veijola R, Simell T,
Knip M, Simell O, Lahesmaa R. Early suppression of immune response pathways characterizes children with
prediabetes in genome-wide gene expression profiling. J Autoimmun 2010;35:70–76
362. Kallionpää H, Elo LL, Laajala E, Mykkänen J, Ricano-Ponce I, Vaarma M, Laajala TD, Hyöty H, Ilonen J,
Veijola R, Simell T, Wijmenga C, Knip M, Lähdesmäki H, Simell O, Lahesmaa R. Innate immune activity is
detected prior to seroconversion in children with HLA-conferred T1D susceptibility. Diabetes 2014;63:2402–
2414
363. Ferreira RC, Guo H, Coulson RM, Smyth DJ, Pekalski ML, Burren OS, Cutler AJ, Doecke JD, Flint S,
McKinney EF, Lyons PA, Smith KG, Achenbach P, Beyerlein A, Dunger DB, Clayton DG, Wicker LS, Todd
JA, Bonifacio E, Wallace C, Ziegler AG. A type I interferon transcriptional signature precedes autoimmunity in
children genetically at risk for type 1 diabetes. Diabetes 2014;63:2538–2550
364. Holm LJ, Krogvold L, Hasselby JP, Kaur S, Claessens LA, Russell MA, Mathews CE, Hanssen KF, Morgan
NG, Koeleman BPC, Roep BO, Gerling IC, Pociot F, Dahl-Jorgensen K, Buschard K. Abnormal islet
sphingolipid metabolism in type 1 diabetes. Diabetologia 2018;61:1650–1661
365. Jin Y, Sharma A, Bai S, Davis C, Liu H, Hopkins D, Barriga K, Rewers M, She JX. Risk of type 1 diabetes
progression in islet autoantibody-positive children can be further stratified using expression patterns of multiple
genes implicated in peripheral blood lymphocyte activation and function. Diabetes 2014;63:2506–2515
366. Orban T, Beam CA, Xu P, Moore K, Jiang Q, Deng J, Muller S, Gottlieb P, Spain L, Peakman M; Type 1
Diabetes TrialNet Abatacept Study Group. Reduction in CD4 central memory T cell subset in costimulation
modulator abatacept-treated patients with recent-onset type 1 diabetes is associated with slower C-peptide
decline. Diabetes 2014;63:3449–3457
367. Hull CM, Peakman M, Tree TIM. Regulatory T cell dysfunction in type 1 diabetes: what’s broken and how can
we fix it? Diabetologia 2017;60:1839–1850
368. Yang JH, Cutler AJ, Ferreira RC, Reading JL, Cooper NJ, Wallace C, Clarke P, Smyth DJ, Boyce CS, Gao GJ,
Todd JA, Wicker LS, Tree TI. Natural variation in interleukin-2 sensitivity influences regulatory T-cell
frequency and function in individuals with long-standing type 1 diabetes. Diabetes 2015;64:3891–3902
369. Pesenacker AM, Wang AY, Singh A, Gillies J, Kim Y, Piccirillo CA, Nguyen D, Haining WN, Tebbutt SJ,
Panagiotopoulos C, Levings MK. A regulatory T-cell gene signature is a specific and sensitive biomarker to
identify children with new-onset type 1 diabetes. Diabetes 2016;65:1031–1039
370. Insel R, Dunne JL. JDRF’s vision and strategy for prevention of type 1 diabetes. Pediatr Diabetes 2016;17:87–
92
371. Atkinson MA, Roep BO, Posgai A, Wheeler DCS, Peakman M. The challenge of modulating β-cell
autoimmunity in type 1 diabetes. Lancet Diab Endocrinol 2019;7:52–64
372. Haller MJ, Long SA, Blanchfield JL, Schatz DA, Skyler JS, Krischer JP, Bundy BN, Geyer SM, Warnock MV,
Miller JL, Atkinson MA, Becker DJ, Baidal DA, DiMeglio LA, Gitelman SE, Goland R, Gottlieb PA, Herold
KC, Marks JB, Moran A, Rodriguez H, Russell WE, Wilson DM, Greenbaum CJ; Type 1 Diabetes TrialNet
ATG-GCSF Study Group. Low-dose anti-thymocyte globulin preserves C-peptide, reduces HbA1c, and
increases regulatory to conventional T-cell ratios in new-onset type 1 diabetes: two-year clinical trial data.
Diabetes 2019;68:1267–1276
373. Vehik K, Cuthbertson D, Ruhlig H, Schatz DA, Peakman M, Krischer JP; DPT-1 and TrialNet Study Groups.
Long-term outcome of invididuals treated with oral insulin: diabetes prevention trial-type 1 (DPT-1) oral insulin
trial. Diabetes Care 2011;34:1585–1590
374. Haller MJ, Atkinson MA, Schatz DA. Efforts to prevent and halt autoimmune beta cell destruction. Endocrinol
Metab Clin North Am 2010;39:527–539
375. Miller KM, Foster NC, Beck RW, Bergenstal RM, DuBose SN, DiMeglio LA, Maahs DM, Tamborlane WV;
T1D Exchange Clinic Network. Current state of type 1 diabetes treatment in the U.S.: updated data from the
T1D Exchange clinic registry. Diabetes Care 2015;38:971–978
376. Steck AK, Larsson HE, Liu X, Veijola R, Toppari J, Hagopian WA, Haller MJ, Ahmed S, Akolkar B, Lernmark
Å, Rewers MJ, Krischer JP; and the TEDDY Study Group. Residual beta-cell function in diabetes children
followed and diagnosed in the TEDDY study compared to community controls. Pediatr Diabetes 2017;18:794–
802

124

References
377. Johnson SB, Lynch KF, Roth R, Schatz D; TEDDY Study Group. My child is islet autoantibody positive: impact
on parental anxiety. Diabetes Care 2017;40:1167–1172
378. Smith LB, Liu X, Johnson SB, Tamura R, Elding Larsson H, Ahmed S, Veijola R, Haller MJ, Akolkar B,
Hagopian WA, Rewers MJ, Krischer JP, Steck AK; TEDDY Study Group. Family adjustment to diabetes
diagnosis in children: Can participation in a study on type 1 diabetes genetic risk be helpful? Pediatr Diabetes
2018;19:1025–1033
379. Lundgren M, Jonsdottir B, Elding Larsson H; DiPiS study group. Effect of screening for type 1 diabetes on early
metabolic control: the DiPiS study. Diabetologia 2019;62:53–57
380. Simonen P, Korhonen T, Simell T, Keskinen P, Kärkkäinen M, Knip M, Ilonen J, Simell O. Parental reactions
to information about increased genetic risk of type 1 diabetes mellitus in infants. Arch Pediatr Adolesc Med
2006;160:1131–1136
381. Roth R, Lynch K, Lernmark B, Baxter J, Simell T, Smith L, Swartling U, Ziegler AG, Johnson SB; TEDDY
Study Group. Maternal anxiety about a child’s diabetes risk in the TEDDY study: the potential role of life stress,
postpartum depression, and risk perception. Pediatr Diabetes 2015;16:287–298
382. Tercyak KP, Mays D, Johnson SB, Ludvigsson J, Swartling U. Psychometric properties of the Pediatric Testing
Attitudes Scale-Diabetes (P-TAS-D) for parents of children undergoing predictive risk screening. Pediatr
Diabetes 2013;14:602–610
383. Kupila A, Muona P, Simell T, Arvilommi P, Savolainen H, Hämäläinen AM, Korhonen S, Kimpimäki T, Sjöroos
M, Ilonen J, Knip M, Simell O; Juvenile Diabetes Research Foundation Centre for the Prevention of Type I
Diabetes in Finland. Feasibility of genetic and immunological prediction of type 1 diabetes in a population-based
birth cohort. Diabetologia 2001;44:290–297
384. Sjöroos M, Iitiä A, Ilonen J, Reijonen H, Lövgren T. Triple-label hybridization assay for type-1 diabetes-related
HLA alleles. Biotechniques 1995;18:870–877
385. Ilonen J, Reijonen H, Herva E, Sjöroos M, Iitiä A, Lövgren T, Veijola R, Knip M, Åkerblom HK. Rapid HLADQB1 genotyping for four alleles in the assessment for IDDM in the Finnish population. The Childhood
Diabetes in Finland (DiMe) Study Group. Diabetes Care 1996;19:795–800
386. Laine AP, Knip M, Ilonen J; Finnish Pediatric Diabetes Register. Transmission disequilibrium analysis of 31
type 1 diabetes susceptibility loci in Finnish families. Tissue Antigens 2013;82:35–42
387. Heinonen MT, Laine AP, Söderhäll C, Gruzieva O, Rautio S, Melén E, Pershagen G, Lähdesmäki HJ, Knip M,
Ilonen J, Henttinen TA, Kere J, Lahesmaa R; Finnish Pediatric Diabetes Registry. GIMAP GTPase family genes:
potential modifiers in autoimmune diabetes, asthma, and allergy. J Immunol 2015;194:5885–5894
388. Zeggini E, Weedon MN, Lindgren CM, Frayling TM, Elliott KS, Lango H, Timpson NJ, Perry JR, Rayner NW,
Freathy RM, Barrett JC, Shields B, Morris AP, Ellard S, Groves CJ, Harries LW, Marchini JL, Owen KR, Knight
B, Cardon LR, Walker NM, Hitman GA, Morris AD, Doney AS; Wellcome Trust Case Control Consortium
(WTCCC), McCarthy MI, Hattersley AT. Replication of genome-wide association signals in UK samples reveals
risk loci for type 2 diabetes. Science 2007;316:1336–1341
389. Williams AJ, Bingley PJ, Bonifacio E, Palmer JP, Gale EA. A novel micro-assay for insulin autoantibodies. J
Autoimmun 1997;10:473–478
390. Savola K, Bonifacio E, Sabbah E, Kulmala P, Vähäsalo P, Karjalainen J, Tuomilehto-Wolf E, Meriläinen J,
Åkerblom HK, Knip M. IA-2 antibodies — a sensitive marker of IDDM with clinical onset in childhood and
adolescence. Childhood Diabetes in Finland Study Group. Diabetologia 1998;41:424–429
391. Savola K, Sabbah E, Kulmala P, Vähäsalo P, Ilonen J, Knip M. Autoantibodies associated with Type I diabetes
mellitus persist after diagnosis in children. Diabetologia 1998;41:1293–1297
392. World Health Organization (WHO), Department of Noncommunicable Disease Surveillance. Definition,
diagnosis and classification of diabetes mellitus and its complications. Report of a WHO consultation. Part 1:
Diagnosis and Classification of Diabetes Mellitus. Geneva, Switzerland 1999;WHO/NCD/NCS/99.2 59p.
393. Swets JA. Measuring the accuracy of diagnostic systems. Science 1988;240:1285–1293
394. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to multiple
testing. J R Stat Soc Series B Stat Methodol. 1995;57:289–300
395. Williams AJ, Bingley PJ, Moore WP, Gale EA; ENDIT Screening Group. European Nicotinamide Diabetes
Intervention Trial. Islet autoantibodies, nationality and gender: a multinational screening study in first-degree
relatives of patients with Type I diabetes. Diabetologia 2002;45:217–223
396. Yang P, Li HL, Wang CY. FUT2 nonfunctional variant: a ’missing link’ between genes and environment in type
1 diabetes? Diabetes 2011;60:2685–2687
397. Ferrer-Admetlla A, Sikora M, Laayouni H, Esteve A, Roubinet F, Blancher A, Calafell F, Bertranpetit J, Casals
F. A natural history of FUT2 polymorphism in humans. Mol Biol Evol 2009;26:1993–2003
398. Payne DC, Currier RL, Staat MA, Sahni LC, Selvarangan R, Halasa NB, Englund JA, Weinberg GA, Boom JA,
Szilagyi PG, Klein EJ, Chappell J, Harrison CJ, Davidson BS, Mijatovic-Rustempasic S, Moffatt MD, McNeal
M, Wikswo M, Bowen MD, Morrow AL, Parashar UD. Epidemiologic association between FUT2 secretor status
and severe rotavirus gastroenteritis in children in the United States. JAMA Pediatr 2015;169:1040–1045

125

References
399. Currier RL, Payne DX, Staat MA, Selvarangan R, Shirley SH, Halasa N, Boom JA, Englund JA, Szilagyi PG,
Harrison CJ, Klein EJ, Weinberg GA, Wikswo ME, Parashar U, Vinjé J, Morrow AL. Innate susceptibility to
norovirus infections influenced by FUT2 genotype in a United States pediatric population. Clin Infect Dis
2015;60:1631–1638
400. Pérez-Ortin R, Vila-Vicent S, Carmona-Vicente N, Santiso-Bellón C, Rodríguez-Díaz J, Buesa J. Histo-blood
group antigens in children with symptomatic rotavirus infection. Viruses 2019;11:339
401. Nordgren J, Svensson L. Genetic susceptibility to human norovirus infection: An update. Viruses 2019;11:226
402. Hu L, Crawford SE, Czako R, Cortes-Penfield NW, Smith DF, Le Pendu J, Estes MK, Prasad BV. Cell
attachment protein VP8* of a human rotavirus specifically interacts with A-type histo-blood group antigen.
Nature 2012;485:256–259
403. Marionneau S, Ruvoën N, Le Moullac-Vaidye B, Clement M, Cailleau-Thomas A, Ruiz-Palacois G, Huang P,
Jiang X, Le Pendu J. Norwalk virus binds to histo-blood group antigens present on gastroduodenal epithelial
cells of secretor individuals. Gastroenterology 2002;122:1967–1977
404. Blomqvist M, Juhela S, Erkkila S, Korhonen S, Simell T, Kupila A, Vaarala O, Simell O, Knip M, Ilonen J.
Rotavirus infections and development of diabetes-associated autoantibodies during the first 2 years of life. Clin
Exp Immunol 2002;128:511–515
405. Latz CA, DeCarlo C, Boitano L, Png CYM, Patell R, Conrad MF, Eagleton M, Dua A. Blood type and outcomes
in patients with COVID-19. Ann Hematol 2020;99:2113–2118
406. Morrow AL, Ruiz-Palacios GM, Jiang X, Newburg DS. Human-milk glycans that inhibit pathogen binding
protect breast-feeding infants against infectious diarrhea. J Nutr 2005;135:1304–1307
407. Korpela K, Salonen A, Hickman B, Kunz C, Sprenger N, Kukkonen K, Savilahti E, Kuitunen M, de Vos WM.
Fucosylated oligosaccharides in mother’s milk alleviate the effects of caesarean birth on infant gut microbiota.
Sci Rep 2018;8:1375
408. Tian J, Dang H, Chen Z, Guan A, Jin Y, Atkinson MA, Kaufman DL. γ-aminobutyric acid regulates both the
survival and replication of human β-cells. Diabetes 2013;62:3760–3765
409. International HapMap Consortium. A haplotype map of the human genome. Nature 2005;437:1299–1320
410. Cyster JG, Dang EV, Reboldi A, Yi T. 25-Hydroxycholesterols in innate and adaptive immunity. Nat Rev
Immunol 2014;14:731–743
411. Ki S, Thyagarajan HM, Hu Z, Lancaster JN, Ehrlich LIR. EBI2 contributes to the induction of thymic central
tolerance in mice by promoting rapid motility of medullary thymocytes. Eur J Immunol 2017;47:1906–1917
412. Baptista AP, Gola A, Huang Y, Milanez-Almeida P, Torabi-Parizi P, Urban JF Jr, Shapiro VS, Gerner MY,
Germain RN. The chemoattractant receptor Ebi2 drives intranodal naive CD4+ T cell peripheralization to
promote effective adaptive immunity. Immunity 2019;50:1188–1201
413. Wanke F, Moos S, Croxfold AL, Heinen AP, Gräf S, Kalt B, Tischner D, Zhang J, Christen I, Bruttger J, Yogev
N, Tang Y, Zayoud M, Israel N, Karram K, Reißig S, Lacher SM, Reichhold C, Mufazalov IA, Ben-Nun A,
Kuhlmann T, Wettschureck N, Sailer AW, Rajewsky K, Casola S, Waisman A, Kurschus FC. EBI2 is highly
expressed in multiple sclerosis lesions and promotes early CNS migration of encephalitogenic CD4 T cells. Cell
Rep 2017;18:1270–1284
414. McKinney PA, Parslow R, Gurney K, Law G, Bodansky HJ, Williams DR. Antenatal risk factors for childhood
diabetes mellitus; a case-control study of medical record data in Yorkshire, UK. Diabetologia 1997;40:933–939
415. Laron Z, Lewy H, Wilderman I, Casu A, Willis J, Redondo MJ, Libman I, White N, Craig M. Seasonality of
month of birth of children and adolescents with type 1 diabetes mellitus in homogenous and heterogeneous
populations. Isr Med Assoc J 2005;7:381–384
416. Markkula J, Hemming-Harlo M, Savolainen-Kopra C, Al-Hello H, Vesikari T. Continuing rotavirus circulation
in children and adults despite high coverage rotavirus vaccination in Finland. J Infect 2019;80:76–83
417. Sosenko JM, Skyler JS, Palmer JP, Krischer JP, Yu L, Mahon J, Beam CA, Boulware DC, Rafkin L, Schatz D,
Eisenbarth G; Type 1 Diabetes TrialNet Study Group; Diabetes Prevention Trial-Type 1 Study Group. The
prediction of type 1 diabetes by multiple autoantibody levels and their incorporation into an autoantibody risk
score in relatives of type 1 diabetic patients. Diabetes Care 2013;36:2615–2620

126

ISBN 978-951-51-6664-7 (PRINT)
ISBN 978-951-51-6665-4 (ONLINE)
ISSN 2342-3161 (PRINT)
ISSN 2342-317X (ONLINE)
http://ethesis.helsinki.fi
HELSINKI 2020

