
Environmental Triggers of Type 1 Diabetes

Mikael Knip and Olli Simell

Children’s Hospital (MK), University of Helsinki and Helsinki University Central Hospital, FI-00014 Helsinki,
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Type 1 diabetes (T1D) is perceived as a progressive immune-mediated disease, the clinical
diagnosis of which is preceded by an asymptomatic preclinical period of highly variable
duration. It has long been postulated that the disease process leading to overt T1D is
triggered by an infectious agent, the strongest candidate being a diabetogenic enterovirus.
The initiation and progression of the disorder likely requires, in addition to genetic T1D
susceptibility, a trigger, an exogenous antigen capable of driving the development of this
disease. This may be a dietary antigen similar to gluten in celiac disease. Recent data
further suggests that the initiation of autoimmunity is preceded by inflammation reflected
by a proinflammatory metabolic serum profile. The cause of the inflammation remains
open, but given that the intestinal microbiome appears to differ between individuals who
progress to clinical T1D and nonprogressors, one may speculate that changes in the gut
microflora might contribute to the inflammatory process.

Type 1 diabetes (T1D) is perceived as a chron-
ic immune-mediated disease with a subclin-

ical prodromal period characterized by selective
loss of insulin-producing b cells in the pancre-
atic islets of genetically susceptible subjects. The
most important genes contributing to disease
susceptibility are located in the HLA-DQ locus
on the short arm of chromosome 6 (Pociot et al.
2010). It has been estimated that the HLA genes
explain approximately one-half of the genetic
susceptibility for this disease, whereas the other
half is caused by more than 50 non-HLA genetic
polymorphisms. Nevertheless, only a relatively
small proportion of genetically susceptible in-

dividuals progress to clinical disease. This im-
plies that additional factors are needed to trig-
ger and drive the disease process in genetically
predisposed subjects.

Environmental factors have long been im-
plicated in the pathogenesis of T1D both as
triggers and potentiators of b-cell destruction
(Åkerblom et al. 2002; Knip et al. 2005; Peng
and Hagopian 2006). Several lines of evidence
support a critical role for exogenous factors in
the pathogenesis of T1D. Studies on monozy-
gotic twins suggest that only 13%–33% are
pair-wise concordant for T1D (Barnett et al.
1981; Kaprio et al. 1992), implying that there
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is either acquired postconceptional genetic dis-
cordance, or differential exposure to the puta-
tive environmental factor(s). The geographic
variation in the incidence of T1D in children
is conspicuous even among Caucasians, with
the lowest annual rate in Europe reported from
Macedonia, amounting to 3.2/100,000 in chil-
dren under the age of 15 years (The European
ACE Study Group 2000) whereas the highest rate
was observed in Finland, reaching 63/100,000 in
2006 (Knip 2011). This almost 20-fold difference
in incidence can hardly be explained by genetic
factors alone. Furthermore, the substantial in-
crease in the incidence of T1D among children
over recent decades cannot be the consequence
only of enhanced genetic disease susceptibility in
the population, but largely must be caused by
changes in lifestyle and environment.

Migrant studies indicate that the incidence
of T1D has increased in population groups who
have moved from a low incidence region to a
high incidence area, also emphasizing the influ-
ence of environmental conditions. Accumulat-
ing evidence suggests that the proportion of
subjects with high-risk HLA genotypes has de-
creased over the last decades among patients
with newly diagnosed T1D, whereas the propor-
tion of those with low-risk or even protective
HLA genotypes has increased (Hermann et al.
2003; Gillespie et al. 2004). These data are com-
patible with an increased environmental pres-
sure, resulting in progression to clinical diabetes
with less genetic predisposition. Here, we set
out to consider environmental triggers and de-
terminants of T1D with an emphasis on recent
observations.

THE DIABETIC DISEASE PROCESS

The disease process leading to the clinical man-
ifestation of T1D in childhood initiates early,
in most cases even before the age of 3 years
(Parikka et al. 2012). The progression rate is,
however, highly individualized. If seroconver-
sion to positivity for one or more diabetes-as-
sociated autoantibody is accepted as a bio-
marker of the initiation of the disease process,
the duration of the disease process ranges from a
few months to more than 20 years (Knip et al.
2010a). Our experience is that if an individual
presents with T1D in childhood, the average
duration of the asymptomatic preclinical period
is about 2.5–3 years.

Genetic disease susceptibility is conferred by
defined HLA and non-HLA genes (Fig. 1). The
HLA class II genotype has a strong impact on the
rate of seroconversion to autoantibody positivi-
ty. In the Finnish Diabetes Prediction and Pre-
vention (DIPP) study, the seroconversion rate to
positivity for two or more autoantibodies was
almost three times higher among those with
the high risk genotype (i.e., HLA DQA1�05-
DQB1�02/DQB1�0302) than in those with
moderate risk genotypes (Kukko et al. 2004).
HLAclass Ialleles mayalso influenceprogression
from the appearance of b-cell autoimmunity to
overt T1D. For example, we have observed that
among HLA DR3/DR4 heterozygous subjects
with preclinical T1D, those with the HLA B39
alleleprogress fasterand more frequently to overt
diabetes than those lacking B39 (Lipponen et al.
2010). The same effect could not be seen among
children with other HLA class II genotypes.
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Figure 1. Progression from genetic disease susceptibility to overt T1D. The appearance of signs of b-cell
autoimmunity is preceded by a proinflammatory state, the etiology of which is so far open.
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Diabetes-associated autoantibodies are mark-
ers of humoral b-cell autoimmunity. There are
at least five autoantibody reactivities including
classical islet cell antibodies (ICA), insulin au-
toantibodies (IAA), antibodies to the 65 kD iso-
form of glutamic acid decarboxylase (GADA),
the protein tyrosine phosphatase related islet
antigen 2 molecule (IA-2A) and zinc transport-
er 8 (ZnT8A); each of which has been con-
firmed to be predictive of T1D (Siljander
et al. 2009; Wenzlau et al. 2007). Persistent pos-
itivity for two or more autoantibodies is highly
predictive of progression to clinical diabetes,
whereas single autoantibody positivity may
reflect “harmless” b-cell autoimmunity (Knip
and Siljander 2008). The consensus has been
that autoreactive T cells are responsible for
the b-cell destruction resulting in overt T1D,
whereas the autoantibodies are innocent by-
standers useful as predictive markers of future
disease. The observation in patients with re-
cent-onset T1D that treatment with the anti-
CD20 monoclonal antibody targeting B cells
results in a retarded loss of endogenous insulin
secretion of the same magnitude as that seen
with therapies affecting T-cell function (Pesco-
vitz et al. 2009) challenges that concept, in part.

Recent metabolomics studies have indicated
that seroconversion to autoantibody positivity
is preceded by inflammation (Orešič et al. 2008;
Pflueger et al. 2011). The factors inducing such
a proinflammatory state are poorly defined, but
one may speculate that either a chronic viral
infection in the pancreatic islets, dietary factors,
and intestinal inflammation due to changes in
the gut microbiome alone or in combination
might contribute to this process. The role of
the gut in the pathogenesis of T1D has been
emphasized by Vaarala et al. (2008), pointing
out the complex interplay between the intesti-
nal microbiome, gut permeability, and mucosal
immunity, which may contribute to the forma-
tion of the disease.

b-cell autoimmunity may be induced early
in life (Ziegler et al. 1999; Kimpimäki et al.
2001b). Data from the DIPP study have shown
that the first autoantibodies may appear already
before the age of 3 months, that about 9% of
these children recruited from the general pop-

ulation based on increased HLA DQB1-con-
ferred risk develop persistent positivity for at
least one autoantibody by the age of 5 years,
and that close to 4% seroconvert to persistent
positivity for multiple (.2) antibodies by that
age (Kukko et al. 2005).

VIRUSES

Viral infections have been implicated in the eti-
ology of T1D for more than 100 years. More
recently, a variety of studies have suggested that
certain viruses are associated with autoimmune
diabetes in experimental animals. Seroepide-
miological human studies further indicate that
enteroviruses, in particular, play a role in pro-
gression toT1D (Hyöty and Taylor 2002; Yeng
et al. 2011). Viruses may act by at least two pos-
sible mechanisms, either via a direct cytolytic
effect, or by triggering an autoimmune process
leading gradually to b-cell destruction. Beyond
this, the role of molecular mimicry in diabetes-
associated autoimmune responses has been
indicated by the observations of structural ho-
mology between viral structures and b-cell an-
tigens. Persistent or slow virus infections may
also be important in the induction of autoim-
munity.

Enteroviruses

The enterovirus (EV) genus is part of the large
picornavirus family. They are small nonenvel-
oped RNA viruses which are the most common
viruses causing human diseases. There are more
than 100 different EV serotypes, which usually
cause mild or asymptomatic infections. How-
ever, occasionally the virus spreads to the myo-
cardium or central nervous system leading to
myocarditis, encephalitis, or paralysis. Infec-
tions are common already in very young infants,
and newborn babies are at risk of getting sys-
temic multiorgan infections, which can be fatal
(Tauriainen et al. 2011).

We have shown in the DIPP study a close
temporal association between the appearance of
the first diabetes-associated autoantibodies and
EV infections (Lönnrot et al. 2000; Oikarinen
et al. 2011). In addition, we have observed an
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obvious temporal variation in the appearance
of the first autoantibodies fitting very well into
the annual pattern of EV infections with the
highest rate in the fall and winter (Kimpimäki
et al. 2001a). These observations imply that
a diabetogenic EV infection is the most likely
trigger of b-cell autoimmunity in a substantial
proportion of cases seroconverting to autoanti-
body positivity. Subsequently, we have analyzed
in a systematic study neutralizing antibodies
to 41 EVs from the first autoantibody positive
samples in 183 DIPP children testing persis-
tently positive for two autoantibodies and in
more than 360 autoantibody-negative control
children matched with the cases for gender,
HLA genotype, and date and location of birth.
Neutralizing antibodies are serotype specific
and relatively persistent, and accordingly our
analyses reveal which infections the child has
experienced before their seroconversion. The
initial analysis revealed that the cases had had
more infections caused by Coxsackie virus B1
(CBV1) and fewer infections caused by B3 and
B6 (Laitinen et al., unpubl.). In the next step, we
analyzed the neutralizing antibodies to the six

CBV serotypes in two additional samples from
the same individuals (i.e., the samples obtained
12 and 6 months before seroconversion). The
results showed that there was an increasing odds
ratio for a CBV1 infection over time with a sig-
nificantly increased risk in the sample taken at
the time of seroconversion (Fig. 2). When the
119 cases that have progressed to clinical T1D
were analyzed in a subanalysis, the outcome was
identical. These data indicate that CBV1 is a
likely trigger of b-cell autoimmunity and of
the disease process leading to the manifestation
of clinical T1D, whereas CBV3 and CBV6 infec-
tions may be protective.

The implicated link between EV infections
and b-cell autoimmunity has been questioned,
because most of the supportive data have come
out of Finnish studies, and two other prospec-
tive studies (i.e., BABYDIAB in Germany and
the Diabetes Autoimmunity Study in the Young
(DAISY) in Denver, Colorado), failed to show
any association between EV infections and b-
cell autoimmunity (Fuchtenbusch et al. 2001;
Graves et al. 2003). There are, however, at least
three critical issues with a decisive impact on the
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Figure 2. The odds ratio for an association between a Coxsackie virus B1 infection and seroconversion to two or
more diabetes-predictive autoantibodies increases over time and is highest in the first sample with detectable b-
cell autoimmunity.
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abilityof any prospective study to provide mean-
ingful observations in this context. The first
one is the size of the study and the number of
subjects who develop signs ofb-cell autoimmu-
nity; factors clearly related to the statistical pow-
er of the study. A second critical consideration is
the study design and the sampling interval. Long
sampling intervals definitely hamper the possi-
bility to detect EVinfections from collected sam-
ples. In the BABYDIAB study Coxsackie virus
antibodies were measured from serum samples
taken at the age of 9 months, 2 years, 5 years, and
8 years, and in DAISY the samples were obtained
at the age of 9 months, 15 months, 2 years, and
then annually. In contrast, the DIPP study has a
more frequent sampling schedule, as samples are
obtained with an interval of 3–6 months over
the first 2 years of life and subsequently with
an interval of 6–12 months. The third crucial
point is related to the type of samples collected
and the methodological arsenal used for the
detection of EV infections. A more recent anal-
ysis of 140 autoantibody-positive children from
the DAISY study indicated that progression
to clinical T1D increased after an invasive EV
infection characterized by the presence of viral
DNA in blood (Stene et al. 2010). Simonen-Tik-
ka et al. (2011) reported recently that no corre-
lation was observed between the presence of EV
in stool samples and the development diabetes-
associated autoantibodies in the first year of life
in the German BABYDIET study. The series in-
cluded, however, only 22 autoantibody positive
infants.

The novel Finnish observation that CBV1 is
a diabetogenic virus needs to be confirmed in
other populations. If such studies can substan-
tiate the role of CBV1 as a risk virus, the logical
approach would be to develop a vaccine against
CBV1 to test whether such a vaccine would pro-
tect against b-cell autoimmunity and T1D.

Other Viruses

The list of other viruses implicated to be associ-
ated with T1D comprises the rotavirus, cyto-
megalovirus, mumps, rubella, Ljunganvirus,
and retroviruses (Knip and Hyöty 2008). Aus-
tralian researchers have reported molecular ho-

mology between the VP7 protein of rotavirus
and T-cell epitopes in the IA-2 molecule and
in the 65 kD isoform of GAD (Honeyman
et al. 1998, 2010). In a prospective study of
infants genetically predisposed to T1D, they
observed that the appearance of diabetes-asso-
ciated autoantibodies was associated with sig-
nificant rises in rotavirus antibodies, indicating
that rotavirus infections may induce b-cell au-
toimmunity in genetically susceptible infants
(Honeyman et al. 1999). A Finnish prospective
study showed that �16% of infants and young
children with HLA-conferred susceptibility to
T1D 1 diabetes experienced a rotavirus infection
during the 6-month window preceding the de-
tection of the first diabetes-associated auto-
antibody, whereas 15% of the control subjects
matched for gender, birth date, delivery hospi-
tal, and HLA genotype had signs of a rotavirus
infection during the corresponding time period
(Blomqvist et al. 2002). That observation failed
to support the role of rotavirus infections as trig-
gers of b-cell autoimmunity. No recent data
indicate that any of the other viruses listed could
function as a trigger of b-cell autoimmunity
and/or the diabetic disease process.

BACTERIA

A complex and vast community of symbiotic
micro-organisms inhabits the human gastroin-
testinal tract. The gut microbiome is modulated
by dietary compounds and host factors from the
early on in life. Accumulating evidence suggests
that the gut microbiome may protect from the
development of some metabolic diseases, T1D
included, by promoting intestinal homeostasis.
Wen et al. (2008) reported that specific-patho-
gen free NOD mice lacking the MyD88 protein,
which is an adaptor for multiple innate immune
receptors, do not develop autoimmune diabe-
tes. They also showed that the effect was depen-
dent on commensal microbes because germ-
free MyD88-negative NOD mice did develop
robust diabetes, whereas colonization of these
mice with a defined microbial consortium rep-
resenting a bacterial composition normally pres-
ent in the human intestine decreased the inci-
dence of diabetes.
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A small U.S.-Finnish study including four
DIPP children who eventually progressed to
clinical T1D and four matched autoantibody-
negative controls studied the intestinal micro-
biome in stool samples obtained before and at
seroconversion to autoantibody positivity and
close to the diagnosis of overt T1D in the cases
and at corresponding ages in the control chil-
dren (Giongo et al. 2011). The study showed
that the progressors developed a microbiome
that was less diverse and stable than that seen
in the healthy controls. A more detailed analysis
of the intestinal microbiome in these children
revealed that nonbutyrate-producing lactate-
utilizing bacteria prevented optimal mucin
synthesis in the progressors, whereas a consor-
tium of lactate- and butyrate-producing bacte-
ria induced a sufficient amount of mucin syn-
thesis in the controls to maintain gut integrity
(Brown et al. 2011).

In a recent study on the metabolic regula-
tion during progression to autoimmune dia-
betes in NOD mice (Sysi-aho et al. 2011), we
observed that female NOD mice, which later
progressed to autoimmune diabetes, showed
the same metabolic pattern as that seen in chil-
dren with preclinical T1D (Oresic et al. 2008).
The metabolic changes were accompanied by a
decreased gut microbial diversity of the Clos-
tridium leptum group. This observation is inter-
esting as microbes from the Clostridium leptum
group have been reported to induce regulatory
T cells in the colonic mucosa (Atarashi et al.
2011). Accordingly, a reduced Clostridium lep-
tum diversity may result in a decreased number
and function of regulatory T cells promoting
the autoimmune response.

DIETARY FACTORS

As previously mentioned observations from
prospective birth cohort studies indicate that
the first signs of b-cell autoimmunity may be
induced already during the first year of life and
in most cases, who present with clinical T1D in
childhood, before the age of 3 years. This im-
plies that environmental risk factors for b-cell
autoimmunity and T1D must be operative in
that time period, during which early nutrition

provides essential exogenous exposures (Knip
et al. 2010b).

Breastfeeding and Complementary Feeding

Whether breastfeeding protects against T1D or
not has remained a controversial issue. There
are studies showing a protective effect, no effect,
or even a predisposing effect (Virtanen and
Knip 2003). A series of prospective studies ex-
ploring the association between breastfeeding
and the emergence of b-cell autoimmunity
have reported that breastfeeding has no impact
(Norris et al. 2003, Ziegler et al. 2003; Virtanen
et al. 2006). There are, however, some studies
indicating that short breastfeeding is a risk fac-
tor for the appearance of signs of b-cell auto-
immunity (Kimpimäki et al. 2001b; Holmberg
et al. 2007). There may be several reasons to
these contradictory findings. Many studies have
been looking at overall breastfeeding without
any differentiation between exclusive and total
breastfeeding. In addition, there are conspicuous
differences in the breastfeeding practices between
various countries.

Early introduction of cow’s milk proteins
(i.e., conventional infant formulas) has also
been studied in relation to subsequent risk
of b-cell autoimmunity and clinical disease.
The introduction of infant formula reflects in
general the mirror of the duration of exclusive
breastfeeding. These studies have also produced
contradictory outcomes (Virtanen and Knip
2003), mainly in that respect that some surveys
have indicated that early introduction of cow’s
milk increases the risk of b-cell autoimmunity
(Kimpimäki et al. 2001b; Holmberg et al. 2007)
and T1D (Virtanen et al. 1991, 1993; Kostraba
et al. 1993), whereas others have found no
association between those two phenomena
(Wadsworth et al. 1997; The EURODIAB Sub-
study 2 Study Group 2001). When studying at
the same time the effect of the duration of
breastfeeding and age at introduction of cow’s
milk, early exposure to cow’s milk turned out to
be the dominant risk determinant of T1D in a
Finnish national case-control study (Virtanen
et al. 1993). Again, there may be several ex-
planations for the discrepant results. Although
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milk formula is in most cases the first foreign
food an infant is exposed to all over the world,
there is variation between countries and cul-
tures in the proportion of babies first intro-
duced to milk-based formulas. In addition,
there are geographical differences in what kind
of foreign foods those infants are given who are
not first exposed to milk formula. For example,
a substantial proportion of babies in the United
States are first given cereals while this is ex-
tremely rare in Finland (Norris et al. 2003;
Virtanen et al. 2006). The use of partly or ex-
tensively hydrolyzed formulas in normal infants
varies considerably from country to country,
and this can be expected to be an important
confounder, when analyzing the association be-
tween introduction of cow’s milk and the devel-
opment of b-cell autoimmunity and T1D.

Two prospective studies have reported that
there is an association between the introduc-
tion of cereals in infancy and the emergence of
early b-cell autoimmunity. The American re-
port suggested that both early (before the age
of 4 months) and late exposure (at the age of
7 months or later) to cereals were associated
with an increased risk of b-cell autoimmunity
(Norris et al. 2003), whereas the German study
implied that an increased risk was related to
exposure to cereals before the age of 3 months
(Ziegler et al. 2003). In addition the U.S. survey
indicated that both gluten-containing and
nongluten-containing cereals conferred an in-
creased risk for b-cell autoimmunity. Early ex-
posure to cereals is against generally accepted
recommendations on infant nutrition in all de-
veloped countries and occurs only infrequent-
ly. For example, Finnish babies are rarely ex-
posed to cereals before the age of 4 months. A
prospective analysis of data from the DIPP study
showed no relationship between early or late
introduction of cereals and emergence of ad-
vanced b-cell autoimmunity (Virtanen et al.
2006).

Our analysis based on the DIPP study
showed that early introduction of fruits and
berries as well as of roots is associated with in-
creased risk for advanced b-cell autoimmunity
(i.e., positivity for � two autoantibodies out of
four analyzed) (Virtanen et al. 2006). A very

recent study including more subjects with two
or more diabetes-associated autoantibodies (n
¼ 232) from the DIPP cohort confirmed that
a high intake of fruit and berry juices was asso-
ciated with an increased risk of advanced b-
cell autoimmunity (Virtanen et al. 2012). That
study showed also that the intake of milk-based
infant formulas as well as subsequent intake of
milk products increased modestly the risk of
seroconversion to two or more autoantibodies.

Stene et al. (2008) reported in 2003 that the
use of cod liver oil during the first year of life was
related to a reduced risk of T1D. Such an asso-
ciation could, however, not be confirmed in a
later study. Cod liver oil is composed of high
concentrations of both vitamin D and omega-
3 polyunsaturated fatty acids. A case-cohort
analysis based on the DAISY study indicated
that the intake of omega-3 fatty acids between
the ages of 1 and 6 years was associated with a
decreased risk of- b-cell autoimmunity (Norris
et al. 2007).

Only a few pilot intervention trials modify-
ing infant nutrition have been performed so
far. In the pilot of the Trial to Reduce IDDM
in the Genetically at Risk (TRIGR), 230 Finnish
infants with HLA-conferred susceptibility to
T1D were randomized to weaning to either an
extensively hydrolyzed formula or a conven-
tional cow’s milk based formula before the age
of 6–8 months. During the intervention period
the families were recommended not to give any
food products containing cow’s milk or bovine
serum albumin to their infant. The intervention
resulted in a postponement of the introduction
of intact cow’s milk proteins by several months
in the active intervention group. After follow-
up to a median age of 10 years it turned out that
the nutritional intervention in infancy resulted
in a decrease in most signs of b-cell autoimmu-
nity in the range of 50%–60% (Knip et al.
2010c). There was a significant reduction in the
cumulative incidence of ICA, IA-2A, and posi-
tivity for at least one of the five autoantibody
reactivities analyzed. This suggests that it may
be possible to manipulate spontaneous b-cell
autoimmunity by a relatively simple and safe
intervention in the infant period. The full-scale
TRIGR study is now running in 15 countries
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with 2159 randomized participants. The first
end-point, positivity for two or more diabe-
tes-associated autoantibodies and/or clinical
T1D by the age of 6 years, will be reached in
2013 and the final endpoint, overt T1D by the
age of 10 years, will be reached in 2017 (The
TRIGR Study Group 2011).

The German BABYDIETstudy was initiated
to explore whether delaying the introduction of
gluten beyond 12 months of age will reduce the
risk of b-cell autoimmunity in young children
at increased risk of T1D. The recently reported
outcome revealed that there was no difference in
the cumulative incidence of diabetes-associated
autoantibodies or clinical T1D between the late-
exposure and control group (Hummel et al.
2011). A TrialNet-based pilot trial, called “The
Nutritional Intervention for the Prevention of
Type 1 Diabetes (NIP)” was initiated some years
ago to test the feasibility of a full-scale trial ad-
dressing the hypothesis that dietary supplemen-
tation with an omega-3 fatty acid (docosahexa-
enoic acid [DHA]) during fetal life and in
infancy will prevent b-cell autoimmunity in
at-risk infants. Ninety-eight infants have been
enrolled in the pilot trial and they will be ob-
served up to the age of 4 years (Chase et al.
2009). Inflammatory mediators, including cy-
tokines, chemokines, eicosanoids, and C-reac-
tive protein, are measured along with fatty acids
in maternal and infant blood.

Bovine Insulin as a Candidate for the
Role of Driving Dietary Antigen in
T1D Development

There is no direct evidence of an exogenous an-
tigen driving the T1D disease process from ini-
tial b-cell autoimmunity to clinical disease. Ac-
cordingly, this idea is based on indirect data and
parallels with celiac disease and it has to be crit-
ically assessed. In general terms, one may argue
that the driving antigen must represent a rela-
tively common exposure among the population
in most developed countries, and one can also
assume that there must be some variability in
the exposure within and across populations.

Celiac disease provides interesting angles of
approach to these issues. The causal link be-

tween wheat and celiac disease was only uncov-
ered through (unplanned) intervention: the
wheat-deficient World War II diet in the Nether-
lands combined with its postwar improvement
identified a culprit autoimmune disease causing
agent: dietary gluten (Streng 1946). Without
that experience, gluten would have remained
most likely unidentified as the driving dietary
antigen in celiac disease. It has been proposed
that the HLA association in celiac disease, in
which HLA DR3-DQ2 is the dominant suscep-
tibility haplotype, can be explained by a superior
ability of the DQ2 molecule to bind proline-rich
gluten peptides that have survived gastroin-
testinal digestion and have been deamidated by
tissue transglutaminase (Kim et al. 2004). This
brings up two thought-provoking points. First,
the most important autoantigen in celiac disease
(tissue transglutaminase) seems to have a bio-
logical function in the disease process, and sec-
ondly the exogenous antigen (gluten) must be
processed in a critical manner, in this case de-
amidated, before it is bound by the predisposing
HLA molecule to be presented to T cells.

Insulin is a crucial autoantigen in T1D as
it is the only b-cell specific autoantigen in
postnatal life. IAA are the first or among the first
autoantibodies to appear when the disease
process leading to T1D is initiated in young
children (Ziegler et al. 1999; Kimpimäki et al.
2001a). The frequency of IAA is also substan-
tially higher among young children at the diag-
nosis of T1D than among older children and
adults (Sabbah et al. 2000). As cow’s milk for-
mulas generally are the first and most common
dietary source of foreign, complex proteins that
an infant is exposed to in developed countries,
we asked the question whether early exposure to
conventional formula results in an immune re-
sponse to bovine insulin present in formulas
and differing from human insulin by three ami-
no acids, two in the A chain and one in the B
chain. Our study showed that the infants who
were exclusively breast-fed at least up to the age
of 3 months had substantially lower IgG class
antibodies to bovine insulin than those who
were exposed to formula before that age (Vaar-
ala et al. 1999). All subjects were observed up to
the age of 18 months. The follow-up showed
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that the IgG class insulin antibodies started to
slowly decrease after the age of 3 months as a
sign of the development of oral tolerance in
those infants who were given formula before
the age of 3 months. In contrast, in those exclu-
sively breast-fed at least to the age of 3 months,
the antibody levels increased up to the age of 12
months, and thereafter they leveled off. That
antibody profile was expected, since these in-
fants were exposed to cow’s milk-based prod-
ucts, mostly formula, at some point during their
first year of life. The study cohort included a
small series of subjects (n ¼11) who developed
early signs of b-cell autoimmunity. These sub-
jects showed continuously increasing levels of
IgG antibodies to bovine insulin. This increase
may partly be explained by the appearance of
IAA, because there is a considerable cross-reac-
tivity between bovine and human insulin in the
insulin antibody assays. The increase in IgG an-
tibodies to bovine insulin remained, however,
significant, even after adjustment for the IAA
titers. Our observation indicates that those
young children who present with early signs of
b-cell autoimmunity appear to lack the capacity
to develop oral tolerance to bovine insulin. Ac-
cordingly, the initial immune response to bovine
insulin may later be diverted into a response
targeting human insulin in such individuals.

Are there any data suggesting that increased
exposure to cow’s milk later in childhood might
confer increased risk for T1D? Data from three
population-based case-control studies on cow’s
milk intake prior to diagnosis of T1D are con-
flicting. Verge et al. (1994) reported that the
cow’s milk intake had been higher in prediabetic
children than in control children in New South
Wales, Australia. In our nationwide “Childhood
Diabetes in Finland” (DiMe) study, we observed
that high consumption of cow’s milk in child-
hood was associated with a more frequent ap-
pearance of diabetes-associated autoantibodies
and T1D in a prospective cohort of initially un-
affected siblings of children with T1D (Virtanen
et al. 1998). In contrast, a Swedish retrospective
survey indicated that the frequency of milk in-
take had been lower among children who pre-
sented with T1D than among unaffected chil-
dren (Dahlquist et al. 1990).

Recent observations support the role of bo-
vine insulin as a driving antigen in the disease
process leading to overt T1D. As mentioned
earlier a study based on the largest series of au-
toantibody-positive children analyzed so far
showed that a high intake of milk products in-
creases the risk of advanced b-cell autoimmu-
nity in young at-risk children (Virtanen et al.
2012). A pilot intervention trial with weaning to
an insulin-free formula has been performed in
Finland among infants with HLA-conferred
susceptibility to T1D. Follow-up data to the
age of 3 years show that weaning to such a for-
mula during the first 6 months of life reduced
the cumulative incidence of diabetes-predictive
autoantibodies by more than 60% when com-
pared to infants weaned to a conventional for-
mula (Vaarala et al., 2012).

Gluten or other cereal-derived proteins have
been implicated as potential driving antigens in
T1D. Two small-scale pilot intervention studies
have been performed in family members testing
positive for diabetes-associated autoantibodies
to assess whether gluten elimination modifies
the natural course of b-cell autoimmunity. In
neither of the trials did the autoantibody titers
change significantly during the gluten-free in-
tervention period or during the re-exposure pe-
riod (Hummel et al. 2002; Pastore et al. 2003). In
addition, the BABYDIET trial reported that de-
layed exposure to gluten in young at-risk chil-
dren had no effect on the appearance of diabetes-
associated autoantibodies by the age of 3 years.

Vitamin D

Some studies have indicated that the lack of
vitamin D supplementation in infancy increases
the subsequent risk of T1D. A European case-
control study (The EURODIAB Substudy 2
Study Group. 1999) from seven centers indicat-
ed that supplementation with vitamin D result-
ed in a reduced risk of T1D. A Finnish birth
cohort study reported that both regular and ir-
regular high-dose supplementation with vita-
min D in infancy (2000 IU/day at that time
vs. 400 IU/d currently) was associated with a
decreased disease risk when compared to no
supplementation (Hyppönen et al. 2001). A
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meta-analysis based on five studies concluded a
few years ago that vitamin D supplementation
in early childhood is associated with a decreased
diabetes risk (Zipitis and Akobeng 2008).

There are, however, a few arguments that
speak against a critical role of vitamin D defi-
ciency in the development of b-cell autoimmu-
nity and T1D. One consideration is that there is
a general recommendation that all young chil-
dren should be substituted with daily vitamin
D drops in northern Europe, the area with
the highest incidence of childhood T1D in the
world, and this recommendation is implement-
ed by about 80% of the parents at least up to the
age of 1 year (Räsänen et al. 2006). In addition
there are a few regions with a low incidence of
T1D in northern Europe, e.g., Russian Karelia
having an annual incidence rate of 7.8/100,000
children under the age of 15 years in the time
period 1990–1999 compared to that of 42 in
Finland (Kondrashova et al. 2005), whereas we
found no significant differences in the circulat-
ing vitamin D concentrations in pregnant wom-
en and schoolchildren between Russian Karelia
and Finland (Viskari et al. 2006). A recent report
based on the DAISY study showed that neither
vitamin D intake nor circulating 25(OH)D con-
centrations throughout childhood were associ-
ated with increased risk of b-cell autoimmunity
or progression to T1D (Simpson et al. 2011).

Other Dietary Factors

The DAISY Study analyzed whether dietary gly-
cemic index and glycemic load was associated
with the development of signs of b-cell autoim-
munity and further progression to clinical T1D.
The data showed no association between dietary
glycemic index or load and seroconversion to
autoantibody positivity, but a higher glycemic
index was associated with a more rapid pro-
gression from seroconversion to overt disease
(Lamb et al. 2008)

Linear Growth and Weight Gain

Accelerated linear growth and weight gain result
in an enhanced b-cell load and increasing insu-
lin resistance (Hindmarsh et al. 1988). It has

been shown experimentally that active b cells
are more prone to cytokine-induced damage
than resting cells (Palmer et al. 1989). Taken
together these observations imply that rapid
growth induces b-cell stress. According to the
accelerator hypothesis presented by Wilkin in
2001, insulin resistance is an important factor
affecting the rising incidence of both T1D and
type 2 diabetes, the only differences between
these two forms of diabetes being the pace of
progression to overt disease and the fact that
those who present with T1D carry genetic sus-
ceptibility to autoimmunity.

Increased weight gain in infancy has repeat-
edly been reported to be a risk factor for T1D
later in childhood (Knip et al. 2005). Finnish
studies have shown that those children who pre-
sented subsequently with T1D were not only
heavier but also taller already in infancy, al-
though there were no significant differences in
birth weight or length (Hyppönen et al. 1999,
2000). Data from the DAISY study suggest that
accelerated height velocity may play a role in the
progression from both genetic diabetes suscep-
tibility to b-cell autoimmunity, and further to
overt T1D in prepubertal children (Lamb et al.
2009).

INTERACTIONS

We have to keep in mind that we most likely have
a complex interplay between various phenom-
ena involved in the development of b-cell
autoimmunity and T1D. There are definitely
gene–gene, gene–environment, and environ-
ment–environment interactions during the
disease process resulting in overt T1D. We
have just started to learn about such interac-
tions, and new insights into the disease process
may be gained by exploring the interplay be-
tween the determinants contributing to the
pathogenesis of T1D.

In the DIPP study we have observed an in-
teraction between the polymorphism in the
PTPN22 gene and infant feeding. The predis-
posing PTPN22 polymorphism was associated
with a higher rate of seroconversion to positiv-
ity for diabetes-predictive autoantibodies and
progression to clinical T1D only among those
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subjects who had been exposed to conventional
infant formulas before the age of 6 months
(Lempainen et al. 2009). No such effect was
seen among the children exposed to cow’s milk
formula on the first occasion after the age of 6
months. In another study based on the DIPP
cohort, we found an interaction between two
environmental factors; namely, early EV expo-
sure and infant feeding. An association between
an earlyenterovirus infection (i.e., before the age
of 12 months) and subsequent seroconversion
to two or more diabetes predictive autoantibod-
ies could be observed among those cases who
were exposed to conventional formula before
the age of 3 months, but not among the remain-
ing children (Lempainen et al. 2012). More work
has definitely to be done to identify gene–gene,
gene–environment, and environment–envi-
ronment interactions in the development of pre-
clinical and clinical T1D.

CONCLUDING REMARKS

The identification of environmental trigger(s)
of b-cell autoimmunity and T1D is still in its
early beginnings. The identification of exoge-
nous factors triggering and driving b-cell de-
struction offers a potential means for interven-
tion aimed at the prevention of T1D. Therefore,
it is important to pursue studies on the role
of environmental factors in the pathogenesis
of this disease. Environmental modification
is likely to offer the most powerful strategy for
effective prevention of T1D, because such an
approach can target the whole population or
at least that proportion of the population car-
rying increased genetic disease susceptibility;
therefore, preventing both sporadic and familial
T1D, if successful. This consideration is crucial,
because the sporadic cases comprise 83%–98%
of all children with newly diagnosed diabetes
according to a comparative European survey
(The EURODIAB ACE Study Group and The
EURODIAB ACE Substudy 2 Study Group.
1998). The results of the second pilot study of
the TRIGR project suggest that it is possible
to manipulate the spontaneous appearance of
b-cell autoimmunity by dietary modification
early in life in high risk individuals, thereby

representing the first indication that environ-
mental modification may affect the natural his-
tory of preclinical T1D (Knip et al. 2010c).

More research is definitely needed to delin-
eate the contribution of environmental factors
and their interactions with predisposing and/
or protective genes to the development of b-cell
autoimmunity and overt T1D. The interplay be-
tween different environmental factors has to be
mapped and the mechanistic pathways have to
be defined. New approaches, such as metabolo-
mics, epigenomics, and metagenomics should
be applied creatively and without any prejudice
to facilitate progress in this area.
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Kimpimäki T, Erkkola M, Korhonen S, Kupila A, Virtanen
SM, Ilonen J, Simell O, Knip M. 2001b. Short exclusive
breast-feeding predisposes young children with increased
genetic risk of type 1 diabetes to progressive b-cell auto-
immunity. Diabetologia 44: 63–69.

Knip M. 2011. Pathogenesis of type 1 diabetes: Implications
for incidence trends. Horm Res 76: 57–64.
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