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Type 1 diabetes (T1D) is a chronic autoimmune disorder that leads to progressive

pancreatic ß-cell destruction and culminates in absolute insulin deficiency and stable

hyperglycaemia. It is very likely that environmental factors play a role in triggering

islet autoimmunity. Knowing whether they have true relevance in favoring T1D

development is essential for the effective prevention of the disease. Moreover, prevention

could be obtained directly interfering with the development of autoimmunity through

autoantigen-based immunotherapy. In this narrative review, the present possibilities

for the prevention of T1D are discussed. Presently, interventions to prevent T1D are

generally made in subjects in whom autoimmunity is already activated and autoantibodies

against pancreatic cell components have been detected. Practically, the goal is to

slow down the immune process by preserving the normal structure of the pancreatic

islets for as long as possible. Unfortunately, presently methods able to avoid the

risk of autoimmune activation are not available. Elimination of environmental factors

associated with T1D development, reverse of epigenetic modifications that favor initiation

of autoimmunity in subjects exposed to environmental factors and use of autoantigen-

based immunotherapy are possible approaches, although for all these measures

definitive conclusions cannot be drawn. However, the road is traced and it is possible

that in a not so distant future an effective prevention of the disease to all the subjects at

risk can be offered.
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INTRODUCTION

Type 1 diabetes (T1D) is a chronic autoimmune disorder that leads to progressive pancreatic ß-
cell destruction and culminates in absolute insulin deficiency and stable hyperglycaemia (1). It is a
relatively common disease, as the International Diabetes Federation has estimated that more than
one million people <20 years of age suffer from T1D (2). It is, however, highly likely that the true
incidence of T1D is significantly greater, as recent data indicate that up to 40% of new T1D cases
are diagnosed in subjects older than 30 years of age (3).

Although it differs among countries, the incidence of T1D is increasing by approximately
2–3% per year, leading to several tens of thousands of new cases each year worldwide (4).
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Moreover, at least in some countries, a relevant increase in the
number of T1D cases occurring at an early age compared to those
in the past has been reported. An analysis of 29,311 new cases
of T1D diagnosed in children <15 years of age in 17 European
countries revealed that during the period from 1989 to 2003,
the frequency of diagnosis increased by 5.4, 4.3, and 2.9% in
the 0–4 year, 5–9 year, and 10–14 year age groups, respectively
(5). The reasons for these epidemiological variations have not
been defined. T1D is a heritable polygenic disease mainly
associated with two HLA class 2 haplotypes involved in antigen
presentation, although a number of HLA class I haplotypes and
over 60 additional non-HLA loci associated with the risk of T1D
development have been identified. However, the increase in the
incidence of T1D cannot be explained by genetic drift (6). It is
very likely that environmental factors play a role in triggering islet
autoimmunity. This is evidenced by the increase in the number
of T1D diagnoses among people who have migrated from regions
with a low incidence of T1D to regions with a high incidence
of T1D (7). Moreover, the incidence of T1D can significantly
vary among neighboring countries where the frequency of high-
risk genotypes is similar (8). Finally, although all risk genotypes
have likely not yet been identified, only approximately 10–15% of
individuals with genetic risk develop T1D (9).

Experimental and epidemiological studies have suggested
that a number of factors including diet, vitamin D intake,
infections, and gut microbiota, could play a role in favoring
T1D development (10). It has been suggested that all these
factors could modify gene expression through epigenetic
mechanisms so inducing aberrant immune response and islet
autoimmunity (11). On the other hand, epigenetic modifications
have been found significantly more common in individuals with
autoimmune diseases, including T1D (12). All these findings
have increased our understanding of T1D pathogenesis and
can be considered a potential base for the development of
effective measures for T1D prevention. Interventions on the
environmental factors truly associated with T1D development
and/or use of measures able to restore the physiological
epigenetic framework or neutralize aberrant immune response
could reduce or avoid the risk of islet autoimmunity (10, 11, 13).
Moreover, T1D is a continuum that progresses sequentially at
variable but predictable rates through distinct identifiable stages
prior to the onset of symptoms (14). Stage 1 is defined as the
presence of β-cell autoimmunity as evidenced by the presence
of two or more islet autoantibodies with normoglycemia and is
presymptomatic, stage 2 as the presence of β-cell autoimmunity
with dysglycemia and is presymptomatic, and stage 3 as onset of
symptomatic disease. Theoretically, prevention of T1D, i.e., the
inhibition of the autoimmune process that leads to pancreatic
damage, hyperglycemia and related complications is possible.
Unfortunately, which environmental factors are important as
cause of autoimmunity is not precisely defined. Moreover, how to
manage epigenetic mechanisms is not clearly established. Finally,
methods to reduce the aberrant immune response are in the
early stage of development. Although well-traced, the road to
achieving an effective prevention of T1D is still long and the
ultimate goal remains difficult to achieve. In this narrative review,
the present knowledge in prevention of T1D is summarized.

ENVIRONMENTAL FACTORS

POTENTIALLY ASSOCIATED WITH TYPE 1

DIABETES (T1D) DEVELOPMENT

Diet in the First Months of Life
Gluten
Experimental studies have suggested that gluten could play a role
in favoring T1D development and that the exclusion of cereals
from the diet in the first phases of development could prevent
the disease in a considerable portion of susceptible animals. In
one of the first studies on this issue (15), a gluten-free (GF)
diet was given to breeding pairs of non-obese diabetic (NOD)
mice and the first generation of female NOD pups. A control
group of animals with the same characteristics received a gluten-
containing standard (GCS) diet. All the enrolled individuals were
followed for 320 days. The incidence of T1D was significantly
lower in animals on the GF diet than in mice on the GCS diet
(15 vs. 64%, respectively; p = 0.00007). Moreover, among NOD
mice receiving the GF diet that developed T1D, the disease was
evidenced significantly later (244 ± 24 days) than those on the
standard diet (197± 8 days; p = 0.03). In a more recent study
(16), the offspring of NOD mice fed a GF diet during pregnancy
and lactation had a reduced incidence of insulinitis and T1D
compared to that in the pups of mothers receiving the GCS diet.
The preventive effect was evidenced even when young animals
were given the GF diet during the weaning period at 4 weeks
of age. In controls at 30 weeks of age, the T1D incidence was
22% and 51% in the offspring of GF-fed mothers and those from
animals given a GCS diet, respectively.

Further support for the hypothesis that gluten could favor
T1D development and that a GF diet could prevent the disease
was that celiac disease (CD) and T1D have several similarities.
Both are autoimmune diseases, and gluten is the triggering factor
for CD (17). The prevalence of CD in T1D patents is 3–8 times
higher than that in the general population (18–20). Both diseases
exhibit similar genetic susceptibility, as they share an association
HLA DQ2 and/or DQ8 (21). NOD mice are seropositive for
anti-transglutaminase antibodies (22), and when given a GF diet,
they show the decreased intraepithelial infiltration of T cells,
enteropathy and the incidence of autoimmune T1D compared
to those in control mice (23). It has been suggested that a GF
diet could decrease intestinal permeability, preventing gliadin
peptides from crossing the intestinal barrier and avoiding the
development of pancreatic autoimmunity. Moreover, a GF diet
could dampen the innate and adaptive immune systems through
the reduction of interferon (INF)-È secretion from Th cells,
intereukin (IL)-22 secretion from Èδ T cell receptor-positive T
cells, and the number of activated NK cells and Th17 cells.
Finally, a GF diet could reduce beta-cell stress, thus preserving
the number of islets (24, 25).

However, contrary to what has been derived from animal
studies, the role of gluten as a trigger of T1D development
in genetically susceptible children remains undefined. Because
pancreatic damage in animals was prevented when gluten
exposure was avoided during fetal life or in early infancy,
the main aim of several human studies was to establish in
which period of infant life a GF diet reduced the risk of islet
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autoimmunity and/or T1D development. Unfortunately, the
results were conflicting and do not clarify whether a GF diet can
be an effective measure to prevent T1D. A number of prospective
studies carried out in genetically susceptible children did not find
a consistent association between the age of the infant, the type
of diet and pancreatic damage (26–30). In other studies, on the
contrary, the possible role of gluten in favoring autoimmunity
and/or T1D development was shown, although the impact varied
slightly from study to study. Chimiel et al. prospectively followed
2,291 children with a family history of T1D from birth for
28,983 patient years (median 13.1 years) (31). They reported
that the exposure of genetically susceptible subjects to gluten-
containing foods before the age of 3 months was associated with
a 3-fold increase in the risk of islet autoimmunity or overt T1D
compared to that in children exclusively breast-fed during the
first 3 months of life or given gluten between 3 and 6 months
of age. In the TEDDY study, in which 8,676 children with an
increased genetic risk of T1D were followed (32), the risk of
islet autoimmunity was strictly related to the month of gluten
introduction and progressively increased with the child’s age. The
hazard ratios were 0.68, 1 and 1.57 for the introduction of gluten
before 4 months, between 4 and 9 months and after 9 months,
respectively. No effect of a GF diet was reported in the DAISY
study, in which 1,916 children with an increased risk of T1Dwere
followed from birth to a mean age of 13.5 years (33).

No associations between age at the introduction of gluten
and the development of islet autoimmunity were observed.
Introduction to gluten before 4 months of age, between 4 and
5.9 months of age or at 6 months of age or later had similar
adjusted hazard risks (0.97, 1, and 1.06, respectively). Moreover,
the amount of gluten included in the diet between 1 and 2 years
of age did not influence T1D development. However, the effect
of early gluten introduction was also observed in this study. The
introduction of gluten to infants before 4 months of age was
associated with an increased risk of the progression from islet
autoimmunity to overt T1D. A global evaluation of all these
studies seemed to indicate that the importance of gluten as a
trigger of T1D has not been demonstrated but that if it exists,
it acts only in the first 4 months of life. This has marginal
relevance for T1D prevention, as gluten-containing foods are not
commonly used to feed young infants. All the official guidelines
recommend that infants receive breastmilk or formula alone for
the first 6 months of life (34, 35).

Breastfeeding and Cow Milk
More than 30 years ago, an inverse correlation was reported
between breastfeeding frequency and T1D in children. Moreover,
it was shown that children with T1D were breast-fed for shorter
periods of time than healthy subjects or had never received
breast milk (36). The protective effect of breast milk and the
role of exposure to complex foreign proteins such as those in
cow milk or solid food in triggering T1D development were
repeatedly reported in both experimental animals and humans,
suggesting that proper nutrition during the first months of life
could be an effective measure for the prevention of T1D (37–
41). This conclusion was confirmed by several meta-analyses
and systematic reviews of human studies, although the results

of individual studies do not always fully agree and sometimes
suggest opposite conclusions. Norris and Scott analyzed 17 case-
control studies published before 1996 and reported that the use
of infant formula and cow milk before 3 months of age was
associated with a moderate higher risk of T1D development
than that in breast-fed children (odds ratio [OR] 1.38 and 1.61,
respectively) (42). A pooled analysis of individual participant
data from 43 observational studies (2 cohort and 41 case-control
studies) including 9,874 patients with T1D carried out in 2012
showed that exclusive breast feeding for> 2 weeks was associated
with a reduction in the risk of T1D (OR 0.75) (43). However,
nonexclusive breastfeeding for >2 weeks was not protective
(OR 0.93), and exclusive breastfeeding for >3 months only
reduced the risk of T1D (OR 0.87). Finally, Patelarou et al.
reviewed 28 studies (one cohort and 27 case-control studies) and
concluded that breastfeeding for a short duration and/or a lack of
breastfeeding may constitute a risk factor for the development of
T1D later in life (44).

Despite these findings, no definitive conclusion regarding the
potential protective effect of breast milk and the negative effect
of infant formula or cow milk on the risk of T1D development
has been drawn. Most of the studies included in the meta-
analyses or systematic reviews had significant methodological
problems mainly related to the reliability of the data regarding
the duration of breastfeeding and themoment of the introduction
of infant formula, cow milk or solid foods. Moreover, in most
of these studies, infant nutrition was associated with overt T1D.
As islet autoimmunity starts many years before the disease
becomes clinically evident, it cannot be excluded that the
relationship between infant feeding and T1D development seen
in some studies reflects other factors that favor T1D and not
those that play a role in causing the autoimmune process.
However, prospective studies using hydrolyzed infant formula
in genetically susceptible children did not definitively reveal the
relationship between early infant feeding and T1D. A pilot study
of the Trial to Reduce Insulin Dependent Diabetes Mellitus in the
genetically at risk (TRIGR) in which a small number of children
with an affected first-degree relative and a risk-associated HLA
genotype were fed extensively with hydrolyzed casein formula in
the first 6–8 months of life showed that this diet was effective
in reducing the risk of T1D development in the first 10 years of
life (45). However, later studies did not find a clear association.
Children weaned with this formula had the same risk of T1D at 7
years of age as those receiving conventional cow milk formula
(46). Similar results were obtained in another study in which
follow-up was maintained for a median of 11.5 years (47).

Vitamin D
In the last 30 years, it has been clearly shown that in addition
to its classic actions on bone mineralization and growth, active
vitamin D (VD) exerts several other actions that are essential
for maintaining health. Among them is the modulation of innate
and adaptive immunity. Practically, VDmodulates the activation,
maturation and apoptosis of antigen-presenting cells and T and
B lymphocytes, thus generating a tolerogenic environment (48).
This could explain why in NOD mice, the administration of
active VD had a protective effect against T1D (49) and was
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accompanied by a reduction in effector T cells and an increase in
Treg cells (50). Moreover, an association between VD and T1D
has been suggested, because among the non-HLA susceptibility
genetic markers of T1D were some VD related genetic markers,
such as polymorphisms of the VD receptor gene, the VD binding
protein (VDBP) gene, and the genes encoding the enzymes
that metabolize VD to its active form (51). However, studies
in humans have not definitively clarified when VD deficiency
triggers islet autoimmunity and whether VD development and
supplementation can prevent or limit islet autoimmunity.

Studies carried out to evaluate the impact of VD deficiency
during fetal life have reported conflicting results. Sorensen et al.
reported that lower gestational levels of active VDwere associated
with an increased risk of T1D development in children within
the first 15 years after birth (52). Similar results were reported
by Jacobsen et al., at least in male children (53). In contrast,
Dong et al. did not find any statistical association between the
maternal intake of VD or cod liver oil during pregnancy and the
development of T1D in children (54). Finally, the level of VD in
newborn infants at birth was quite similar to that in children who
later developed T1D and healthy subjects (55).

Although a large number of studies have shown that patients
with islet autoimmunity or T1D have significantly lower VD
levels than healthy controls, low VD blood concentrations
measured before the detection of islet autoantibodies were not
associated with the progression to overt T1D (56). Moreover,
whenVD levels were prospectivelymeasured from the 3rdmonth
of life in a group of initially healthy children, patterns in the
variation in VD concentrations were similar between those who
later developed T1D and those who remained healthy, and VD
values were not correlated with the age at seroconversion to
autoantibody positivity (p = 0.79) or disease onset (p = 0.13)
(57). However, VD supplementation during infancy seems to
exert a protective effect against T1D development. Two meta-
analyses concluded that the administration of VD in the first year
of life may decrease the risk of T1D in later life by at least 1.5-fold
(58, 59). In some studies, the effect was strictly dose-dependent,
as the reduction in risk was greatest in children receiving the
highest VD doses. Moreover, the timing of VD administration
was critical for prevention, as the risk was reduced mainly in
children who received VD in the second semester of life rather
than those who received VD in the first 6 months of life (60).
However, because most of the studies considered in these meta-
analyses were observational, and information regarding VD
intake was retrospectively collected by means of questionnaires,
these conclusions clearly cannot be considered definitive, and
further studies are needed to verify whether VD can truly prevent
T1D development.

Gut Microbiota
Several studies have shown that the gut microbiota composition
significantly differs in NOD animals (61, 62) and humans
(63) with islet autoimmunity or overt T1D compared to that
in healthy subjects. Generally, the gut microbiota of T1D
subjects is less diverse and less stable. In a case-control study
(58), it was shown that compared to healthy subjects, patients
with T1D had lower gut concentrations of Actinobacteria

and Firmicutes, an increased number of Bacteroidetes and a
reduced Firmicutes to Bacteroidetes ratio. In particular, T1D
was associated with an increase in the number of Clostridium,
Bacteroides and Veillonella and a significant decrease in
the number of Lactobacillus, Bifidobacterium, the Blautia
coccoides/Eubacterium rectale group and Prevotella. Moreover,
the decreased abundance of Faecalibacterium prausnitzii (i.e., a
butyrate-producing bacterium) was observed.

Interestingly, the increased diversity in the gut microbiota
composition emerged in parallel with the activation of
autoimmunity and the detection of autoantibodies (56).
Dysbiosis can occur due to the delivery procedure and is more
common in children born by cesarean section. Moreover, the diet
itself, through the role of gluten and cow milk in conditioning
the gut microbiota composition, can cause dysbiosis. Finally,
an altered microbiota composition can derive from antibiotic
treatment, which is very common in the first months of
life. Dysbiosis is associated with abnormal immune system
development and islet autoimmunity. The gut microbiota
plays several fundamental roles in human health, including
the regulation of intestinal permeability and the modulation of
immune system development and activity. Animal studies have
shown that germ-free mice have poorly developed intestinal
and systemic lymphoid tissues and abnormal lymphocytic
activity (64–66). Moreover, the gut microbiota regulates the
balance between the effector branch of the immune system
(CD4+ T cells) and the regulatory branch (Treg cells). Bacteria
such as Firmicutes, Lactobacilli, and Bifidobacteria, which are
reduced in T1D patients, are protective as they stimulate the
regulatory branch of the immune system, and their presence
is associated with an increased number of Treg cells. In
contrast, the Proteobacteria, a phylum that includes Escherichia,
Salmonella, Vibrio, Helicobacter, Yersinia, Legionellales and other
pathogens frequently found in increased concentrations in the
gut microbiota of T1D subjects, stimulates the effective branch
of the immune system. This action is initially positive as it leads
to Th1 and Th17 responses in the gut and favors the elimination
of invading bacteria but can become very negative when it
chronically persists (67–69).

Reverting dysbiosis to the normal gut composition can
theoretically reduce the risk of T1D development. A recent study
by Mariño et al. showed that feeding NODmice a diet containing
high amounts of acetate and butyrate significantly inhibited T1D
onset (70). This is not surprising as some of the bacteria reduced
in individuals with T1D, such as Firmicutes and Faecalibacterium
prausnitzii, are strictly associated with the presence of butyrate
and acetate, respectively (71). In addition, several animal studies
have shown that probiotic administration can have promising
effects on the control of T1D. An example in this was reported
in a study by Dolpady et al. (72). These authors administered
a mixture of several Bifidobacteria and Lactobacilli at the time
of weaning and afterwards to NOD mice and found that these
probiotics prevented insulitis and autoimmunity through the
reduction in the number of Th1 and Th17 cells in the intestinal
mucosa and pancreatic lymph nodes. Based on these studies, it
has been suggested that the administration of probiotics could be
a measure of T1D primary prevention.
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Unfortunately, studies in humans are few and report
conflicting results. In the TEDDY study, in genetically susceptible
children, the administration of probiotics in the first 4 weeks
of life was associated with a reduced risk of T1D development
(73). In a more recent study, in contrast, the administration of
a probiotic mixture given from birth to 6 months of age had
exhibited no preventive effect on T1D development after 13 years
or on islet cell autoimmunity after 5 years (74).

Infections
Although there have been some exceptions (75–80), most studies
that evaluated the relationship between viral infections and T1D
development clearly indicated that viruses have the potential to
induce islet autoimmunity and ß-cell damage and reduce insulin
production, leading to full-blown T1D (81). Both DNA viruses
from the Herpesviridae and Parvoviridae families and RNA
viruses from the Togaviridae, Paramyxoviridae, Retroviridae, and
Picornaviridae families have been associated with T1D (82).
Several studies support this association. T1D is diagnosed more
frequently during cold months, when several viruses circulate,
than during warm months, when viral infections are less
common (83, 84). Early, severe, probably viral lower respiratory
infections are more frequently detected in the histories of
children with T1D than in those of normal subjects (85).
Viruses cause T1D in experimental animals. The D variant of
encephalomyocarditis virus in mice and the Kilham rat virus in
rats are paradigmatic in this regard (86).

However, among all the viruses, the most convincing
data showing a strict relationship with T1D development
are available for enteroviruses (EVs). Genetic studies have
shown that immune responses to EVs are controlled by alleles
associated with the risk of T1D. Polymorphisms in genes
expressed at the β-cell and/or immune system level can lead to
abnormal responses to environmental factors, such as viruses.
For example, MDA5 may contribute to the pathogenesis of
T1D by modifying β-cell responses to EV infection. MDA5
is a pattern recognition receptor encoded by the IFIH1 gene
that is critical for type I interferon response to EVs. In the
presence of IFIH1 gene polymorphisms, the interferon response
to the viral infection of pancreatic islets is altered, and HLA
class I molecules are upregulated (87), which this triggers
autoimmunity (88). Several other T1D-associated genes, such as
TYK2 and PTPN2, exhibit an altered response to EV infection,
causing a persistent, exaggerated inflammatory response and the
definitive destruction of ß-cells (89). Moreover, epidemiological
studies have shown that the frequency of EV infections in the
general population of different European countries was inversely
correlated with the incidence of T1D (90). The frequency of
EV antibodies in the serum of pregnant women was higher in
countries with a low or intermediate incidence of T1D than in
countries with a high incidence of T1D (91). A previous EV
infection was extremely common in the histories of children with
recent onset T1D; EV infection was 10 times more common in
children with recent onset T1D than in non-diabetic children
(92). The presence of EVs in the blood of children in the first
stages of T1D was more common than that in normal subjects
when only islet autoimmunity was demonstrated. Finally, EV

infection precedes autoimmunity activation by more than a year,
thus explaining why EVs are detected in the feces of children
before they develop pancreatic damage.

However, not all EVs have the same pathological potential.
Coxsackieviruses (CVs) are the EVs most frequently associated
with T1D, and CV serotypes A2, A4, A16, B1, and B4 are the
most dangerous (93). Based on these data, it was suggested
that vaccines against CV serotypes could be effective in the
prevention of T1D. Theoretically, these vaccines could be useful
not only in the primary prevention of T1D by avoiding infections
capable of triggering pancreatic damage but also in the secondary
and tertiary prevention of T1D. When administered to subjects
positive for autoantibodies or with established T1D, vaccines
against CV reduced the progression or worsening of the disease,
respectively (94). Recombinant subunit vaccines, DNA vaccines,
live attenuated vaccines, and virus-like particle vaccines against
CVB3 or CVB4 have been prepared and found to induce
high neutralizing antibody responses in animal models (95–99).
The best-studied CV vaccine is a formalin-inactivated whole-
virus vaccine prepared against CVB1. This preparation, when
administered to both NOD mice and SOCS1-tg mice, induced
an immune response strong enough to protect the animals
from both CVB1 infection and T1D development when they
were exposed to CVB1. Unvaccinated controls, on the contrary,
became viraemic on day 3 post-infection and developed damage
to the exocrine pancreas and lost insulin-positive ß-cells (100).
However, the evidence that different EVs are associated with the
development of T1D and the immune cross-reactivity between
different serotypes are poor, which has led to the conclusion that
a vaccine based on a single EV is inadequate to protect children
from EV infection and the related risk of T1D development. To
overcome this problem, at least in part, a polyvalent inactivated
vaccine encompassing several CVB serotypes (PRV-101) has been
studied and is presently in development (94). If effective and safe,
it could represent a significant advance in the current possibilities
of T1D prevention. However, adequate clinical studies are needed
not only to confirm its preventive efficacy but also to exclude
problems with safety and tolerability.

Theoretically, a CVB vaccine could cause T1D due to
molecular mimicry, i.e., if antigens common to both ß-cells
and the virus in the vaccine exist. The potential role of
molecular mimicry in causing pancreatic damage has been
suggested because components of EVs can cross-react with the
ß-cell antigen glutamic acid decarboxylase (101), and the VP-
1 protein of EVs cross-reacts with the ß-cell antigen tyrosine
phosphatase IA-2/IAR (102). PRV-101 does not contain the
epitope related to the ß-cell antigen glutamic acid decarboxylase.
This seems to indicate that the risk of molecular mimicry with
this vaccine is unlikely. Moreover, it does not include adjuvants
that favor, at least in some cases, autoimmunity after vaccine
administration (103).

Other Environmental Factors
Several drugs, such as pentamidine and antibiotics, have been
associated with abnormal glucose metabolism. In some cases,
a direct action on pancreatic cells has been demonstrated.

Frontiers in Endocrinology | www.frontiersin.org 5 August 2019 | Volume 10 | Article 592

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Esposito et al. Type 1 Diabetes Prevention

In others, such as in the case of streptozotocin, a N-
nitroso compound, both a direct toxic mechanism and an
immunologically-mediated action have been proposed (104,
105). For antibiotics, it is thought that those associated with an
increased risk of T1D act through a significant modification of
gut microbiota composition, so favoring emergence of bacteria
associated with abnormal immune responses. Interestingly, in
animal studies it was evidenced that vancomycin, that is
mainly effective on Gram-positive bacteria, including those
considered protective, accelerates T1D development, whereas
neomycin, that mainly eliminates Gram-negative pathogens, is
not associated with metabolic abnormalities (106). Pollutants,
such as ozone and particulate matters <10µm in diameter, seem
associated with T1D development (107). Finally, psychological
stress, through β-cell stress or direct influence on the immune
system, may decrease insulin sensitivity and increase insulin
resistance, so contributing to the induction or progression of
diabetes-related autoimmunity (108).

EPIGENETICS AND TYPE 1 DIABETES

(T1D) DEVELOPMENT

Epigenetic Modification in Type 1 Diabetes

(T1D)
How environmental factors can favor T1D development is
not precisely clarified. However, the association between some
environmental factors, the emergence of autoimmune diseases
and the evidence that epigenetic changes, defined as stable
and heritable changes in gene expression that do not involve
alterations in DNA sequence, are common among affected
individuals has led to the conclusion that epigenetic alterations
are a fundamental cause of autoimmune disease development,
including T1D. Several mechanisms with which environmental
factors can activate autoimmunity have been suggested. It is
thought that chemical components of external factors can react
with body components of human host, so generating new
antigens against which the immune system develops specific
antibodies. Moreover, it has been supposed that environmental
antigens have chemical structure quite similar to that of some
body constituents and for molecular mimicry autoimmunity
can develop (109). The most important epigenetic modifications
are DNA methylation, histone modifications and microRNA
(miRNA) regulation (110). All these categories of epigenetic
modifications have been found associated with insulin secretion
and T1D risk, although the one most frequently detected is
DNA methylation. A series of examples can clearly illustrate
the potential association between some of these epigenetic
modifications and emergence of conditions leading to T1D.

Hypermethylation is generally associated with gene
silencing whereas hypomethylation seems to induce higher
gene expression. Several studies have reported a different
methylation status of genes strongly associated with T1D or its
complications in patients with this disease (6, 11, 12). Consistent
methylation differences between T1D patients and non-diabetic
controls were found in 4 CpG sites (sites where cytosine and
guanine appear consecutively on the same strand of nucleic

acid) proximal to the transcription start site of the insulin
gene, a gene that encodes preproinsulin and has the second
highest odds ratio (OR) for T1D risk. Reduced methylation of
the CpG-19, 135, and 34 sites, and increased methylation of
the CpG-180 site were found (111). Variations in the ratios of
circulating methylated and unmethylated insulin gene DNA
have been associated with development of T1D and monitoring
of methylation of β-cell-derived DNA in the blood can be
considered a potential biomarker of β-cell death in T1D (112).
Evaluation in 252 T1D patients and 286 age-matched controls
of 6 CpGs located within the proximal promoter of interleukin
2 receptor alpha gene, a gene involved in T-reg cells, revealed
that DNA methylation at CpGs−373 and−456 was significantly
higher in patients than in controls (113). Moreover, several single
nucleotide polymorphisms (SNPs) located in the neighboring
180 kb region and frequently detected in patients with T1D
were found associated with DNA methylation at CpG−373. The
evaluation of the epigenetic methylation maps of cord blood
samples (114) evidenced marked differences in the methylation
status of CpG sites within the major histocompatibility
complex genes (cis-metQTLs) between carriers of the T1D
risk haplotypes HLA-DRB1∗03-DQA1∗0501-DQB1∗0201
(DR3-DQ2) and HLA-DRB1∗04-DQA1∗0301-DQB1∗0302
(DR4-DQ8) compared to controls. These differences were
associated with a lower HLA-DR protein expression in immune
cells with the HLA-DR3-DQ2 haplotype. Finally, methylation
status of CpG sites within the lactate dehydrogenase C gene was
found associated with the development of insulin autoantibodies
in children with the highest T1D risk genotype.

Histone modifications, i.e., modifications of proteins that
allow DNA condensation into chromatin, cause alterations in
chromatin stability and are followed by abnormal DNA repair,
DNA replication and cell proliferation. The level of acetylation of
the lysine 9 of theH3 histone protein (H3K9Ac) in themajor T1D
susceptibility genes HLA-DRB1 and HLA-DQB1 has been found
significantly increased in patients with T1D compared to controls
(115). Compared to controls, lymphocytes from patients with
T1D have a significant increase in methylation level in H3K9me2
in CLTA4, a T1D susceptibility gene, involved in the regulation
of T cell responses (116).

MiRNAs regulate gene expression by affecting both the
stability and translation of mRNAs through direct mRNA
degradation or inhibition. Epigenetic modifications of miRNA
have been associated with significant modification of cell cycle
and apoptosis and alterations of the immune response. Studies of
miRNA expression in the Treg cells of T1D patients have shown
that niRNA-146a is significantly overexpressed and miRNA 20b,
31, 99a, 100, 125b, 151, 335, and 365 are underexpressed,
suggesting a direct miRNA involvement in regulation of
the immune processes causing T1D (117). Moreover, several
studies have reported that miRNAs are associated with β-
cell dysfunction. In animals, it has been found that increased
levels of miRNA-21, 34a, 146a, and 29 family can contribute
to damage of pancreatic β-cells induced by proinflammatory
cytokines. Overexpression of miRNAs causes impairment in
glucose-induced insulin secretion and reduces expression of the
transcription factor Onecut2 (118, 119). This leads to a relevant

Frontiers in Endocrinology | www.frontiersin.org 6 August 2019 | Volume 10 | Article 592

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Esposito et al. Type 1 Diabetes Prevention

rise of granuphilin, an inhibitor of β-cell exocytosis. These
findings were confirmed in humans in a study in which serum
levels of miRNAs from new onset T1D children and age-matched
healthy controls were compared and the miRNA expression
levels were associated to β-cell function and glycemic control.
Twelve upregulated human miRNAs in T1D patients (miR-152,
30a-5p, 81a, 24, 148a, 210, 27a, 29a, 26a, 27b, 25, 200a) were
evidenced; several of these miRNAs were linked to apoptosis and
β-cell activity. Furthermore, miRNA-25 was negatively associated
with residual β-cell function (p = 0.0037), and a positively
associated with glycemic control (HbA1c) (p= 0.0035) (120).

However, the best evidences that epigenetics can condition
T1D development can be derived from the studies carried out in
twins. There is evidence that concordance rates for the disease
in monozygotic tweens is only about 50% and that discordant
twins have significant differences in methylation status. The
DNA methylation analysis of purified CD14+ monocytes from
15 T1D–discordant monozygotic twin pairs has evidenced
hypermethylation in 54 genes and hypomethylation in 74 genes,
some of which (TNF, TRAF6, CD6 and GAD2, HLADQB1,
NFKB1A, respectively) are associated with T1D development
(121). Similar findings were evidenced in a study in which
DNA methylation profiles in B-cells DNA from monozygotic
twin pairs concordant and discordant for the disease were
studied. In this study significant differences in DNA methylation
between children with and without disease were found in
T1D associated genes HLA, INS, IL-2RB, CD226 (122). Finally,
modest methylation differences between discordantmonozygotic
twins were recently found in other genes which are strictly
associated in T1D development such as MHC, BACH2, INS-
IGF2, and CLEC16A genes (123).

Intervention for Prevention of Type 1

Diabetes (T1D)
Elimination of environmental factors associated with T1D seems
the first step to obtain prevention of T1D. However, as previously
highlighted, which factors play a relevant role and how, when
and in which subjects they must be eliminated is not precisely
defined. This does not mean that a certain degree of T1D
primary prevention cannot be obtained. Following carefully
the recommendation of the experts for nutrition in the first
months of life, keeping in the normal range the levels of
vitamin D, reducing the risk of gut dysbiosis and using, as soon
as available, all the vaccines useful for preventing infections
some effects can be obtained. On the other hand, following
these rules can be generically useful for the preservation of
health, regardless of the prevention of diabetes. Moreover, at
least theoretically, prevention can be also obtained modifying
epigenetic modifications associated with t1D development or
inhibiting immune activity that leads to the disease. Attempts
to both these goals have been made although results, even if
encouraging are far, to be applied in clinical practice.

Use of Epidrugs
Evidence that epigenetic modifications are potentially associated
with T1D has led to the development of the so called epidrugs,
i.e., drugs able to reverse epigenetic changes. Studies carried

out in experimental animals are promising. Regarding reverse
of DNA modifications, a DNA demethylating agent has been
identified in 5-Aza-2

′

deoxycytydine (DAC). Use of low dose of
this substance in mice was found able to induce demethylation of
the Foxp3 gene and increase its expression in CD4(+)CD25(−)
Foxp3(−) cells. Foxp3 is a key transcription factor for the
development and function of Treg cells and these have a relevant
immunosuppressive role. This explains why the use of DAC
was effective in improving the clinical course of diabetes in
cyclophosphamide-potentiated NODmice (124).

Histone deacetylation through the use of metformin,
resveratrol and fenofibrate is also considered a potential
measure to control epigenetic modifications. All these drugs
act as agonists of SIRT1, a nicotinamide adenine dinucleotide
(NAD+)-dependent deacetylase and their use is associated with
an improved glucose metabolism and increase insulin secretion
in experimental animals (125–127). Effects in humans for
primary T1D prevention are unknown. Addition of metformin
to insulin therapy in children with T1D was associated with a
reduction in insulin daily dose, bodymass index and BMI z-score,
although HbA1c remained substantially unmodified (128).

Positive effects were also obtained with histone acetylase
inhibitors. Trichostatin A and valproic acid have been found
able to improve proliferation and function of pancreatic β-
cells in experimental animals with juvenile diabetes (129, 130).
Finally, C66, a curcumin analog, was found able to attenuate
diabetes-related increases in histone acetylation, histone acetyl
transferases’ activity, and the p300/CBP HAT expression, so
preventing diabetic nephropathy in mice (131).

Autoantigen-Based Immunotherapy
Autoantigen-based immunotherapy has been suggested as an
effective strategy to neutralize aberrant immune responses
that lead to autoimmune manifestations. In allergen-specific
immunotherapy, the administration of autoantigens evoked
specific immune mechanisms able to induce protective immune
tolerance or anergy in already present autoreactive T cells
(132). The prevention of T1D, reduced risk of the evolution of
autoimmunity to overt T1D or preservation of remaining ß-
cell function in cases of already manifested clinical T1D could
be achieved, depending on when this type of intervention was
initiated. Insulin was considered the most suitable autoantigen,
as studies in NOD mice (13, 133, 134) and infants (135)
have shown that autoantibodies against insulin are the first
sign of islet autoimmunity and precede those against glutamic
acid decarboxylase (GAD) and other pancreatic antigens.
Most studies that evaluated the impact of autoantigen-based
immunotherapy enrolled children after the development of
autoimmunity. Their results were generally disappointing as only
a minority of patients experienced a delay in T1D onset of some
years (136–138).

Some data on the prevention of T1D have been collected with
the Pre-POINT study (139) carried out in Germany, in which
25 islet autoantibody-negative children aged 2 to 7 years with a
family history of T1D and susceptible HLA class II genotypes
were enrolled. Escalating doses of oral insulin up to 67.5mg
daily were given to 15 children, whereas 10 children received
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a placebo for 3 to 18 months. Serum IgG levels, saliva IgA
binding to insulin, and CD4+ T cell proliferative responses
to insulin were periodically measured to evaluate the immune
response to autoantigen administration for 18 months. Most of
the children who received the highest dose of oral insulin showed
a significant elevation in all the studied parameters, suggesting
the protective effect of the treatment. No significant adverse
events were evidenced. In particular, none of the children who
received the study drug or placebo experienced hypoglycaemic
episodes after the administration of medication, and no allergic
reactions were observed. However, definitive conclusions could
not be drawn as the study had several limitations. The number
of included children was low, and only subjects with the highest
genetic risk of T1D development were enrolled. The patients were
significantly older than the age at the peak of islet autoantibody
seroconversion. To overcome these limitations and evaluate
whether insulin can be an effective measure for the prevention
of T1D, a new Pre-POINT study was planned. It enrolled a
large number of younger (6–24 months) genetically susceptible
subjects than the previous study. The daily administration of oral
insulin starting with a dose of 7.5mg (3months)moving to a dose
of 22.5mg (3months) and the highest dose of 67.5mg (6months)
was planned with the concurrent evaluation of immune response
and islet autoantibody development. Presently, no results from
the phase 2 clinical trial (NCT02547519) have been reported.

CONCLUSIONS

Presently, interventions to prevent T1D are generally made
in subjects in whom autoimmunity is already activated and
autoantibodies against pancreatic cell components have been

detected. Practically, the goal is to slow down the immune process
by preserving the normal structure of the pancreatic islets for
as long as possible. The prevention of T1D is significantly more
important because it would completely avoid autoimmunity and
preserve pancreatic integrity indefinitely.

Unfortunately, presently methods able to avoid the risk of
autoimmune activation are not available. However, increase in
knowledge of T1D physiopathology has identified threemeasures
that can have a positive impact in this regard. Elimination
of environmental factors associated with T1D development,
reverse of epigenetic modifications that favor initiation of
autoimmunity in subjects exposed to environmental factors
and use of autoantigen-based immunotherapy. For all these
measures, definitive conclusions cannot be drawn. However, the
road is traced and it is possible that in a not so distant future
an effective prevention of symptomatic disease, promotion of
precision medicine, and interventions in the early stages of T1D
can be offered.

AUTHOR CONTRIBUTIONS

SE proposed the project and revised the first draft of the
manuscript. GTo wrote the first draft of the paper. GTa and ES
performed the literature analysis. MB and NP critically revised
the text and gave a substantial scientific contribution. All the
authors approved the final version of the manuscript.

FUNDING

This study was supported by a grant from Fondazione Cassa di
Risparmio di Perugia (#3368-2018).

REFERENCES

1. DiMeglio LA, Evans-Molina C, Oram RA.Type 1 diabetes. Lancet. (2018)
391:2449–62. doi: 10.1016/S0140-6736(18)31320-5

2. International Diabetes Federation. IDF Diabetes Atlas, 8th edn. Brussels:
International Diabetes Federation, 2017. Available online at: http://www.
diabetesatlas.org (accessed March 22, 2019).

3. Thomas NJ, Jones SE, Weedon MN, Shields BM, Oram RA, Hattersley
AT. Frequency and phenotype of type 1 diabetes in the first six
decades of life: a cross-sectional, genetically stratified survival analysis
from UK Biobank. Lancet Diabetes Endocrinol. (2018) 6:122–9.
doi: 10.1016/S2213-8587(17)30362-5

4. Centers for Disease Control and Prevention. Rates of New Diagnosed

Cases of Type 1 and Type 2 Diabetes on the Rise Among Children,

Teens. Available online at: https://www.cdc.gov/media/releases/2017/p0412-
diabtes-rates.html (accessed March 22, 2019).

5. Patterson CC, Dahlquist GG, Gyürüs E, Green A, Soltész G. 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) 373:2027–33. doi: 10.1016/S0140-6736(09)
60568-7

6. Jerram ST, Leslie RD. The genetic architecture of type 1 diabetes. Genes.
(2017) 8:E209. doi: 10.3390/genes8080209

7. Bodansky HJ, Staines A, Stephenson C, Haigh D, Cartwright R.
Evidence for an environmental effect in the aetiology of insulin
dependent diabetes in a transmigratory population. BMJ. (1992) 304:1020–2.
doi: 10.1136/bmj.304.6833.1020

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

9. Knip M, Veijola R, Virtanen SM, Hyöty H, Vaarala O, Akerblom HK.
Environmental triggers and determinants of type 1 diabetes.Diabetes. (2005)
54(Suppl. 2):S125–36. doi: 10.2337/diabetes.54.suppl_2.S125

10. Jacobsen L, Schatz D. Current and future efforts toward the prevention
of type 1 diabetes. Pediatr Diabetes. (2016) 17(Suppl. 22):78–86.
doi: 10.1111/pedi.12333

11. Zullo A, Sommese L, Nicoletti G, Donatelli F, Mancini FP, Napoli C.
Epigenetics and type 1 diabetes: mechanisms and translational applications.
Transl Res. (2017) 185:85–93. doi: 10.1016/j.trsl.2017.05.002

12. Wang Z, Xie Z, Lu Q, Chang C, Zhou Z. Beyond genetics: what
causes type 1 diabetes. Clinic Rev Allerg Immunol. (2017) 52:273–86.
doi: 10.1007/s12016-016-8592-1

13. Zhang L, Nakayama M, Eisenbarth GS. Insulin as an autoantigen
in NOD/human diabetes. Curr Opin Immunol. (2008) 20:111–8.
doi: 10.1016/j.coi.2007.11.005

14. Insel RA, Dunne JL, Atkinson MA, Chiang JL, Dabelea D, Gottlieb PA, et al.
Staging presymptomatic type 1 diabetes: a scientific statement of JDRF, the
Endocrine Society, and the American Diabetes Association. Diabetes Care.
(2015) 38:1964–74. doi: 10.2337/dc15-1419

15. Funda DP, Kaas A, Bock T, Tlaskalová-Hogenová H, Buschard K. Gluten-free
diet prevents diabetes in NODmice. Diabetes Metab Res Rev. (1999) 15:323–
7. doi: 10.1002/(SICI)1520-7560(199909/10)15:5<323::AID-DMRR53>3.3.
CO;2-G

Frontiers in Endocrinology | www.frontiersin.org 8 August 2019 | Volume 10 | Article 592

https://doi.org/10.1016/S0140-6736(18)31320-5
http://www.diabetesatlas.org
http://www.diabetesatlas.org
https://doi.org/10.1016/S2213-8587(17)30362-5
https://www.cdc.gov/media/releases/2017/p0412-diabtes-rates.html
https://www.cdc.gov/media/releases/2017/p0412-diabtes-rates.html
https://doi.org/10.1016/S0140-6736(09)60568-7
https://doi.org/10.3390/genes8080209
https://doi.org/10.1136/bmj.304.6833.1020
https://doi.org/10.1080/07853890410018952
https://doi.org/10.2337/diabetes.54.suppl_2.S125
https://doi.org/10.1111/pedi.12333
https://doi.org/10.1016/j.trsl.2017.05.002
https://doi.org/10.1007/s12016-016-8592-1
https://doi.org/10.1016/j.coi.2007.11.005
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1002/(SICI)1520-7560(199909/10)15:5<323::AID-DMRR53>3.3.CO;2-G
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Esposito et al. Type 1 Diabetes Prevention

16. Hansen CH, Krych L, Buschard K, Metzdorff SB, Nellemann C, Hansen
LH, et al. A maternal gluten-free diet reduces inflammation and diabetes
incidence in the offspring of NOD mice. Diabetes. (2014) 63:2821–32.
doi: 10.2337/db13-1612

17. Leonard MM, Sapone A, Catassi C, Fasano A. Celiac disease and
nnceliac gluten Sensitivity: a review. JAMA. (2017) 318:647–56.
doi: 10.1001/jama.2017.9730

18. Pham-Short A, Donaghue KC, Ambler G, Phelan H, Twigg S, Craig ME.
Screening for celiac disease in type 1 diabetes: a systematic review. Pediatrics.
(2015) 136:e170–6. doi: 10.1542/peds.2014-2883

19. Craig ME, Prinz N, Boyle CT, Campbell FM, Jones TW, Hofer SE,
et al. Prevalence of celiac disease in 52,721 youth with type 1 diabetes:
international comparison across three continents. Diabetes Care. (2017)
40:1034–40. doi: 10.2337/dc17-1348

20. Parkkola A, Härkönen T, Ryhänen SJ, Uibo R, Ilonen J, Knip M.
Transglutaminase antibodies and celiac disease in children with type 1
diabetes and in their family members. Pediatr Diabetes. (2018) 19:305–31.
doi: 10.1111/pedi.12563

21. Leonard MM, Camhi S, Kenyon V, Betensky RA, Sturgeon C, Yan S, et al.
Targeted genotyping for the prediction of celiac disease autoimmunity
development in patients with type 1 diabetes and their family members.
World J Diabetes. (2019) 10:189–99. doi: 10.4239/wjd.v10.i3.189

22. Sblattero D, Maurano F, Mazzarella G, Rossi M, Auricchio S, Florian
F, et al. Characterization of the anti-tissue transglutaminase antibody
response in nonobese diabetic mice. J Immunol. (2005) 174:5830–6.
doi: 10.4049/jimmunol.174.9.5830

23. Maurano F, Mazzarella G, Luongo D, Stefanile R, D’Arienzo R, Rossi M, et al.
Small intestinal enteropathy in non-obese diabetic mice fed a diet containing
wheat. Diabetologia. (2005) 48:931–7. doi: 10.1007/s00125-005-1718-2

24. Haupt-Jorgensen M, Holm LJ, Josefsen K, Buschard K. Possible
prevention of diabetes with a gluten-free diet. Nutrients. (2018) 10:E1746.
doi: 10.3390/nu10111746

25. Kaur N, Bhadada SK, Minz RW, Dayal D, Kochhar R. Interplay between
type 1 diabetes mellitus and celiac disease: implications in treatment.Dig Dis.
(2018) 36:399–408. doi: 10.1159/000488670

26. Beyerlein A, Chmiel R, Hummel S, Winkler C, Bonifacio E, Ziegler AG.
Timing of gluten introduction and islet autoimmunity in young children:
updated results from the BABYDIET study.Diabetes Care. (2014) 37:e194–5.
doi: 10.2337/dc14-1208

27. Lund-Blix NA, Stene LC, Rasmussen T, Torjesen PA, Andersen LF,
Rønningen KS. Infant feeding in relation to islet autoimmunity and type 1
diabetes in genetically susceptible children: the MIDIA study. Diabetes Care.
(2015) 38:257–263. doi: 10.2337/dc14-1130

28. Lund-Blix NA, Dydensborg Sander S, Størdal K, Størdal K, Nybo Andersen
AM, Rønningen KS, et al. Infant feeding and risk of type 1 diabetes
in two large Scandinavian birth cohorts. Diabetes Care. (2017) 40:920–7.
doi: 10.2337/dc17-0016

29. Hakola L, Takkinen HM, Niinistö S, Ahonen S, Nevalainen J, Veijola R, et al.
Infant feeding in relation to the risk of advanced islet autoimmunity and type
1 diabetes in children with increased genetic susceptibility: a cohort study.
Am J Epidemiol. (2018) 187:34–44. doi: 10.1093/aje/kwx191

30. Frederiksen B, Kroehl M, Lamb MM, Seifert J, Barriga K, Eisenbarth GS,
et al. Infant exposures and development of type 1 diabetes mellitus: the
Diabetes Autoimmunity Study in the Young (DAISY). JAMA Pediatr. (2013)
167:808–15. doi: 10.1001/jamapediatrics.2013.317

31. Chmiel R, Beyerlein A, Knopff A, Hummel S, Ziegler AG, Winkler
C. Early infant feeding and risk of developing islet autoimmunity and
type 1 diabetes. Acta Diabetol. (2015) 52:621–4. doi: 10.1007/s00592-014-
0628-5

32. Uusitalo U, Lee HS, Andrén Aronsson C, Vehik K, Yang J, Hummel S, et al.
Early infant diet and islet autoimmunity in the TEDDY study.Diabetes Care.
(2018) 41:522–30. doi: 10.2337/dc17-1983

33. Lund-Blix NA, Dong F, Mårild K, Seifert J, Barón AE, Waugh KC,
et al. 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:dc182315. doi: 10.2337/dc18-2315

34. British Nutrition Foundation Infant Nutrition. Available online at: https://
www.nutrition.org.uk/nutritionscience/life/infant-nutrition.html (accessed
March 22, 2019).

35. Centers For Disease Control and Prevention. Infant and Toddler

Nutrition. Available online at: https://www.cdc.gov/nutrition/
infantandtoddlernutrition/index.html (accessed March 22, 2019).

36. Borch-Johnsen K, Joner G, Mandrup-Poulsen T, Christy M, Zachau-
Christiansen B, Kastrup K, et al. Relation between breast-feeding and
incidence rates of insulin-dependent diabetes mellitus. A hypothesis. Lancet.
(1984) 2:1083–6. doi: 10.1016/S0140-6736(84)91517-4

37. Brugman S, Visser JT, Hillebrands JL, Bos NA, Rozing J. Prolonged exclusive
breastfeeding reduces autoimmune diabetes incidence and increases
regulatory T-cell frequency in bio-breeding diabetes-prone rats. Diabetes
Metab Res Rev. (2009) 25:380–7. doi: 10.1002/dmrr.953

38. Mayer EJ, Hamman RF, Gay EC, Lezotte DC, Savitz DA, Klingen-Smith GJ.
Reduced risk of IDDM among breast-fed children. The Colorado IDDM
Registry. Diabetes. (1988) 37:1625–32. doi: 10.2337/diabetes.37.12.1625

39. Sadauskaite-Kuehne V, Ludvigsson J, Padaiga Z, Jasinskiene E, Samuelsson
U. Longer breastfeeding is an independent protec-tive factor against
development of type 1 diabetes mellitus in childhood. Diabetes Metab Res

Rev. (2004) 20:150–7. doi: 10.1002/dmrr.425
40. Malcova H, Sumnik Z, Drevinek P, Venhacova J, Lebl J, Cinek O. Absence

of breast-feeding is associated with the risk of type1 diabetes: a case-control
study in a population with rapidlyincreasing incidence. Eur J Pediatr. (2006)
165:114–9. doi: 10.1007/s00431-005-0008-9

41. Rosenbauer J, Herzig P, Giani G. Early infant feeding and risk of
type 1 diabetes mellitus - a nationwide population-based case-control
study in pre-school children. Diabetes Metab Res Rev. (2008) 24:211–22.
doi: 10.1002/dmrr.791

42. Norris JM, Scott FW. A meta-analysis of infant diet and insulin-dependent
diabetes mellitus: do biases play a role? Epidemiology. (1996) 7:87–92.
doi: 10.1097/00001648-199601000-00015

43. Cardwell CR, Stene LC, Ludvigsson J, Rosenbauer J, Cinek O, Svensson J,
et al. Breast-feeding and childhood-onset type 1 diabetes: a pooled analysis
of individual participant data from 43 observational studies. Diabetes Care.
(2012) 35:2215–25. doi: 10.2337/dc12-0438

44. Patelarou E, Girvalaki C, Brokalaki H, Patelarou A, Androulaki Z, Vardavas
C. Current evidence on the associations of breastfeeding, infant formula, and
cow’s milk introduction with type 1 diabetes mellitus: a systematic review.
Nutr Rev. (2012) 70:509–19. doi: 10.1111/j.1753-4887.2012.00513.x

45. Knip M, Virtanen SM, Seppä K, Ilonen J, Savilahti E, Vaarala O, et al. Dietary
intervention in infancy and later signs of beta-cell autoimmunity. N Engl J

Med. (2010) 363:1900–8. doi: 10.1056/NEJMoa1004809
46. Knip M, Åkerblom HK, Becker D, Dosch HM, Dupre J, Fraser W, et al.

Hydrolyzed infant formula and early β-cell autoimmunity: a randomized
clinical trial. JAMA. (2014) 311:2279–87. doi: 10.1001/jama.2014.5610

47. Knip M, Åkerblom HK, Al Taji E, Becker D, Bruining J, Castano L, et al.
Effect of hydrolyzed infant formula vs conventional formula on risk of type
1 diabetes: the TRIGR randomized cinical trial. JAMA. (2018) 319:38–48.
doi: 10.1001/jama.2017.19826

48. Grammatiki M, Rapti E, Karras S, Ajjan RA, Kotsa K. Vitamin D and diabetes
mellitus: causal or casual association? Rev Endocr Metab Disord. (2017)
18:227–41. doi: 10.1007/s11154-016-9403-y

49. Zella JB, McCary LC, DeLuca HF. Oral administration of 1,25-
dihydroxyvitamin D3 completely protects NOD mice from insulin-
dependent diabetes mellitus. Arch Biochem Biophys. (2003) 417:77–80.
doi: 10.1016/S0003-9861(03)00338-2

50. Ferreira GB, Gysemans CA, Demengeot J, da Cunha JP, Vanherwegen
AS, Overbergh L, et al. 1,25-Dihydroxyvitamin D3 promotes tolerogenic
dendritic cells with functional migratory properties in NOD mice. J

Immunol. (2014) 192:4210–20. doi: 10.4049/jimmunol.1302350
51. Penna-Martinez M, Badenhoop K. Inherited variation in vitamin

D genes and type 1 diabetes predisposition. Genes. (2017) 8:E125.
doi: 10.3390/genes8040125

52. Sørensen IM, Joner G, Jenum PA, Eskild A, Torjesen PA, Stene LC. Maternal
serum levels of 25-hydroxy-vitamin D during pregnancy and risk of type 1
diabetes in the offspring. Diabetes. (2012) 61:175–8. doi: 10.2337/db11-0875

Frontiers in Endocrinology | www.frontiersin.org 9 August 2019 | Volume 10 | Article 592

https://doi.org/10.2337/db13-1612
https://doi.org/10.1001/jama.2017.9730
https://doi.org/10.1542/peds.2014-2883
https://doi.org/10.2337/dc17-1348
https://doi.org/10.1111/pedi.12563
https://doi.org/10.4239/wjd.v10.i3.189
https://doi.org/10.4049/jimmunol.174.9.5830
https://doi.org/10.1007/s00125-005-1718-2
https://doi.org/10.3390/nu10111746
https://doi.org/10.1159/000488670
https://doi.org/10.2337/dc14-1208
https://doi.org/10.2337/dc14-1130
https://doi.org/10.2337/dc17-0016
https://doi.org/10.1093/aje/kwx191
https://doi.org/10.1001/jamapediatrics.2013.317
https://doi.org/10.1007/s00592-014-0628-5
https://doi.org/10.2337/dc17-1983
https://doi.org/10.2337/dc18-2315
https://www.nutrition.org.uk/nutritionscience/life/infant-nutrition.html
https://www.nutrition.org.uk/nutritionscience/life/infant-nutrition.html
https://www.cdc.gov/nutrition/infantandtoddlernutrition/index.html
https://www.cdc.gov/nutrition/infantandtoddlernutrition/index.html
https://doi.org/10.1016/S0140-6736(84)91517-4
https://doi.org/10.1002/dmrr.953
https://doi.org/10.2337/diabetes.37.12.1625
https://doi.org/10.1002/dmrr.425
https://doi.org/10.1007/s00431-005-0008-9
https://doi.org/10.1002/dmrr.791
https://doi.org/10.1097/00001648-199601000-00015
https://doi.org/10.2337/dc12-0438
https://doi.org/10.1111/j.1753-4887.2012.00513.x
https://doi.org/10.1056/NEJMoa1004809
https://doi.org/10.1001/jama.2014.5610
https://doi.org/10.1001/jama.2017.19826
https://doi.org/10.1007/s11154-016-9403-y
https://doi.org/10.1016/S0003-9861(03)00338-2
https://doi.org/10.4049/jimmunol.1302350
https://doi.org/10.3390/genes8040125
https://doi.org/10.2337/db11-0875
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Esposito et al. Type 1 Diabetes Prevention

53. Jacobsen R, Moldovan M, Vaag AA, Hypponen E, Heitmann BL. Vitamin D
fortification and seasonality of birth in type 1 diabetic cases: D-tect study. J
Dev Orig Health Dis. (2016) 7:114–9. doi: 10.1017/S2040174415007849

54. Dong JY, Zhang WG, Chen JJ, Zhang ZL, Han SF, Qin LQ. Vitamin D
intake and risk of type 1 diabetes: a meta-analysis of observational studies.
Nutrients. (2013) 5:3551–62. doi: 10.3390/nu5093551

55. Mäkinen M, Löyttyniemi E, Koskinen M, Vähä-Mäkilä M, Siljander H,
Nurmio M, et al. Serum 25-hydroxyvitamin D concentrations at birth in
children screened for HLA-DQB1 conferred risk for type 1 diabetes. J
Clin Endocrinol Metab. (2019) 104:2277–85. doi: 10.1210/jc.2018–02094

56. Liu C, Wang J, Wan Y, Xia X, Pan J, GuW, Li M. Serum vitamin D deficiency
in children and adolescents is associated with type 1 diabetes mellitus. Endocr
Connect. (2018) doi: 10.1530/EC-18-0191. [Epub ahead of print].

57. Mäkinen M, Mykkänen J, Koskinen M, Simell V, Veijola R, Hyöty H,
et al. Serum 25-hydroxyvitamin D concentrations in children progressing to
autoimmunity and clinical type 1 diabetes. J Clin Endocrinol Metab. (2016)
101:723–39. doi: 10.1210/jc.2015-3504

58. Murri M, Leiva I, Gomez-Zumaquero JM, Tinahones FJ, Cardona F, Soriguer
F, et al. Gut microbiota in children with type 1 diabetes differs from
that in healthy children: a case-control study. BMC Med. (2013) 11:46.
doi: 10.1186/1741-7015-11-46

59. Zipitis CS, Akobeng AK. Vitamin D supplementation in early childhood and
risk of type 1 diabetes: a systematic review and meta-analysis. Arch Dis Child.
(2008) 93:512–7. doi: 10.1136/adc.2007.128579

60. Stene LC, Joner G. Use of cod liver oil during the first year of life is
associated with lower risk of childhood-onset type 1 diabetes: a large,
population-based, case-control study. Am J Clin Nutr. (2003) 78:1128–34.
doi: 10.1093/ajcn/78.6.1128

61. Pearson JA, Wong FS, Wen L. The importance of the Non Obese Diabetic
(NOD) mouse model in autoimmune diabetes. J Autoimmun. (2016) 66:76–
88. doi: 10.1016/j.jaut.2015.08.019

62. Roesch LF, Lorca GL, Casella G, Giongo A, Naranjo A, Pionzio AM, et al.
Culture-independent identification of gut bacteria correlated with the onset
of diabetes in a rat model. ISME J. (2009) 3:536–48. doi: 10.1038/ismej.2009.5

63. Knip M, Siljander H. The role of the intestinal microbiota in
type 1 diabetes mellitus. Nat Rev Endocrinol. (2016) 12:154–67.
doi: 10.1038/nrendo.2015.218

64. Wesemann DR, Portuguese AJ, Meyers RM, Gallagher MP, Cluff-Jones
K, Magee JM, et al. Microbial colonization influences early B-lineage
development in the gut lamina propria. Nature. (2013) 501:112–15.
doi: 10.1038/nature12496

65. Ostman S, Rask C, Wold AE, Hultkrantz S, Telemo E. Impaired regulatory
T cell function in germ-free mice. Eur J Immunol. (2006) 36:2336–46.
doi: 10.1002/eji.200535244

66. Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune
responses during health and disease. Nat Rev Immunol. (2009) 9:313–3230.
doi: 10.1038/nri2515

67. Bibbò S, Dore MP, Pes GM, Delitala G, Delitala AP. Is there a role for
gut microbiota in type 1 diabetes pathogenesis? Ann Med. (2017) 49:11–22.
doi: 10.1080/07853890.2016.1222449

68. Gülden E, Wong FS, Wen L. The gut microbiota and type 1 diabetes. Clin
Immunol. (2015) 159:143–53. doi: 10.1016/j.clim.2015.05.013

69. Han H, Li Y, Fang J, Liu G, Yin J, Li T, Yin Y. Gut microbiota and type 1
diabetes. Int J Mol Sci. (2018) 19:E995. doi: 10.3390/ijms19040995

70. Mariño E, Richards JL, McLeod KH, Stanley D, Yap YA, Knight J, et al. Gut
microbial metabolites limit the frequency of autoimmune T cells and protect
against type 1 diabetes.Nat Immunol. (2017) 18:552–62. doi: 10.1038/ni.3713

71. Duncan SH, Holtrop G, Lobley GE, Calder AG, Stewart CS, Flint HJ.
Contribution of acetate to butyrate formation by human faecal bacteria. Br J
Nutr. (2004) 91:915–23. doi: 10.1079/BJN20041150

72. Dolpady J, Sorini C, Di Pietro C, Cosorich I, Ferrarese R, Saita D,
Oral probiotic VSL#3 prevents autoimmune diabetes by modulating
microbiota and promoting indoleamine 2,3-dioxygenase-enriched
tolerogenic intestinal environment. J Diabetes Res. (2016) 2016:7569431.
doi: 10.1155/2016/7569431

73. Uusitalo U, Liu X, Yang J, Aronsson CA, Hummel S, Butterworth
M, et al. Association of early exposure of probiotics and islet

autoimmunity in the TEDDY study. JAMA Pediatr. (2016) 170:20–8.
doi: 10.1001/jamapediatrics.2015.2757

74. 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) 61:2668–70.
doi: 10.1007/s00125-018-4738-4

75. Okada H, Kuhn C, Feillet H, Bach JF. The ‘hygiene hypothesis’ for
autoimmune and allergic diseases: an update. Clin Exp Immunol. (2010)
160:1–9. doi: 10.1111/j.1365-2249.2010.04139.x

76. Anderson MS, Bluestone JA, The NOD mouse: a model of
immune dysregulation. Annu Rev Immunol. (2005) 23:447–85.
doi: 10.1146/annurev.immunol.23.021704.115643

77. Tracy S, Drescher KM, Chapman NM, Kim KS, Carson SD, Pirruccello S,
et al. Toward testing the hypothesis that group B coxsackieviruses (CVB)
trigger insulin-dependent diabetes: inoculating nonobese diabetic mice with
CVB markedly lowers diabetes incidence. J Virol. (2002) 76:12097–111.
doi: 10.1128/JVI.76.23.12097-12111.2002

78. Dyrberg T, Schwimmbeck P, Oldstone M. The incidence of diabetes in BB
rats is decreased following acute LCMV infection. Adv Exp Med Biol. (1988)
246:397–402. doi: 10.1007/978-1-4684-5616-5_48

79. Smith KA, Efstathiou S, Cooke A. Murine gammaherpesvirus-68 infection
alters self-antigen presentation and type 1 diabetes onset in NOD mice. J
Immunol. (2007) 179:7325–33. doi: 10.4049/jimmunol.179.11.7325

80. Wetzel JD, Barton ES, Chappell JD, Baer, Mochow-Grundy M,
Rodgers SE, et al. Reovirus delays diabetes onset but does not
prevent insulitis in nonobese diabetic mice. J Virol. (2006) 80:3078–82.
doi: 10.1128/JVI.80.6.3078-3082.2006

81. Principi N, Berioli MG, Bianchini S, Esposito S. Type 1 diabetes and
viral infections: what is the relationship? J Clin Virol. (2017) 96:26–31.
doi: 10.1016/j.jcv.2017.09.003

82. Precechtelova J, Borsanyiova M, Sarmirova S, Bopegamage S. Type I diabetes
mellitus: genetic factors and presumptive enteroviral etiology or protection.
J Pathog. (2014) 2014:738512. doi: 10.1155/2014/738512

83. Joner G, Søvik O. Increasing incidence of diabetes mellitus in Norwegian
children 0–14 years of age 1973–1982. Diabetologia. (1989) 32:79–83.
doi: 10.1007/BF00505178

84. Glatthaar C, Whittall DE, Welborn TA, Gibson MJ, Brooks BH, Ryan MM,
et al. Diabetes in Western Australian children: descriptive epidemiology.
Med J Aust. (1988) 148:117–23.

85. Beyerlein A, Donnachie E, Jergens S, Ziegler AG. Infections in early
life and development of type 1 diabetes. JAMA. (2016) 1315:1899–901.
doi: 10.1001/jama.2016.2181

86. Yoon JW, Jun HS. Viruses cause type 1 diabetes in animals. Ann N Y Acad

Sci. (2006) 1079:138–46. doi: 10.1196/annals.1375.021
87. Richardson SJ, Rodriguez-Calvo T, Gerling IC, Mathews CE, Kaddis JS,

Russell MA, et al. Islet cell hyperexpression of HLA class I antigens:
a defining feature in type 1 diabetes. Diabetologia. (2016) 59:2448–58.
doi: 10.1007/s00125-016-4067-4

88. Looney BM, Xia CQ, Concannon P, Ostrov DA, Clare-Salzler MJ. Effects
of type 1 diabetes-associated IFIH1 polymorphisms on MDA5 function and
expression. Curr Diab Rep. (2015) 15:96. doi: 10.1007/s11892-015-0656-8

89. Santin I, Eizirik DL. Candidate genes for type 1 diabetes modulate pancreatic
islet inflammation and β-cell apoptosis. Diabetes Obes Metab. (2013)
15(Suppl. 3):71–81. doi: 10.1111/dom.12162

90. Viskari H, Ludvigsson J, Uibo R, Salur L, Marciulionyte D, Hermann R,
et al. Relationship between the incidence of type 1 diabetes and enterovirus
infections in different European populations: results from the EPIVIR
project. J Med Virol. (2004) 72:610–7. doi: 10.1002/jmv.20033

91. Viskari H, Ludvigsson J, Uibo R, Salur L, Marciulionyte D, Hermann R,
et al. Relationship between the incidence of type 1 diabetes and maternal
enterovirus antibodies: time trends and geographical variation.Diabetologia.
(2005) 48:1280–7. doi: 10.1007/s00125-005-1780-9

92. Yeung WC, Rawlinson WD, Craig ME. Enterovirus infection and type
1 diabetes mellitus: systematic review and meta-analysis of observational
molecular studies. BMJ. (2011) 342:d35. doi: 10.1136/bmj.d35

93. Laitinen OH, Honkanen H, Pakkanen O, Oikarinen S, Hankaniemi MM,
Huhtala H, et al. Coxsackievirus B1 is associated with induction of β-cell

Frontiers in Endocrinology | www.frontiersin.org 10 August 2019 | Volume 10 | Article 592

https://doi.org/10.1017/S2040174415007849
https://doi.org/10.3390/nu5093551
https://doi.org/10.1210/jc.2018-02094
https://doi.org/10.1530/EC-18-0191
https://doi.org/10.1210/jc.2015-3504
https://doi.org/10.1186/1741-7015-11-46
https://doi.org/10.1136/adc.2007.128579
https://doi.org/10.1093/ajcn/78.6.1128
https://doi.org/10.1016/j.jaut.2015.08.019
https://doi.org/10.1038/ismej.2009.5
https://doi.org/10.1038/nrendo.2015.218
https://doi.org/10.1038/nature12496
https://doi.org/10.1002/eji.200535244
https://doi.org/10.1038/nri2515
https://doi.org/10.1080/07853890.2016.1222449
https://doi.org/10.1016/j.clim.2015.05.013
https://doi.org/10.3390/ijms19040995
https://doi.org/10.1038/ni.3713
https://doi.org/10.1079/BJN20041150
https://doi.org/10.1155/2016/7569431
https://doi.org/10.1001/jamapediatrics.2015.2757
https://doi.org/10.1007/s00125-018-4738-4
https://doi.org/10.1111/j.1365-2249.2010.04139.x
https://doi.org/10.1146/annurev.immunol.23.021704.115643
https://doi.org/10.1128/JVI.76.23.12097-12111.2002
https://doi.org/10.1007/978-1-4684-5616-5_48
https://doi.org/10.4049/jimmunol.179.11.7325
https://doi.org/10.1128/JVI.80.6.3078-3082.2006
https://doi.org/10.1016/j.jcv.2017.09.003
https://doi.org/10.1155/2014/738512
https://doi.org/10.1007/BF00505178
https://doi.org/10.1001/jama.2016.2181
https://doi.org/10.1196/annals.1375.021
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.1007/s11892-015-0656-8
https://doi.org/10.1111/dom.12162
https://doi.org/10.1002/jmv.20033
https://doi.org/10.1007/s00125-005-1780-9
https://doi.org/10.1136/bmj.d35
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Esposito et al. Type 1 Diabetes Prevention

autoimmunity that portends type 1 diabetes. Diabetes. (2014) 63:446–55.
doi: 10.2337/db13-0619

94. Hyöty H, Leon F, Knip M. Developing a vaccine for type 1 diabetes
by targeting coxsackievirus B. Expert Rev Vaccines. (2018) 17:1071–83.
doi: 10.1080/14760584.2018.1548281

95. Toniolo A, Falcone V, Bernasconi C, Basolo F, Speziale P, Onodera T. DNA
immunization of mice against the VP1 capsid protein of coxsackievirus B4.
Scand J Immunol. (2002) 56:448–55. doi: 10.1046/j.1365-3083.2002.01145.x

96. Dan M, Chantler JK. A genetically engineered attenuated coxsackievirus
B3 strain protects mice against lethal infection. J Virol. (2005) 79:9285–95.
doi: 10.1128/JVI.79.14.9285-9295.2005

97. Kim JY, Jeon ES, Lim BK, Kim SM, Chung SK, Kim JM, et al.
Immunogenicity of a DNA vaccine for coxsackievirus B3 in mice: protective
effects of capsid proteins against viral challenge. Vaccine. (2005) 23:1672–9.
doi: 10.1016/j.vaccine.2004.10.008

98. Lan J, Gao Z, Xiong H, Chuai X, Jin Y, Li J, Xian X, et al. Generation
of protective immune responses against coxsackievirus B3 challenge
by DNA prime-protein boost vaccination. Vaccine. (2011) 29:6894–02.
doi: 10.1016/j.vaccine.2011.07.049

99. Koho T, Koivunen MR, Oikarinen S, Kummola L, Mäkinen S, Mähönen
AJ, et al. Coxsackievirus B3 VLPs purified by ion exchange chromatography
elicit strong immune responses in mice. Antiviral Res. (2014) 104:93–101.
doi: 10.1016/j.antiviral.2014.01.013

100. Stone VM, Hankaniemi MM, Svedin E, Sioofy-Khojine A, Oikarinen S,
Hyöty H, et al. A Coxsackievirus B vaccine protects against virus-induced
diabetes in an experimental mouse model of type 1 diabetes. Diabetologia.
(2018) 61:476–81. doi: 10.1007/s00125-017-4492-z

101. Atkinson MA, Bowman MA, Campbell L, Darrow BL, Kaufman DL,
Maclaren NK. Cellular immunity to a determinant common to glutamate
decarboxylase and coxsackie virus in insulin-dependent diabetes. J Clin

Invest. (1994) 94:2125–9. doi: 10.1172/JCI117567
102. Härkönen T, Lankinen H, Davydova B, Hovi T, Roivainen M. Enterovirus

infection can induce immune responses that cross-react with beta-cell
autoantigen tyrosine phosphatase IA-2/IAR. J Med Virol. (2002) 66:340–350.
doi: 10.1002/jmv.2151

103. Ahmed SS, Schur PH, MacDonald NE, Steinman L. Narcolepsy, 2009
A(H1N1) pandemic influenza, and pandemic influenza vaccinations: what
is known and unknown about the neurological disorder, the role for
autoimmunity, and vaccine adjuvants. J Autoimmun. (2014) 50:1–11.
doi: 10.1016/j.jaut.2014.01.033

104. Longnecker MP, Daniels JL. Environmental contaminants as etiologic
factors for diabetes. Environ Health Perspect. (2001) 109(Suppl. 6):871–6.
doi: 10.1289/ehp.01109s6871

105. Ebner K, Brewster DW, Matsumura F. Effects of 2,3,7,8-tetrachlorodibenzo-
p-dioxin on serum insulin and glucose levels in the rabbit. J Environ Sci

Health B. (1988) 23:427–38. doi: 10.1080/03601238809372617
106. Hu Y, Jin P, Peng J, Zhang X, Wong FS, Wen L. Different immunological

responses to early-life antibiotic exposure affecting autoimmune
diabetes development in NOD mice. J Autoimmun. (2016) 72:47–56.
doi: 10.1016/j.jaut.2016.05.001

107. Zhao CN, Xu Z, Wu GC, Mao YM, Liu LN, Qian-Wu, et al. Emerging role
of air pollution in autoimmune diseases. Autoimmun Rev. (2019) 18:607–14.
doi: 10.1016/j.autrev.2018.12.010

108. Sepa A, Ludvigsson J. Psychological stress and the risk of diabetes-related
autoimmunity: a review article. Neuroimmunomodulation. (2006) 13:301–8.
doi: 10.1159/000104858

109. Javierre BM, Hernando H, Ballestar E.Environmental triggers and epigenetic
deregulation in autoimmune disease. Discov Med. (2011) 12:535–45.

110. Wang Z, Lu Q, Wang Z. Epigenetic alterations in cellular immunity: new
insights into autoimmune diseases. Cell Physiol Biochem. (2017) 41:645–60.
doi: 10.1159/000457944

111. Fradin D, Le Fur S, Mille C, Naoui N, Groves C, Zelenika D, et al.
Association of the CpG methylation pattern of the proximal insulin
gene promoter with type 1 diabetes. PLoS ONE. (2012) 7:e36278.
doi: 10.1371/journal.pone.0036278

112. Olsen JA, Kenna LA, Spelios MG, Hessner MJ, Akirav EM. Circulating
differentially methylated amylin DNA as a biomarker of β-cell loss in type 1
diabetes. PLoS ONE. (2016) 11:e0152662. doi: 10.1371/journal.pone.0152662

113. Belot MP, Fradin D, Mai N, Le Fur S, Zélénika D, Kerr-Conte
J, et al. CpG methylation changes within the IL2RA promoter in
type 1 diabetes of childhood onset. PLoS ONE. (2013) 8:e68093.
doi: 10.1371/journal.pone.0068093

114. Kindt ASD, Fuerst RW, Knoop J, Laimighofer M, Telieps T, Hippich M,
et al. Allele-specific methylation of type 1 diabetes susceptibility genes. J
Autoimmun. (2018) 89:63–74. doi: 10.1016/j.jaut.2017.11.008

115. Miao F, Chen Z, Zhang L, Liu Z, Wu X, Yuan YC, et al. Profiles of epigenetic
histone post-translational modifications at type 1 diabetes susceptible genes.
J Biol Chem. (2012) 287:16335–45. doi: 10.1074/jbc.M111.330373

116. Miao F, Smith DD, Zhang L,Min A, FengW,Natarajan R. Lymphocytes from
patients with type 1 diabetes display a distinct profile of chromatin histone
H3 lysine 9 dimethylation: an epigenetic study in diabetes. Diabetes. (2008)
57:3189–98. doi: 10.2337/db08-0645

117. Hezova R, Slaby O, Faltejskova P, Mikulkova Z, Buresova I, Raja KR,
et al. microRNA-342, microRNA-191 and microRNA-510 are differentially
expressed in T regulatory cells of type 1 diabetic patients. Cell Immunol.
(2010) 260:70–4. doi: 10.1016/j.cellimm.2009.10.012

118. Roggli E, Britan A, Gattesco S, Lin-Marq N, Abderrahmani A, Meda
P, et al. Involvement of microRNAs in the cytotoxic effects exerted by
proinflammatory cytokines on pancreatic beta-cells.Diabetes. (2010) 59:978–
86. doi: 10.2337/db09-0881

119. Roggli E, Gattesco S, Caille D, Briet C, Boitard C, Meda P, et al. Changes
in microRNA expression contribute to pancreatic β-cell dysfunction in
prediabetic NODmice.Diabetes. (2012) 61:1742–51. doi: 10.2337/db11-1086

120. Nielsen LB, Wang C, Sørensen K, Bang-Berthelsen CH, Hansen L,
Andersen ML, et al. Circulating levels of microRNA from children
with newly diagnosed type 1 diabetes and healthy controls: evidence
that miR-25 associates to residual beta-cell function and glycaemic
control during disease progression. Exp Diabetes Res. (2012) 2012:896362.
doi: 10.1155/2012/672865

121. Rakyan VK, Beyan H, Down TA, Hawa MI, Maslau S, Aden D, et al.
Identification of type 1 diabetes-associated DNA methylation variable
positions that precede disease diagnosis. PLoS Genet. (2011) 7:e1002300.
doi: 10.1371/journal.pgen.1002300

122. Stefan M, Zhang W, Concepcion E, Yi Z, Tomer Y. methylation profiles
in type 1 diabetes twins point to strong epigenetic effects on etiology. J
Autoimmun. (2014) 50:33–7. doi: 10.1016/j.jaut.2013.10.001

123. Elboudwarej E, Cole M, Briggs FB, Fouts A, Fain PR, Quach H,
et al. Hypomethylation within gene promoter regions and type 1
diabetes in discordant monozygotic twins. J Autoimmun. (2016) 68:23–9.
doi: 10.1016/j.jaut.2015.12.003

124. Zheng Q, Xu Y, Liu Y, Zhang B, Li X, Guo F, Zhao Y. Induction of Foxp3
demethylation increases regulatory CD4+CD25+ T cells and prevents
the occurrence of diabetes in mice. J Mol Med. (2009) 87:1191–205.
doi: 10.1007/s00109-009-0530-8

125. Cuyàs E, Verdura S, Llorach-Parés L, Fernández-Arroyo S, Joven J, Martin-
Castillo B, et al. Metformin is a direct SIRT1-activating compound:
computational modeling and experimental validation. Front Endocrinol.
(2018) 9:657. doi: 10.3389/fendo.2018.00657

126. Szkudelski T, Szkudelska K Resveratrol and n diabetes: from animal
to human studies. Biochim Biophys Acta. (2015) 1852:1145–54.
doi: 10.1016/j.bbadis.2014.10.013

127. Zhang J, Cheng Y, Gu J. Fenofibrate increases cardiac autophagy via
FGF21/SIRT1 and prevents fibrosis and inflammation in the hearts of type
1 diabetic mice. Clin Sci. (2016) 130:625–41. doi: 10.1042/CS20150623

128. Al Khalifah RA, Alnhdi A, Alghar H, Alanazi M, Florez ID. The effect of
adding metformin to insulin therapy for type 1 diabetes mellitus children:
a systematic review and meta-analysis. Pediatr Diabetes. (2017) 18:664–73.
doi: 10.1111/pedi.12493

129. Jayaraman S, Patel A, Jayaraman A, Patel V, Holterman M, Prabhakar
B.Transcriptome analysis of epigenetically modulated genome indicates
signature genes in manifestation of type 1 diabetes and its prevention in
NODmice. PLoS ONE. (2013) 8:e55074. doi: 10.1371/journal.pone.0055074

130. Khan S, Jena G. Valproic acid improves glucose homeostasis by increasing
beta-cell proliferation, function, and reducing its apoptosis through HDAC
inhibition in juvenile diabetic rat. J Biochem Mol Toxicol. (2016) 30:438–46.
doi: 10.1002/jbt.21807

Frontiers in Endocrinology | www.frontiersin.org 11 August 2019 | Volume 10 | Article 592

https://doi.org/10.2337/db13-0619
https://doi.org/10.1080/14760584.2018.1548281
https://doi.org/10.1046/j.1365-3083.2002.01145.x
https://doi.org/10.1128/JVI.79.14.9285-9295.2005
https://doi.org/10.1016/j.vaccine.2004.10.008
https://doi.org/10.1016/j.vaccine.2011.07.049
https://doi.org/10.1016/j.antiviral.2014.01.013
https://doi.org/10.1007/s00125-017-4492-z
https://doi.org/10.1172/JCI117567
https://doi.org/10.1002/jmv.2151
https://doi.org/10.1016/j.jaut.2014.01.033
https://doi.org/10.1289/ehp.01109s6871
https://doi.org/10.1080/03601238809372617
https://doi.org/10.1016/j.jaut.2016.05.001
https://doi.org/10.1016/j.autrev.2018.12.010
https://doi.org/10.1159/000104858
https://doi.org/10.1159/000457944
https://doi.org/10.1371/journal.pone.0036278
https://doi.org/10.1371/journal.pone.0152662
https://doi.org/10.1371/journal.pone.0068093
https://doi.org/10.1016/j.jaut.2017.11.008
https://doi.org/10.1074/jbc.M111.330373
https://doi.org/10.2337/db08-0645
https://doi.org/10.1016/j.cellimm.2009.10.012
https://doi.org/10.2337/db09-0881
https://doi.org/10.2337/db11-1086
https://doi.org/10.1155/2012/672865
https://doi.org/10.1371/journal.pgen.1002300
https://doi.org/10.1016/j.jaut.2013.10.001
https://doi.org/10.1016/j.jaut.2015.12.003
https://doi.org/10.1007/s00109-009-0530-8
https://doi.org/10.3389/fendo.2018.00657
https://doi.org/10.1016/j.bbadis.2014.10.013
https://doi.org/10.1042/CS20150623
https://doi.org/10.1111/pedi.12493
https://doi.org/10.1371/journal.pone.0055074
https://doi.org/10.1002/jbt.21807
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Esposito et al. Type 1 Diabetes Prevention

131. Wang Y, Wang Y, Luo M, Wu H, Kong L, Xin Y, et al. Novel
curcumin analog C66 prevents diabetic nephropathy via JNK pathway
with the involvement of p300/CBP-mediated histone acetylation.
Biochim Biophys Acta. (2015) 1852:34–46. doi: 10.1016/j.bbadis.2014.
11.006

132. Harrison LC, Hafler DA. Antigen-specific therapy for autoimmune disease.
Curr Opin Immunol. (2000) 12:704–11. doi: 10.1016/S0952-7915(00)00166-7

133. Narendran P, Min allergenspecificimmunotherapyannering SI, Harrison
LC. Proinsulin – a pathogenic autoantigen in type 1 diabetes.
Autoimmun Rev. (2003) 2:204–10. doi: 10.1016/S1568-9972(03)
00009-0

134. Krishnamurthy B, Dudek NL, McKenzie MD, Purcell AW, Brooks AG,
Gellert S, et al. Responses against islet antigens in NOD mice are prevented
by tolerance to proinsulin but not IGRP. J Clin Invest. (2006) 116:3258–65.
doi: 10.1172/JCI29602

135. Harrison LC. Risk assessment, prediction and prevention of type 1 diabetes.
Pediatr Diabetes. (2001) 2:71–82. doi: 10.1034/j.1399-5448.2001.002002071.x

136. Diabetes Prevention Trial–Type 1 diabetes study group. effects of insulin
inrelatives of patients with type 1 diabetes mellitus. N Engl J Med. (2002)
346:1685–91. doi: 10.1056/NEJMoa012350

137. Skyler JS, Krischer JP, Wolfsdorf J, Cowie C, Palmer JP, Greenbaum C,
et al. Effects of oral insulin in relatives of patients with type 1 diabetes:

the diabetes prevention trial–type 1. Diabetes Care. (2005) 28:1068–76.
doi: 10.2337/diacare.28.5.1068

138. Krischer JP, Schatz DA, Bundy B, Skyler JS, Greenbaum CJ. Effect
of oral insulin on prevention of diabetes in relatives of patients with
type 1 diabetes:a randomized clinical trial. JAMA. (2017) 318:1891–902.
doi: 10.1001/jama.2017.17070

139. Bonifacio E, Ziegler AG, Klingensmith G, Schober E, Bingley PJ,
Rottenkolber M, et al. Effects of high-dose oral insulin on immune responses
in children at high risk for type 1 diabetes: the Pre-POINT randomized
clinical trial. JAMA. (2015) 313:1541–9. doi: 10.1001/jama.2015.2928

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Esposito, Toni, Tascini, Santi, Berioli and Principi. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Endocrinology | www.frontiersin.org 12 August 2019 | Volume 10 | Article 592

https://doi.org/10.1016/j.bbadis.2014.11.006
https://doi.org/10.1016/S0952-7915(00)00166-7
https://doi.org/10.1016/S1568-9972(03)00009-0
https://doi.org/10.1172/JCI29602
https://doi.org/10.1034/j.1399-5448.2001.002002071.x
https://doi.org/10.1056/NEJMoa012350
https://doi.org/10.2337/diacare.28.5.1068
https://doi.org/10.1001/jama.2017.17070
https://doi.org/10.1001/jama.2015.2928
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Environmental Factors Associated With Type 1 Diabetes
	Introduction
	Environmental Factors Potentially Associated With Type 1 Diabetes (T1D) Development
	Diet in the First Months of Life
	Gluten
	Breastfeeding and Cow Milk

	Vitamin D
	Gut Microbiota
	Infections
	Other Environmental Factors

	Epigenetics and type 1 diabetes (T1D) development
	Epigenetic Modification in Type 1 Diabetes (T1D)
	Intervention for Prevention of Type 1 Diabetes (T1D)
	Use of Epidrugs
	Autoantigen-Based Immunotherapy

	Conclusions
	Author Contributions
	Funding
	References


