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Abstract
‘The clock to type 1 diabetes has started when islet antibodies are first detected’, commented George Eisenbarth with regard 
to the pathogenesis of type 1 diabetes. This review focuses on ‘starting the clock’, i.e. the initiation of pre-symptomatic islet 
autoimmunity/the first appearance of islet autoantibodies. In particular, this review addresses why susceptibility to developing 
islet autoimmunity is greatest in the first 2 years of life and why beta cells are a frequent target of the immune system dur-
ing this fertile period. A concept for the development of beta cell autoimmunity in childhood is discussed and three factors 
are highlighted that contribute to this early predisposition: (1) high beta cell activity and potential vulnerability to stress; 
(2) high rates of and first exposures to infection; and (3) a heightened immune response, with a propensity for T helper type 
1 (Th1) immunity. Arguments are presented that beta cell injury, accompanied by activation of an inflammatory immune 
response, precedes the initiation of autoimmunity. Finally, the implications for strategies aimed at primary prevention for a 
world without type 1 diabetes are discussed.
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CXADR  Coxsackie and adenovirus receptors
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Autoimmune Diabetes
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SARS-CoV-2  Severe acute respiratory syndrome corona-

virus 2
TEDDY  The Environmental Determinants of Dia-

betes in the Young
Th1  T helper type 1
Treg  Regulatory T cells

Introduction

The clinical manifestation of type 1 diabetes is preceded by 
pre-symptomatic islet autoimmunity [1, 2], which is diag-
nosed by the detection of islet autoantibodies [3]. The pres-
ence of more than one islet autoantibody (classified as stage 
1 of type 1 diabetes disease) is associated with a high prob-
ability of developing clinical, symptomatic diabetes over the 
following years [4]. This review focuses on the questions of 
when, how and why islet autoantibodies first arise. It will 
emphasise fertile periods and outline the combination of 
factors that favour the development of autoimmunity target-
ing beta cells. It also describes the metabolic and immuno-
logical features that are characteristic of the fertile period, 
and how these features change prior to the initiation of islet 
autoimmunity. Potentially relevant environmental exposures 
during the fertile period are also discussed. Finally, it sum-
marises how the assembled findings can be used to plan 
future strategies aimed at arresting or reducing the risk of 
islet autoimmunity.

Data from three longitudinal birth cohorts are consid-
ered to characterise the susceptible periods for islet auto-
immunity. The BABYDIAB/BABYDIET study [5, 6] com-
menced in 1989 and has gained over 30 years of prospective 
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follow-up. It is the first birth cohort in diabetes and included 
2441 children with a first-degree relative with type 1 dia-
betes. The Environmental Determinants of Diabetes in the 
Young (TEDDY) study [7], which commenced in 2004, is 
an international birth cohort of 8676 children with increased 
HLA-defined risk for type 1 diabetes recruited from the gen-
eral population or from families with type 1 diabetes in the 
USA, Finland, Sweden and Germany. Finally, the Primary 
Oral Insulin Trial (POInT) [8], which started recruitment in 
2018, has enrolled 1050 children with a high polygenic risk 
score for type 1 diabetes across Belgium, Germany, Poland, 
Sweden and the UK. POInT is testing whether oral insulin 
immunotherapy reduces the emergence of islet autoantibod-
ies. All of these three studies are following children for the 
development of islet autoantibodies and the clinical mani-
festation of type 1 diabetes.

Islet autoimmunity: when?

Little, if anything, was known about the timing of autoim-
munity in type 1 diabetes when the BABYDIAB study com-
menced in 1989, and it yielded some surprising results. The 
first surprise was that several children had already become 
islet autoantibody positive prior to 1 year of age [9]. The 
second was that there was a period of peak incidence for islet 
autoimmunity [10–12]; both BABYDIAB and TEDDY con-
clusively showed that incidence peaked at 1–1.5 years of age 
[13, 14]. The peak age was similar between children with a 
first-degree relative with type 1 diabetes and children from 
the general population without a close relative with type 1 
diabetes [13]. These intriguing data indicate that there is a 
fertile period early in life with enhanced susceptibility for 
autoreactivity to beta cell targets. Using landmark model-
ling, we learned that the risk of developing islet autoantibod-
ies declines exponentially with age [15]. This has practical 
relevance for screening and consulting families. For exam-
ple, an infant born to a father with type 1 diabetes has an 
estimated risk of 7% for developing islet autoantibodies by 
6 years of age. If this child remains islet autoantibody nega-
tive at 6 years of age, the remaining risk of developing islet 
autoantibodies over the next 6 years (by 12 years of age) is 
only 1% [15]. The half-life for this decline in risk is ~3 years 
[16] during childhood and adolescence, reaching a plateau 
at ~1%. It should be emphasised that it is likely that islet 
autoimmunity can develop at any age, and most cases of islet 
autoimmunity are expected to occur after the age of peak 
incidence. Nevertheless, besides aiding with the practical 
aspect of when to screen for risk, the age of peak incidence 
and the exponential decay in risk with age have important 
implications for the aetiology and pathogenesis of type 1 
diabetes because the genes and/or environmental factors that 

influence islet autoimmunity must exert their greatest effect 
at or prior to the age of peak incidence.

Islet autoimmunity targets: how?

Early autoimmunity is directed against insulin, and mem-
ory insulin-reactive T cell responses and IAA have a simi-
lar temporal appearance [17–19]. IAA are associated with 
HLA-DR4 [20], and most children who develop their first 
islet autoantibody during the susceptible peak period carry 
a genotype containing HLA-DRB1*04 [21]. In contrast, 
children with a homozygous DR3/3 genotype preferentially 
develop antibodies against GAD, usually later in life [19, 
22, 23]. It is unclear why insulin is the key antigen in the 
early autoimmunity period and why newly emerging auto-
immunity to insulin declines with age. It is possible that 
increasing peripheral tolerance towards an abundant circu-
lating antigen, like insulin, plays a role. This is supported 
by Daniel and colleagues, who showed that the number of 
insulin-specific regulatory T cells (Tregs) increases with age 
and with the duration of autoimmunity [24].

The target epitope and antibody affinity are critical to 
the relevance of IAA in diabetes [25]. Only children with 
high-affinity autoantibodies progress to clinical type 1 dia-
betes, and several antibody assays (electrochemilumines-
cence [ECL], luciferase immunoprecipitation system [LIPS] 
assay and radiobinding assay [RBA]) have been developed 
or adjusted to distinguish between high- and low-affinity 
responses [26]. High-affinity IAA are associated with HLA-
DRB1*04 and a young age at appearance. High-affinity IAA 
require conservation of human insulin A chain residues 8–13 
and react with proinsulin. In contrast, low-affinity IAAs are 
dependent on the COOH-terminal B chain residues in insulin 
and seldom bind to proinsulin.

Role of genetics in autoimmunity

A type 1 diabetes-associated genetic constellation is the first 
important component of the fertile environment [27]. Before 
the BABYDIAB study began, it was unclear whether type 1 
diabetes-associated genes were responsible for the develop-
ment of islet autoimmunity or the progression to type 1 dia-
betes. It was shown that genetic susceptibility is important for 
initiation of islet autoimmunity and markedly less important 
for disease progression [21, 22, 28–31]. HLA and non-HLA 
genes strongly influence the risk of developing islet autoan-
tibodies [32]. The prevalence of multiple islet autoantibodies 
in children from the general population without a close rela-
tive with type 1 diabetes is ~0.31% (95% CI 0.27%, 0.35%) 
[33]. Children with the HLA genotypes DR3/4-DQ8, DR4/4-
DQ8 or DR3/3 have an average risk of ~5% of developing 
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multiple islet autoantibodies by 6 years of age [34]. Adding 
non-HLA genes to polygenic risk scores can further stratify 
the risk and identify newborns in the general population with 
a 10% risk of developing multiple islet autoantibodies by 6 
years of age [32]. The genetic risk changes with age. Moreo-
ver, importantly, the influence and risk hierarchy of HLA and 
INS genotypes, which are strongest in the first years of life, 
are weak or non-existent by 6 years of age [16]. This indi-
cates that a substantial component of the genetic risk for type 
1 diabetes involves the risk of developing islet autoimmunity 
in the fertile age period. This also means that the genetically 
defined mechanisms of susceptibility operate early in life, 
and that either genotype-associated functional differences 
are more pronounced in early life or that ‘co-factors’ for the 
functional differences conferring susceptibility are missing 
later in life. Most genes associated with type 1 diabetes are 
involved in or influence the immune or cellular responses to 
infection (e.g. IFIH1, TYK2) [35–37]. For example, HLA class 
II genes influence the strength of binding between HLA class 
II molecules on antigen presenting cells and peptide–T cell 
receptor complexes on T cells, and, hence, thymic selection 
of Tregs, and may, therefore, confer the greatest susceptibility 
at a young age, when the thymus is most active [38–40]. It is 
also possible that some genes influence other factors involved 
in the pathogenesis of type 1 diabetes. Somewhat unforeseen, 
but not necessarily unexpected, the susceptible HLA-DR4 
and INS genotypes are associated with altered microbiome 
compositions during childhood [41, 42], whereas HLA-DR4 
is associated with an increased birthweight [43, 44], and the 
microbiome and birthweight have been reported to be associ-
ated with the development of islet autoimmunity and type 1 
diabetes [45–50].

Early life is a fertile period for initiation 
of islet autoimmunity: why?

The case for a trio of factors: islet susceptibility/
vulnerability, increased exposures and heightened 
immune responses

Islet susceptibility/vulnerability Genes predisposing for 
type 1 diabetes and family history of type 1 diabetes are 
also associated with other autoimmune diseases, including 
coeliac disease, pernicious anaemia and thyroid disease [14, 
51]. The incidence maxima of first-appearing autoantibod-
ies is different for each of these autoimmune diseases. In 
individuals with a first-degree relative with type 1 diabetes, 
islet autoimmunity sharply increases first, followed by gut 
autoimmunity in coeliac disease and pernicious anaemia, 
peaking at 2 years of age, while thyroid autoimmunity peaks 
during puberty and adolescence (Fig. 1). This suggests that 

the affected organ is relevant, and its activity, function and 
maturity may change during the fertile period. So, why does 
beta cell autoimmunity occur so early in life? To indirectly 
investigate the changes in pancreatic islets with age, we 
measured random preprandial non-fasting blood glucose 
concentrations between 4 months and 3.5 years of age in 
children enrolled in POInT [52]. Intriguingly, there were 
substantial changes in glucose concentrations, and poten-
tially pancreatic islet function, during the first year of life 
that inversely followed the incidence of islet autoimmunity 
(Fig. 2); notably, glucose concentration declined during the 
first year of life to a nadir at 1–1.5 years of age and increased 
after this age. This not only coincides with the peak inci-
dence of islet autoimmunity but also follows the adiposity 
peak typically seen at 8–9 months of age, suggesting growth 
pressure on islets during the susceptible period. Thus, it is 
reasonable to propose that age 1 year may be a period of islet 
cell activity, increased beta cell stress and greater vulner-
ability to insults.

Exposures and immune responses Respiratory infections are 
most frequent during the first 2 years of life [53, 54]. Chil-
dren participating in the BABYDIAB/BABYDIET studies 
[53] were reported to have 3.7 infection episodes per 100 
days during the peak period of islet autoimmunity (between 
12 and 18 months of age). In the TEDDY study [54], 4–5 
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Fig. 1  Age-related incidence (cases per 1000 person-years) of autoan-
tibodies (AAb) in individuals with a first-degree relative with type 1 
diabetes. Genes predisposing for type 1 diabetes and family history 
of type 1 diabetes are associated with other autoimmune diseases, 
including coeliac disease, pernicious anaemia and thyroid disease. 
The peak incidence period differs for different autoimmune diseases. 
The graph shows the incidence of islet AAb (black line; associated 
with type 1 diabetes), transglutaminase (TG) AAb (red line; associ-
ated with coeliac disease), ATPase  H+/K+ transporting subunit α 
(ATP4A) AAb (green line; associated with pernicious anaemia) 
and thyroid peroxidase (TPO) AAb (blue line; associated with thy-
roid disease), and their peak periods (horizontal bars). Adapted 
from [51], under the terms of the Creative Commons Attribution 4.0 
International License (http:// creat iveco mmons. org/ licen ses/ by/4. 0/), 
which permits unrestricted use, distribution and reproduction in any 
medium. This figure is available as part of a downl oadab le slide set
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respiratory infection episodes were reported per person-year 
at ~1 year of age. The frequency declined by nearly half by 
3–5 years of age. This observation is not unexpected because 
the protection provided by maternal antibodies against infec-
tion gradually declines while the child’s immune system 
develops following exposure to infection and vaccination. 
It is thought that while some viruses directly infect beta 

cells by entering through receptors, such as the coxsackie 
and adenovirus receptors (CXADRs), others may indirectly 
induce beta cell damage and immune activation via systemic 
inflammation.

Further evidence for frequent viral infection and a pro-
nounced response to infection in the first years of life comes 
from studies of monocyte expression of CD169, which is 
transiently expressed in response to type 1 IFNs. We stud-
ied over 800 samples from children at increased risk for 
type 1 diabetes during the first 12 years of life and found 
that CD169 was expressed on monocytes in 35% of sam-
ples taken within the first year of life, declining to <10% 
after 7.5 years of age (Fig. 3; p=0.0008). This implies that 
the immune system is frequently challenged and respon-
sive in early life. It is also possible that the responses are 
more intense and/or sustained in early life and that, overall, 
the body and its organs, as well as T cells, are frequently 
exposed to an inflammatory milieu. Indeed, inflammatory 
signatures and immune cells primed towards an inflamma-
tory response are also found in children before they develop 
autoimmunity [17, 55, 56]. Supporting the notion that the 
inflammatory milieu fosters autoimmunity,  CD4+ T cells are 
more likely to exhibit proinflammatory responses to insulin 
in vitro when the antigen is presented by CD169-express-
ing monocytes [41]. Moreover, children who subsequently 
developed islet autoantibodies had naive  CD4+ T cells that 
reacted to the islet autoantigens proinsulin and GAD65 with 
a striking proinflammatory signature by 6 months of age, 
well before the appearance of memory islet autoantigen-
responsive  CD4+ T cells [17]. This suggests that children 

−10 min

Fig. 2  Preprandial blood glucose concentrations in relation to age 
in children at increased genetic risk for type 1 diabetes participat-
ing in the POInT study. Preprandial non-fasting glucose concen-
trations (10 min before food intake) were modelled using a general 
additive model with thin-plate splines based on 7925 measurements 
in n=1050 children. Adapted from [52], under the terms of the Crea-
tive Commons Attribution 4.0 International License (http:// creat iveco 
mmons. org/ licen ses/ by/4. 0/), which permits unrestricted use, distri-
bution and reproduction in any medium. Data at 4 years previously 
unpublished (A. Weiss [Helmholtz Munich, German Center for Envi-
ronmental Health, Munich, Germany], E. Bonifacio [Technische Uni-
versität Dresden, Dresden, Germany] and A.-G. Ziegler, unpublished 
results). To convert glucose to SI units (mmol/l), divide by 18. This 
figure is available as part of a downl oadab le slide set
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Fig. 3  CD169 (sialic acid-binding immunoglobulin-like lectin 1 
[SIGLEC-1]) expression in  CD14+ monocytes in n=887 samples 
from n=262 children at increased risk for type 1 diabetes participat-
ing in prospective cohort studies. (a) Percentage of  CD169+ cells in 
 CD14+ monocytes in relation to age (regression coefficient: −0.20; 
p=2×10−6). A threshold of >5% positive monocytes was used to 
define monocyte  CD169+ samples. (b) Monocyte CD169 expression 

by age group. Monocyte CD169 expression was more frequent in 
samples from younger children (p=0.0008, assessed by χ2 test), with 
a persistent decline with increasing age. Data in (a) and (b) are pre-
viously unpublished (E. Bonifacio [Technische Universität Dresden, 
Dresden, Germany] and A.-G. Ziegler, unpublished results). This fig-
ure is available as part of a downl oadab le slide set
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who develop islet autoimmunity have an a priori propensity 
to respond to beta cell autoantigens if presented. Consistent 
with these in vitro data, the BABYDIET study revealed an 
IFN-inducible transcriptional signature in peripheral blood 
mononuclear cells prior to seroconversion to the first islet 
autoantibody [55]. Upregulation of IFN-inducible genes 
was associated with a recent history of upper respiratory 
tract infections and marked by increased monocyte CD169 
expression. Finally, the TEDDY study discovered a natural 
killer cell signature in children prior to the first islet autoan-
tibody [56]. Taken together, these data derived from differ-
ent studies and by using very different methods show that 
deviations from a healthy immune response with propensity 
to a T helper type 1 (Th1) response to insulin and marked 
inflammation are present before the onset of islet autoim-
munity, and that these deviations could be a consequence of 
genetic priming and/or unfavourable responses to environ-
mental insults.

The case for a virus

Previous epidemiological and genetic data have associated 
viral infections with type 1 diabetes. Infections in the first 
year of life increase the risk of islet autoimmunity and type 
1 diabetes [53, 54, 57]. The association is particularly high 
in children with prolonged or multiple respiratory infections. 
A large study of claims data showed that children with two 
or more infections by 6 months of age were more than twice 
as likely to develop type 1 diabetes by 8 years of age [58]. 
Furthermore, it was reported that children who develop islet 
autoimmunity experience their first viral infection earlier 
than children who do not develop islet autoimmunity or 
type 1 diabetes [57]. An increased frequency of viral infec-
tions in the time window before the first appearance of islet 
autoantibodies was also reported [53, 54]. This suggests that 
early childhood infections and infections shortly before the 
onset of autoimmunity play a role in promoting autoreactiv-
ity towards islet cells. Furthermore, multiple virus response 
genes have been linked to the risk of developing islet auto-
immunity [59].

Repeated attempts have been made to identify which 
viruses are responsible for the increased risk of autoim-
munity and diabetes. The candidates with most convincing 
evidence are enteroviruses, particularly coxsackie B virus. 
Evidence supporting this include an increased prevalence 
of coxsackie B virus infection prior to islet autoimmunity 
[60], the expression of CXADR on beta cells that provides 
an entry point for coxsackie B virus [61], and the presence 
of coxsackie B virus antigen in pancreases from people with 
islet autoantibodies or type 1 diabetes [62, 63]. Furthermore, 
the immune response to coxsackie B virus appears to be 
incomplete in young children with insulin autoimmunity 
[64]. Perhaps the strongest evidence for coxsackie B virus 

as a trigger of islet autoimmunity comes from the TEDDY 
study [65]. A large sequencing study of stool samples from 
more than 700 children suggested that prolonged shedding 
of enterovirus B, rather than short enterovirus B infections, 
may be involved in the development of islet autoimmunity 
[65]. However, only 11.8% of children with islet autoan-
tibodies (vs 6.5% of children without islet autoantibodies) 
exhibited prolonged shedding of enterovirus B, suggesting 
that it is, at best, one of many aetiological causes of islet 
autoimmunity.

Studies have suggested the contributions of other viruses 
to the development of type 1 diabetes. For example, an 
increased incidence of type 1 diabetes was reported dur-
ing the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) pandemic [66, 67]. Similar to coxsackie B 
virus, the receptor for SARS-CoV-2 entry into cells, ACE2, 
is expressed on the pancreatic ductal cells, as well as on islet 
beta and alpha cells [68–70]; therefore, it is plausible that 
SARS-CoV-2 may trigger an autoimmune response to islets. 
However, screening of more than 50,000 youths in Colo-
rado (USA) and Bavaria (Germany) suggested no association 
between SARS-CoV-2 infection and islet autoimmunity [71, 
72]. It should be noted, however, that the cross-sectional 
design in this study did not allow the researchers to deter-
mine whether the autoantibodies developed before or after 
SARS-CoV-2 infection, and it remains unknown whether 
SARS-CoV-2 infection can lead to islet autoimmunity. Rota-
virus and cytomegalovirus have also been implicated in islet 
autoimmunity [73–75], and a decrease in type 1 diabetes 
incidence was observed after the introduction of rotavirus 
vaccination in some, but not all studies [76–79]. The intro-
duction of rotavirus vaccination has also hampered further 
investigations into the potential causal role of this virus.

Taken together, the available data corroborate that 
viruses, especially those capable of infecting islet cells in 
young children, are a ‘co-factor’ to genetics for the develop-
ment of islet autoimmunity.

Model of initiation during the susceptible/fertile 
period in early life

The countdown to type 1 diabetes starts early in life in chil-
dren with genetic susceptibility. We have shown that several 
factors involving islets and the immune system join forces 
early in life to form an environment that might promote auto-
immunity (Fig. 4). With regard to islets, their susceptibility 
for autoimmunity may be increased by modification of their 
activity at 12–18 months of age, indirectly shown by blood 
glucose concentrations and, which is likely to be amplified 
or attenuated by factors such as growth, weight and genetics. 
Increased islet activity could contribute to stress and altera-
tions in the islet, exacerbating the effects of viral infections 
or other insults during this period. With regard to the immune 
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system, a genetically determined Th1 propensity increases 
the likelihood that autoreactive cells are activated and expand 
in the inflammatory milieu owing, in part, to the many infec-
tions that occur in early childhood. For viral infections in the 
fertile period, either direct infection of the islet (with entry 
into beta cells) or general inflammation can alter the appear-
ance of beta cells and increase antigen presentation, thereby 
unmasking the islets to the immune system [80].

One very recent piece of evidence supports the notion 
that an insult triggers beta cell autoimmunity. The current 
dogma hinges on metabolic deterioration subsequent to and 
resulting from the development of beta cell autoimmunity. 
In POInT, we investigated the temporal relationship between 
glucose levels and the development of islet autoantibodies. 
In contrast to the current dogma, we found that children who 
develop islet autoantibodies have raised glucose levels very 
early in the disease process that were evident prior to or 
concurrent with islet autoantibody seroconversion [52]. The 
rise in blood glucose levels shortly before islet autoantibody 
seroconversion is consistent with an event, such as a virus 
infection, that affects islet function and leads to the autoim-
mune response. Islet function continues to deteriorate after 
seroconversion, implying that pancreatic islet injury is a sus-
tained (not transient) phenomenon. Other data suggest early 
endoplasmic reticulum stress within beta cells and reduced 
pancreas size/beta cell mass in people with islet autoantibod-
ies and type 1 diabetes. Indeed, the pancreases of individuals 
with type 1 diabetes are smaller than those of control indi-
viduals, and danger signals, such as hyperexpression of HLA 
classes I and II, are present in pancreases of individuals with 

islet autoantibody-positivity [81–87]. Perhaps in the future, 
the utilisation of genetic risk scores and rapid point-of-care 
genetic testing will enable us to collect organ donor tissue 
from people with increased genetic risk of type 1 diabetes, 
without signs of islet autoimmunity or diabetes. Examining 
the pancreases of these donors could help clarify whether 
the changes previously observed in the islets of individuals 
at high risk of type 1 diabetes precede autoimmunity.

Implications for prevention

What are the implications for primary prevention of type 1 dia-
betes? The Global Platform for the Prevention of Autoimmune 
Diabetes (GPPAD) was founded in 2017 to identify infants at 
elevated genetic risk of developing type 1 diabetes and to per-
form primary prevention trials aimed at reducing the incidence 
of islet autoimmunity and type 1 diabetes in children [88]. 
GPPAD uses a polygenic risk score to screen newborns for 
risk of type 1 diabetes in five European countries. The fami-
lies of children with a polygenic risk score that identifies 1% 
of newborns and confers a >10% risk of developing multiple 
islet autoantibodies by 6 years of age are invited to participate 
in a randomised controlled trial of primary prevention of auto-
immunity and type 1 diabetes [89]. Over 400,000 newborns 
have joined the GPPAD screening to date. GPPAD is currently 
conducting two randomised controlled trials. The first, POInT, 
aims to induce tolerance to insulin by oral insulin therapy and 
is examining whether oral insulin at increasing doses of up 
to 67.5 mg daily from 4 months to 3 years of age reduces 

Early-stage T1D

(islet autoimmunity)

≥2 islet AAb 

with or without 

abnormal glucose 

tolerance

Propensity for 

Th1 immunity Glucose Infections

Susceptibility 

genes

Maximum islet 

activity, beta 

cell stress

High 

infectivity 

SIGLEC-1

Heightened 

immune 

response

Genetic susceptibility and the fertile period

Immune activation

Type 1 IFN signature

Th1 propensity to 

insulin 

NK cell activation

Glucose rise

Fig. 4  Model of initiation of islet autoimmunity. Genetic suscep-
tibility and the fertile period around the age of peak islet autoan-
tibody (AAb) incidence increase the likelihood of immune activa-
tion and sustained autoimmunity towards the beta cell (early-stage 
type 1 diabetes [T1D]). T1D susceptibility genes are predominantly 
immune-response genes and confer a propensity to Th1 immunity. 
It is proposed that early childhood is a fertile period for islet auto-
immunity because of three factors that come together at this age: 
(1) high islet activity/stress, reflected by a nadir in glucose lev-
els at 12–18 months of age (blue line); (2) high infectivity with 
a peak in viral infections (black curve); and (3) a heightened and 

then waning response by the immune system, as shown by the level 
and frequency of sialic acid-binding immunoglobulin-like lectin 1 
(SIGLEC-1) expression on monocytes (purple line). Immune acti-
vation precedes islet autoimmunity as evidenced by type I IFN 
and natural killer (NK) cell signatures, proinflammatory T cell 
responses to insulin and a rise in glucose prior to islet AAb sero-
conversion. Seroconversion to ≥2 islet AAb without or with abnor-
mal glucose tolerance defines early-stage T1D. Islet micrograph 
taken by T. Rodriguez-Calvo (Helmholtz Munich, Munich, Ger-
many). This figure is available as part of a downl oadab le slide set

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-023-05927-2/MediaObjects/125_2023_5927_MOESM1_ESM.pptx
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the incidence of multiple islet autoantibodies vs placebo [8]. 
This therapy is intended to target the Th1 propensity to insu-
lin in children with high genetic susceptibility. The enrolment 
of 1050 children has been completed; results are expected to 
be available in 2025. The second trial, Supplementation with 
Bifidobacterium infantis for Mitigation of Type 1 Diabetes 
Autoimmunity (SINT1A), aims to reduce inflammation and 
infection by promoting a healthy microbiome [90]. This trial is 
examining whether daily supplementation of B. infantis from 
6 weeks to 12 months of age reduces the incidence of multiple 
islet autoantibodies vs placebo. The study is ongoing and over 
600 infants of a target of 1150 have been enrolled to date (Janu-
ary 2023); results are expected to be available in 2027. Addi-
tional studies are also being planned by members of GPPAD. 
One goal of future studies would be to protect the beta cell 
from infection or stress to prevent the initiation of autoimmun-
ity. Vaccination against coxsackie B or other viruses would be 
a desired strategy, and hopefully vaccinations will eventually 
become available.

The prevention of islet autoimmunity is a possible strat-
egy to reduce the incidence of type 1 diabetes. Secondary 
prevention is another approach. Although preventive meas-
ures to halt type 1 diabetes progression are not discussed in 
this review, there has been an important breakthrough in pre-
ventive therapy for type 1 diabetes because the first disease-
modifying therapy, teplizumab (also called TZIELD), was 
recently approved in the USA. Teplizumab can help ‘stop 
the clock’ and delay the progression from stage 2 to stage 
3 type 1 diabetes by an average of 2 years. It is indicated 
for stage 2 type 1 diabetes (consisting of islet autoantibody 
positive and impaired glucose tolerance) and may be used in 
children with and without close relatives with type 1 diabe-
tes. This new therapy makes screening programmes for islet 
autoantibodies a necessity to identify all children who might 
benefit from teplizumab. Excitingly, it has opened up a new 
era, moving closer towards a world without type 1 diabetes.

Supplementary Information The online version contains sup-
plementary material available at https:// doi. org/ 10. 1007/ 
s00125- 023- 05927-2.

Acknowledgements This review was written as a summary of a pres-
entation for the 2022 EASD-Novo Nordisk Foundation Diabetes Prize 
for Excellence and, therefore, focuses on work that I have had the 
privilege to be part of. I would like to thank the EASD, Novo Nordisk 
and those who awarded the prize. I am grateful to all members of my 
research team at the Institute of Diabetes Research, Helmholtz Munich, 
the Forschergruppe Diabetes, Faculty of Medicine, Klinikum rechts der 
Isar, Technical University Munich, and the Forschergruppe Diabetes 
at Helmholtz Munich, Germany, for their excellent work and continu-
ous support. I very much thank everyone who has participated in our 
research studies and supports our science. I also thank the primary 
care paediatricians, obstetric departments and hospital diabetes care 
centres participating in our research studies. Finally, I thank all of my 
colleagues worldwide who have contributed important findings not 
all of which are cited in this review, and who are working collectively 
for a world without type 1 diabetes. Islet micrograph included in the 

graphical abstract taken by T. Rodriguez-Calvo (Helmholtz Munich, 
Munich, Germany).

Data availability Data will be available with a signed transfer agree-
ment; please contact the corresponding author.

Funding Work in the author’s laboratories is supported by grants 
from the Federal Ministry of Education and Research (BMBF, grant 
FKZ01KX1818), the German Center for Diabetes Research (DZD) 
e.V., JDRF International (1-SRA-2014-310-M-R, 3-SRA-2015-72-M-
R, 3-SRA-2019-718-Q-R), the LifeScience Stiftung (HMGU 2014.01 
and HMGU 2016.01), The Leona M. and Harry B. Helmsley Charita-
ble Trust (GPPAD-POInT: 2018PG-T1D023, 2018PG-T1D062), and 
the NIH (TEDDY: U01 DK63829, U01 DK63861, U01 DK63821, 
U01 DK63865, U01 DK63863, U01 DK63836, U01 DK63790, UC4 
DK63829, UC4 DK63861, UC4 DK63821, UC4 DK63865, UC4 
DK63863, UC4 DK63836, UC4 DK95300, UC4 DK100238, UC4 
DK106955, UC4 DK112243, UC4 DK117483, U01 DK124166, U01 
DK128847, and Contract No. HHSN267200700014C). The funding 
sources were not involved in developing this review article or the deci-
sion to submit the manuscript for publication. Open Access funding 
enabled and organised by Projekt DEAL.

Author’s relationships and activities The author declares that there are 
no relationships or activities that might bias, or be perceived to bias, 
the work.

Contribution statement The author was the sole contributor to this 
paper.

References
 1. Insel RA, Dunne JL, Atkinson MA et al (2015) Staging presymp-

tomatic type 1 diabetes: a scientific statement of JDRF, the Endo-
crine Society, and the American Diabetes Association. Diabetes 
Care 38(10):1964–1974. https:// doi. org/ 10. 2337/ dc15- 1419

 2. Ziegler AG, Danne T, Daniel C, Bonifacio E (2021) 100 years of insulin: 
lifesaver, immune target, and potential remedy for prevention. Med 
2(10):1120–1137. https:// doi. org/ 10. 1016/j. medj. 2021. 08. 003

 3. Bonifacio E, Mathieu C, Nepom GT et al (2017) Rebranding 
asymptomatic type 1 diabetes: the case for autoimmune beta cell 
disorder as a pathological and diagnostic entity. Diabetologia 
60(1):35–38. https:// doi. org/ 10. 1007/ s00125- 016- 4144-8

 4. Ziegler AG, Rewers M, Simell O et al (2013) Seroconversion to 
multiple islet autoantibodies and risk of progression to diabetes 
in children. JAMA 309(23):2473–2479. https:// doi. org/ 10. 1001/ 
jama. 2013. 6285

 5. Hummel S, Pfluger M, Hummel M, Bonifacio E, Ziegler AG 
(2011) Primary dietary intervention study to reduce the risk of 
islet autoimmunity in children at increased risk for type 1 dia-
betes: the BABYDIET study. Diabetes Care 34(6):1301–1305. 
https:// doi. org/ 10. 2337/ dc10- 2456

 6. Ziegler AG, Hummel M, Schenker M, Bonifacio E (1999) Autoan-
tibody 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 48(3):460–468. https:// 
doi. org/ 10. 2337/ diabe tes. 48.3. 460

 7. TEDDY Study Group (2008) The Environmental Determinants 
of Diabetes in the Young (TEDDY) study. Ann N Y Acad Sci 
1150:1–13. https:// doi. org/ 10. 1196/ annals. 1447. 062

 8. Ziegler AG, Achenbach P, Berner R et al (2019) Oral insulin 
therapy for primary prevention of type 1 diabetes in infants with 
high genetic risk: the GPPAD-POInT (global platform for the pre-
vention of autoimmune diabetes primary oral insulin trial) study 

https://doi.org/10.1007/s00125-023-05927-2
https://doi.org/10.1007/s00125-023-05927-2
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1016/j.medj.2021.08.003
https://doi.org/10.1007/s00125-016-4144-8
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.2337/dc10-2456
https://doi.org/10.2337/diabetes.48.3.460
https://doi.org/10.2337/diabetes.48.3.460
https://doi.org/10.1196/annals.1447.062


1176 Diabetologia (2023) 66:1169–1178

1 3

protocol. BMJ Open 9(6):e028578. https:// doi. org/ 10. 1136/ bmjop 
en- 2018- 028578

 9. Ziegler AG, Hillebrand B, Rabl W et al (1993) On the appearance 
of islet associated autoimmunity in offspring of diabetic moth-
ers: a prospective study from birth. Diabetologia 36(5):402–408. 
https:// doi. org/ 10. 1007/ BF004 02275

 10. Bonifacio E, Pfluger M, Marienfeld S, Winkler C, Hummel M, 
Ziegler AG (2008) Maternal type 1 diabetes reduces the risk of 
islet autoantibodies: relationships with birthweight and maternal 
HbA(1c). Diabetologia 51(7):1245–1252. https:// doi. org/ 10. 1007/ 
s00125- 008- 1022-z

 11. Parikka V, Nanto-Salonen K, Saarinen M et al (2012) Early sero-
conversion and rapidly increasing autoantibody concentrations 
predict prepubertal manifestation of type 1 diabetes in children 
at genetic risk. Diabetologia 55(7):1926–1936. https:// doi. org/ 10. 
1007/ s00125- 012- 2523-3

 12. Ziegler AG, Bonifacio E, the BABYDIAB-BABYDIET Study 
Group (2012) Age-related islet autoantibody incidence in off-
spring of patients with type 1 diabetes. Diabetologia 55(7):1937–
1943. https:// doi. org/ 10. 1007/ s00125- 012- 2472-x

 13. Krischer JP, Lynch KF, Schatz DA et al (2015) The 6 year inci-
dence of diabetes-associated autoantibodies in genetically at-risk 
children: the TEDDY study. Diabetologia 58(5):980–987. https:// 
doi. org/ 10. 1007/ s00125- 015- 3514-y

 14. Winkler C, Jolink M, Knopff A et al (2019) Age, HLA, and sex 
define a marked risk of organ-specific autoimmunity in first-
degree relatives of patients with type 1 diabetes. Diabetes Care 
42(9):1684–1691. https:// doi. org/ 10. 2337/ dc19- 0315

 15. Hoffmann VS, Weiss A, Winkler C et al (2019) Landmark models 
to define the age-adjusted risk of developing stage 1 type 1 dia-
betes across childhood and adolescence. BMC Med 17(1):125. 
https:// doi. org/ 10. 1186/ s12916- 019- 1360-3

 16. Bonifacio E, Weiss A, Winkler C et al (2021) An age-related 
exponential decline in the risk of multiple islet autoantibody sero-
conversion during childhood. Diabetes Care 44(10):2260–2268. 
https:// doi. org/ 10. 2337/ dc20- 2122

 17. Heninger AK, Eugster A, Kuehn D et al (2017) A divergent popu-
lation of autoantigen-responsive CD4(+) T cells in infants prior to 
beta cell autoimmunity. Sci Transl Med 9(378):eaaf8848. https:// 
doi. org/ 10. 1126/ scitr anslm ed. aaf88 48

 18. Hummel M, Bonifacio E, Schmid S, Walter M, Knopff A, Zie-
gler AG (2004) Brief communication: early appearance of islet 
autoantibodies predicts childhood type 1 diabetes in offspring of 
diabetic parents. Ann Intern Med 140(11):882–886. https:// doi. 
org/ 10. 7326/ 0003- 4819- 140- 11- 20040 6010- 00009

 19. Krischer JP, Lynch KF, Lernmark A et al (2017) Genetic and 
environmental interactions modify the risk of diabetes-related 
autoimmunity by 6 years of age: the TEDDY study. Diabetes Care 
40(9):1194–1202. https:// doi. org/ 10. 2337/ dc17- 0238

 20. Ziegler AG, Standl E, Albert E, Mehnert H (1991) HLA-asso-
ciated insulin autoantibody formation in newly diagnosed type I 
diabetic patients. Diabetes 40(9):1146–1149. https:// doi. org/ 10. 
2337/ diab. 40.9. 1146

 21. Schenker M, Hummel M, Ferber K et al (1999) Early expression 
and high prevalence of islet autoantibodies for DR3/4 heterozy-
gous and DR4/4 homozygous offspring of parents with type I 
diabetes: the German BABYDIAB study. Diabetologia 42(6):671–
677. https:// doi. org/ 10. 1007/ s0012 50051 214

 22. Walter M, Albert E, Conrad M et al (2003) IDDM2/insulin VNTR 
modifies risk conferred by IDDM1/HLA for development of type 
1 diabetes and associated autoimmunity. Diabetologia 46(5):712–
720. https:// doi. org/ 10. 1007/ s00125- 003- 1082-z

 23. Krischer JP, Liu X, Lernmark A et al (2022) Predictors of the ini-
tiation of islet autoimmunity and progression to multiple autoan-
tibodies and clinical diabetes: the TEDDY study. Diabetes Care 
45(10):2271–2281. https:// doi. org/ 10. 2337/ dc21- 2612

 24. Serr I, Furst RW, Achenbach P et al (2016) Type 1 diabetes 
vaccine candidates promote human Foxp3(+)Treg induction in 
humanized mice. Nat Commun 7:10991. https:// doi. org/ 10. 1038/ 
ncomm s10991

 25. Achenbach P, Koczwara K, Knopff A, Naserke H, Ziegler AG, 
Bonifacio E (2004) Mature high-affinity immune responses to 
(pro)insulin anticipate the autoimmune cascade that leads to type 
1 diabetes. J Clin Invest 114(4):589–597. https:// doi. org/ 10. 1172/ 
JCI21 307

 26. Marzinotto I, Pittman DL, Williams AJK et al (2023) Islet autoan-
tibody standardization program: interlaboratory comparison of 
insulin autoantibody assay performance in 2018 and 2020 work-
shops. Diabetologia. https:// doi. org/ 10. 1007/ s00125- 023- 05877-9

 27. Pociot F, Akolkar B, Concannon P et al (2010) Genetics of type 1 
diabetes: what’s next? Diabetes 59(7):1561–1571. https:// doi. org/ 
10. 2337/ db10- 0076

 28. Beyerlein A, Bonifacio E, Vehik K et  al (2019) Progression 
from islet autoimmunity to clinical type 1 diabetes is influenced 
by genetic factors: results from the prospective TEDDY study. 
J Med Genet 56(9):602–605. https:// doi. org/ 10. 1136/ jmedg 
enet- 2018- 105532

 29. Bonifacio E, Krumsiek J, Winkler C, Theis FJ, Ziegler AG (2014) 
A strategy to find gene combinations that identify children who 
progress rapidly to type 1 diabetes after islet autoantibody sero-
conversion. Acta Diabetol 51(3):403–411. https:// doi. org/ 10. 1007/ 
s00592- 013- 0526-2

 30. Winkler C, Krumsiek J, Buettner F et al (2014) Feature ranking of 
type 1 diabetes susceptibility genes improves prediction of type 1 
diabetes. Diabetologia 57(12):2521–2529. https:// doi. org/ 10. 1007/ 
s00125- 014- 3362-1

 31. Winkler C, Krumsiek J, Lempainen J et al (2012) A strategy for 
combining minor genetic susceptibility genes to improve predic-
tion of disease in type 1 diabetes. Genes Immun 13(7):549–555. 
https:// doi. org/ 10. 1038/ gene. 2012. 36

 32. Bonifacio E, Beyerlein A, Hippich M et al (2018) Genetic scores 
to stratify risk of developing multiple islet autoantibodies and 
type 1 diabetes: a prospective study in children. PLoS Med 
15(4):e1002548. https:// doi. org/ 10. 1371/ journ al. pmed. 10025 48

 33. Ziegler AG, Kick K, Bonifacio E et al (2020) Yield of a public 
health screening of children for islet autoantibodies in Bavaria, 
Germany. JAMA 323(4):339–351. https:// doi. org/ 10. 1001/ jama. 
2019. 21565

 34. Hippich M, Beyerlein A, Hagopian WA et al (2019) Genetic con-
tribution to the divergence in type 1 diabetes risk between children 
from the general population and children from affected families. 
Diabetes 68(4):847–857. https:// doi. org/ 10. 2337/ db18- 0882

 35. Kissler S (2022) Genetic modifiers of thymic selection and central 
tolerance in type 1 diabetes. Front Immunol 13:889856. https:// 
doi. org/ 10. 3389/ fimmu. 2022. 889856

 36. Nejentsev S, Walker N, Riches D, Egholm M, Todd JA (2009) 
Rare variants of IFIH1, a gene implicated in antiviral responses, 
protect against type 1 diabetes. Science 324(5925):387–389. 
https:// doi. org/ 10. 1126/ scien ce. 11677 28

 37. Wallace C, Smyth DJ, Maisuria-Armer M, Walker NM, Todd JA, 
Clayton DG (2010) The imprinted DLK1-MEG3 gene region on 
chromosome 14q32.2 alters susceptibility to type 1 diabetes. Nat 
Genet 42(1):68–71. https:// doi. org/ 10. 1038/ ng. 493

 38. Fernando MM, Stevens CR, Walsh EC et al (2008) Defining the 
role of the MHC in autoimmunity: a review and pooled analysis. 
PLoS Genet 4(4):e1000024. https:// doi. org/ 10. 1371/ journ al. pgen. 
10000 24

 39. Handunnetthi L, Ramagopalan SV, Ebers GC, Knight JC (2010) 
Regulation of major histocompatibility complex class II gene 
expression, genetic variation and disease. Genes Immun 11(2):99–
112. https:// doi. org/ 10. 1038/ gene. 2009. 83

https://doi.org/10.1136/bmjopen-2018-028578
https://doi.org/10.1136/bmjopen-2018-028578
https://doi.org/10.1007/BF00402275
https://doi.org/10.1007/s00125-008-1022-z
https://doi.org/10.1007/s00125-008-1022-z
https://doi.org/10.1007/s00125-012-2523-3
https://doi.org/10.1007/s00125-012-2523-3
https://doi.org/10.1007/s00125-012-2472-x
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.2337/dc19-0315
https://doi.org/10.1186/s12916-019-1360-3
https://doi.org/10.2337/dc20-2122
https://doi.org/10.1126/scitranslmed.aaf8848
https://doi.org/10.1126/scitranslmed.aaf8848
https://doi.org/10.7326/0003-4819-140-11-200406010-00009
https://doi.org/10.7326/0003-4819-140-11-200406010-00009
https://doi.org/10.2337/dc17-0238
https://doi.org/10.2337/diab.40.9.1146
https://doi.org/10.2337/diab.40.9.1146
https://doi.org/10.1007/s001250051214
https://doi.org/10.1007/s00125-003-1082-z
https://doi.org/10.2337/dc21-2612
https://doi.org/10.1038/ncomms10991
https://doi.org/10.1038/ncomms10991
https://doi.org/10.1172/JCI21307
https://doi.org/10.1172/JCI21307
https://doi.org/10.1007/s00125-023-05877-9
https://doi.org/10.2337/db10-0076
https://doi.org/10.2337/db10-0076
https://doi.org/10.1136/jmedgenet-2018-105532
https://doi.org/10.1136/jmedgenet-2018-105532
https://doi.org/10.1007/s00592-013-0526-2
https://doi.org/10.1007/s00592-013-0526-2
https://doi.org/10.1007/s00125-014-3362-1
https://doi.org/10.1007/s00125-014-3362-1
https://doi.org/10.1038/gene.2012.36
https://doi.org/10.1371/journal.pmed.1002548
https://doi.org/10.1001/jama.2019.21565
https://doi.org/10.1001/jama.2019.21565
https://doi.org/10.2337/db18-0882
https://doi.org/10.3389/fimmu.2022.889856
https://doi.org/10.3389/fimmu.2022.889856
https://doi.org/10.1126/science.1167728
https://doi.org/10.1038/ng.493
https://doi.org/10.1371/journal.pgen.1000024
https://doi.org/10.1371/journal.pgen.1000024
https://doi.org/10.1038/gene.2009.83


1177Diabetologia (2023) 66:1169–1178 

1 3

 40. Kindt ASD, Fuerst RW, Knoop J et al (2018) Allele-specific 
methylation of type 1 diabetes susceptibility genes. J Autoimmun 
89:63–74. https:// doi. org/ 10. 1016/j. jaut. 2017. 11. 008

 41. Assfalg R, Knoop J, Hoffman KL et  al (2021) Oral insulin 
immunotherapy in children at risk for type 1 diabetes in a ran-
domised controlled trial. Diabetologia 64(5):1079–1092. https:// 
doi. org/ 10. 1007/ s00125- 020- 05376-1

 42. Russell JT, Roesch LFW, Ordberg M et al (2019) Genetic risk 
for autoimmunity is associated with distinct changes in the 
human gut microbiome. Nat Commun 10(1):3621. https:// doi. 
org/ 10. 1038/ s41467- 019- 11460-x

 43. Eleftheriou A, Petry CJ, Hughes IA, Ong KK, Dunger DB 
(2021) The high-risk type 1 diabetes HLA-DR and HLA-DQ 
polymorphisms are differentially associated with growth and 
IGF-I levels in infancy: the Cambridge Baby Growth study. Dia-
betes Care 44(8):1852–1859. https:// doi. org/ 10. 2337/ dc20- 2820

 44. Hummel M, Marienfeld S, Huppmann M et al (2007) Fetal 
growth is increased by maternal type 1 diabetes and HLA DR4-
related gene interactions. Diabetologia 50(4):850–858. https:// 
doi. org/ 10. 1007/ s00125- 007- 0607-2

 45. Dahlquist GG, Pundziute-Lycka A, Nystrom L, Swedish Childhood 
Diabetes Study and the Diabetes Incidence Study in Sweden (DISS) 
Groups (2005) Birthweight and risk of type 1 diabetes in children 
and young adults: a population-based register study. Diabetologia 
48(6):1114–1117. https:// doi. org/ 10. 1007/ s00125- 005- 1759-6

 46. Endesfelder D, Zu Castell W, Ardissone A et al (2014) Com-
promised gut microbiota networks in children with anti-islet 
cell autoimmunity. Diabetes 63(6):2006–2014. https:// doi. org/ 
10. 2337/ db13- 1676

 47. Knip M, Siljander H (2016) The role of the intestinal microbiota 
in type 1 diabetes mellitus. Nat Rev Endocrinol 12(3):154–167. 
https:// doi. org/ 10. 1038/ nrendo. 2015. 218

 48. Vatanen T, Franzosa EA, Schwager R et al (2018) The human 
gut microbiome in early-onset type 1 diabetes from the TEDDY 
study. Nature 562(7728):589–594. https:// doi. org/ 10. 1038/ 
s41586- 018- 0620-2

 49. Waernbaum I, Dahlquist G, Lind T (2019) Perinatal risk fac-
tors for type 1 diabetes revisited: a population-based register 
study. Diabetologia 62(7):1173–1184. https:// doi. org/ 10. 1007/ 
s00125- 019- 4874-5

 50. Siljander H, Honkanen J, Knip M (2019) Microbiome and type 1 
diabetes. EBioMedicine 46:512–521. https:// doi. org/ 10. 1016/j. 
ebiom. 2019. 06. 031

 51. Zielmann ML, Jolink M, Winkler C et al (2022) Autoantibodies 
against ATP4A are a feature of the abundant autoimmunity that 
develops in first-degree relatives of patients with type 1 diabe-
tes. Pediatr Diabetes 23(6):714–720. https:// doi. org/ 10. 1111/ 
pedi. 13361

 52. Warncke K, Weiss A, Achenbach P et al (2022) Elevations in 
blood glucose before and after the appearance of islet autoanti-
bodies in children. J Clin Invest 132(20):e162123. https:// doi. 
org/ 10. 1172/ JCI16 2123

 53. Beyerlein A, Wehweck F, Ziegler AG, Pflueger M (2013) Res-
piratory infections in early life and the development of islet 
autoimmunity in children at increased type 1 diabetes risk: evi-
dence from the BABYDIET study. JAMA Pediatr 167(9):800–
807. https:// doi. org/ 10. 1001/ jamap ediat rics. 2013. 158

 54. Lonnrot M, Lynch KF, Elding Larsson H et al (2017) Respira-
tory infections are temporally associated with initiation of type 
1 diabetes autoimmunity: the TEDDY study. Diabetologia 
60(10):1931–1940. https:// doi. org/ 10. 1007/ s00125- 017- 4365-5

 55. Ferreira RC, Guo H, Coulson RM et al (2014) A type I inter-
feron transcriptional signature precedes autoimmunity in 
children genetically at risk for type 1 diabetes. Diabetes 
63(7):2538–2550. https:// doi. org/ 10. 2337/ db13- 1777

 56. Xhonneux LP, Knight O, Lernmark A et al (2021) Transcrip-
tional networks in at-risk individuals identify signatures of 
type 1 diabetes progression. Sci Transl Med 13(587):eabd5666. 
https:// doi. org/ 10. 1126/ scitr anslm ed. abd56 66

 57. Mustonen N, Siljander H, Peet A et al (2018) Early childhood 
infections precede development of beta-cell autoimmunity and 
type 1 diabetes in children with HLA-conferred disease risk. Pedi-
atr Diabetes 19(2):293–299. https:// doi. org/ 10. 1111/ pedi. 12547

 58. Beyerlein A, Donnachie E, Jergens S, Ziegler AG (2016) Infec-
tions in early life and development of type 1 diabetes. JAMA 
315(17):1899–1901. https:// doi. org/ 10. 1001/ jama. 2016. 2181

 59. Sioofy-Khojine AB, Richardson SJ, Locke JM et al (2022) Detec-
tion of enterovirus RNA in peripheral blood mononuclear cells 
correlates with the presence of the predisposing allele of the type 
1 diabetes risk gene IFIH1 and with disease stage. Diabetologia 
65(10):1701–1709. https:// doi. org/ 10. 1007/ s00125- 022- 05753-y

 60. Sioofy-Khojine AB, Lehtonen J, Nurminen N et al (2018) Cox-
sackievirus B1 infections are associated with the initiation of 
insulin-driven autoimmunity that progresses to type 1 diabe-
tes. Diabetologia 61(5):1193–1202. https:// doi. org/ 10. 1007/ 
s00125- 018- 4561-y

 61. Ifie E, Russell MA, Dhayal S et al (2018) Unexpected subcellular 
distribution of a specific isoform of the Coxsackie and adenovirus 
receptor, CAR-SIV, in human pancreatic beta cells. Diabetologia 
61(11):2344–2355. https:// doi. org/ 10. 1007/ s00125- 018- 4704-1

 62. Richardson SJ, Willcox A, Bone AJ, Morgan NG, Foulis AK 
(2011) Immunopathology of the human pancreas in type-I dia-
betes. Semin Immunopathol 33(1):9–21. https:// doi. org/ 10. 1007/ 
s00281- 010- 0205-0

 63. Ylipaasto P, Klingel K, Lindberg AM et al (2004) Enterovirus 
infection in human pancreatic islet cells, islet tropism in vivo and 
receptor involvement in cultured islet beta cells. Diabetologia 
47(2):225–239. https:// doi. org/ 10. 1007/ s00125- 003- 1297-z

 64. Ashton MP, Eugster A, Walther D et al (2016) Incomplete immune 
response to coxsackie B viruses associates with early autoimmunity 
against insulin. Sci Rep 6:32899. https:// doi. org/ 10. 1038/ srep3 2899

 65. Vehik K, Lynch KF, Wong MC et al (2019) Prospective virome 
analyses in young children at increased genetic risk for type 1 
diabetes. Nat Med 25(12):1865–1872. https:// doi. org/ 10. 1038/ 
s41591- 019- 0667-0

 66. Barrett CE, Koyama AK, Alvarez P et al (2022) Risk for newly 
diagnosed diabetes >30 days after SARS-CoV-2 infection among 
persons aged <18 years — United States, March 1, 2020–June 
28, 2021. MMWR 71(2):59–65. https:// doi. org/ 10. 15585/ mmwr. 
mm710 2e2

 67. Kamrath C, Rosenbauer J, Eckert AJ et al (2022) Incidence of 
type 1 diabetes in children and adolescents during the COVID-19 
pandemic in Germany: results from the DPV registry. Diabetes 
Care 45(8):1762–1771. https:// doi. org/ 10. 2337/ dc21- 0969

 68. Muller JA, Gross R, Conzelmann C et al (2021) SARS-CoV-2 
infects and replicates in cells of the human endocrine and exo-
crine pancreas. Nat Metab 3(2):149–165. https:// doi. org/ 10. 1038/ 
s42255- 021- 00347-1

 69. Wu CT, Lidsky PV, Xiao Y et al (2021) SARS-CoV-2 infects 
human pancreatic beta cells and elicits beta cell impairment. Cell 
Metab 33(8):1565–1576. https:// doi. org/ 10. 1016/j. cmet. 2021. 05. 
013

 70. van der Heide V, Jangra S, Cohen P et al (2022) Limited extent 
and consequences of pancreatic SARS-CoV-2 infection. Cell Rep 
38(11):110508. https:// doi. org/ 10. 1016/j. celrep. 2022. 110508

 71. Hippich M, Holthaus L, Assfalg R et al (2021) A public health 
antibody screening indicates a 6-fold higher SARS-CoV-2 expo-
sure rate than reported cases in children. Med 2(2):149–163. 
https:// doi. org/ 10. 1016/j. medj. 2020. 10. 003

 72. Rewers M, Bonifacio E, Ewald D et al (2022) SARS-CoV-2 
infections and presymptomatic type 1 diabetes autoimmunity in 

https://doi.org/10.1016/j.jaut.2017.11.008
https://doi.org/10.1007/s00125-020-05376-1
https://doi.org/10.1007/s00125-020-05376-1
https://doi.org/10.1038/s41467-019-11460-x
https://doi.org/10.1038/s41467-019-11460-x
https://doi.org/10.2337/dc20-2820
https://doi.org/10.1007/s00125-007-0607-2
https://doi.org/10.1007/s00125-007-0607-2
https://doi.org/10.1007/s00125-005-1759-6
https://doi.org/10.2337/db13-1676
https://doi.org/10.2337/db13-1676
https://doi.org/10.1038/nrendo.2015.218
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1007/s00125-019-4874-5
https://doi.org/10.1007/s00125-019-4874-5
https://doi.org/10.1016/j.ebiom.2019.06.031
https://doi.org/10.1016/j.ebiom.2019.06.031
https://doi.org/10.1111/pedi.13361
https://doi.org/10.1111/pedi.13361
https://doi.org/10.1172/JCI162123
https://doi.org/10.1172/JCI162123
https://doi.org/10.1001/jamapediatrics.2013.158
https://doi.org/10.1007/s00125-017-4365-5
https://doi.org/10.2337/db13-1777
https://doi.org/10.1126/scitranslmed.abd5666
https://doi.org/10.1111/pedi.12547
https://doi.org/10.1001/jama.2016.2181
https://doi.org/10.1007/s00125-022-05753-y
https://doi.org/10.1007/s00125-018-4561-y
https://doi.org/10.1007/s00125-018-4561-y
https://doi.org/10.1007/s00125-018-4704-1
https://doi.org/10.1007/s00281-010-0205-0
https://doi.org/10.1007/s00281-010-0205-0
https://doi.org/10.1007/s00125-003-1297-z
https://doi.org/10.1038/srep32899
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.15585/mmwr.mm7102e2
https://doi.org/10.15585/mmwr.mm7102e2
https://doi.org/10.2337/dc21-0969
https://doi.org/10.1038/s42255-021-00347-1
https://doi.org/10.1038/s42255-021-00347-1
https://doi.org/10.1016/j.cmet.2021.05.013
https://doi.org/10.1016/j.cmet.2021.05.013
https://doi.org/10.1016/j.celrep.2022.110508
https://doi.org/10.1016/j.medj.2020.10.003


1178 Diabetologia (2023) 66:1169–1178

1 3

children and adolescents from Colorado, USA, and Bavaria, Ger-
many. JAMA 328(12):1252–1255. https:// doi. org/ 10. 1001/ jama. 
2022. 14092

 73. Aarnisalo J, Veijola R, Vainionpaa R, Simell O, Knip M, Ilonen J 
(2008) Cytomegalovirus infection in early infancy: risk of induc-
tion and progression of autoimmunity associated with type 1 
diabetes. Diabetologia 51(5):769–772. https:// doi. org/ 10. 1007/ 
s00125- 008- 0945-8

 74. Honeyman MC, Coulson BS, Stone NL et al (2000) Association 
between rotavirus infection and pancreatic islet autoimmun-
ity in children at risk of developing type 1 diabetes. Diabetes 
49(8):1319–1324. https:// doi. org/ 10. 2337/ diabe tes. 49.8. 1319

 75. Jun HS, Yoon JW (2003) A new look at viruses in type 1 diabetes. 
Diabetes Metab Res Rev 19(1):8–31. https:// doi. org/ 10. 1002/ dmrr. 337

 76. Burke RM, Tate JE, Dahl RM et al (2020) Rotavirus vaccination 
and type 1 diabetes risk among US children with commercial 
insurance. JAMA Pediatr 174(4):383–385. https:// doi. org/ 10. 
1001/ jamap ediat rics. 2019. 5513

 77. Perrett KP, Jachno K, Nolan TM, Harrison LC (2019) Association 
of rotavirus vaccination with the incidence of type 1 diabetes in 
children. JAMA Pediatr 173(3):280–282. https:// doi. org/ 10. 1001/ 
jamap ediat rics. 2018. 4578

 78. Rogers MAM, Basu T, Kim C (2019) Lower incidence rate of type 1 
diabetes after receipt of the rotavirus vaccine in the United States, 2001–
2017. Sci Rep 9(1):7727. https:// doi. org/ 10. 1038/ s41598- 019- 44193-4

 79. Burke RM, Tate JE, Jiang B, Parashar UD (2020) Rotavirus and type 
1 diabetes-is there a connection? A Synthesis of the evidence. J Infect 
Dis 222(7):1076–1083. https:// doi. org/ 10. 1093/ infdis/ jiaa1 68

 80. von Herrath M, Bonifacio E (2021) How benign autoimmunity 
becomes detrimental in type 1 diabetes. Proc Natl Acad Sci U S A 
118(44):e2116508118. https:// doi. org/ 10. 1073/ pnas. 21165 08118

 81. Bottazzo GF, Dean BM, McNally JM, MacKay EH, Swift PG, 
Gamble DR (1985) In situ characterization of autoimmune phe-
nomena and expression of HLA molecules in the pancreas in dia-
betic insulitis. N Engl J Med 313(6):353–360. https:// doi. org/ 10. 
1056/ NEJM1 98508 08313 0604

 82. Campbell-Thompson M, Wasserfall C, Montgomery EL, Atkinson 
MA, Kaddis JS (2012) Pancreas organ weight in individuals with 
disease-associated autoantibodies at risk for type 1 diabetes. JAMA 
308(22):2337–2339. https:// doi. org/ 10. 1001/ jama. 2012. 15008

 83. Campbell-Thompson ML, Filipp SL, Grajo JR et al (2019) Rela-
tive pancreas volume is reduced in first-degree relatives of patients 
with type 1 diabetes. Diabetes Care 42(2):281–287. https:// doi. 
org/ 10. 2337/ dc18- 1512

 84. Quesada-Masachs E, Zilberman S, Rajendran S et  al (2022) 
Upregulation of HLA class II in pancreatic beta cells from organ 
donors with type 1 diabetes. Diabetologia 65(2):387–401. https:// 
doi. org/ 10. 1007/ s00125- 021- 05619-9

 85. Richardson SJ, Rodriguez-Calvo T, Gerling IC et al (2016) Islet 
cell hyperexpression of HLA class I antigens: a defining feature 
in type 1 diabetes. Diabetologia 59(11):2448–2458. https:// doi. 
org/ 10. 1007/ s00125- 016- 4067-4

 86. Roep BO, Thomaidou S, van Tienhoven R, Zaldumbide A (2021) 
Type 1 diabetes mellitus as a disease of the beta-cell (do not blame 
the immune system?). Nat Rev Endocrinol 17(3):150–161. https:// 
doi. org/ 10. 1038/ s41574- 020- 00443-4

 87. Thomaidou S, Kracht MJL, van der Slik A et al (2020) β-cell 
stress shapes CTL immune recognition of preproinsulin signal 
peptide by posttranscriptional regulation of endoplasmic reticu-
lum aminopeptidase 1. Diabetes 69(4):670–680. https:// doi. org/ 
10. 2337/ db19- 0984

 88. Ziegler AG, Danne T, Dunger DB et al (2016) Primary preven-
tion of beta-cell autoimmunity and type 1 diabetes - The Global 
Platform for the Prevention of Autoimmune Diabetes (GPPAD) 
perspectives. Mol Metab 5(4):255–262. https:// doi. org/ 10. 1016/j. 
molmet. 2016. 02. 003

 89. Winkler C, Haupt F, Heigermoser M et al (2019) Identification of 
infants with increased type 1 diabetes genetic risk for enrollment 
into primary prevention trials-GPPAD-02 study design and first 
results. Pediatr Diabetes 20(6):720–727. https:// doi. org/ 10. 1111/ 
pedi. 12870

 90. Ziegler AG, Arnolds S, Kolln A et  al (2021) Supplemen-
tation with Bifidobacterium longum subspecies infantis 
EVC001 for mitigation of type 1 diabetes autoimmunity: 
the GPPAD-SINT1A randomised controlled trial protocol. 
BMJ Open 11(11):e052449. https:// doi. org/ 10. 1136/ bmjop 
en- 2021- 052449

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1001/jama.2022.14092
https://doi.org/10.1001/jama.2022.14092
https://doi.org/10.1007/s00125-008-0945-8
https://doi.org/10.1007/s00125-008-0945-8
https://doi.org/10.2337/diabetes.49.8.1319
https://doi.org/10.1002/dmrr.337
https://doi.org/10.1001/jamapediatrics.2019.5513
https://doi.org/10.1001/jamapediatrics.2019.5513
https://doi.org/10.1001/jamapediatrics.2018.4578
https://doi.org/10.1001/jamapediatrics.2018.4578
https://doi.org/10.1038/s41598-019-44193-4
https://doi.org/10.1093/infdis/jiaa168
https://doi.org/10.1073/pnas.2116508118
https://doi.org/10.1056/NEJM198508083130604
https://doi.org/10.1056/NEJM198508083130604
https://doi.org/10.1001/jama.2012.15008
https://doi.org/10.2337/dc18-1512
https://doi.org/10.2337/dc18-1512
https://doi.org/10.1007/s00125-021-05619-9
https://doi.org/10.1007/s00125-021-05619-9
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.1038/s41574-020-00443-4
https://doi.org/10.1038/s41574-020-00443-4
https://doi.org/10.2337/db19-0984
https://doi.org/10.2337/db19-0984
https://doi.org/10.1016/j.molmet.2016.02.003
https://doi.org/10.1016/j.molmet.2016.02.003
https://doi.org/10.1111/pedi.12870
https://doi.org/10.1111/pedi.12870
https://doi.org/10.1136/bmjopen-2021-052449
https://doi.org/10.1136/bmjopen-2021-052449

	The countdown to type 1 diabetes: when, how and why does the clock start?
	Abstract
	Introduction
	Islet autoimmunity: when?
	Islet autoimmunity targets: how?
	Role of genetics in autoimmunity
	Early life is a fertile period for initiation of islet autoimmunity: why?
	The case for a trio of factors: islet susceptibilityvulnerability, increased exposures and heightened immune responses
	The case for a virus
	Model of initiation during the susceptiblefertile period in early life

	Implications for prevention
	Anchor 12
	References


