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Abstract Type 1 diabetes is an autoimmune disease
characterized by the destruction of insulin-producing pan-
creatic f-cells. Even though extensive scientific research
has yielded important insights into the immune mecha-
nisms involved in pancreatic f-cell destruction, little is
known about the events that trigger the autoimmune pro-
cess. Recent epidemiological and experimental data
suggest that environmental factors are involved in this
process. In this review, we discuss the role of viruses as an
environmental factor on the development of type 1 diabe-
tes, and the immune mechanisms by which they can trigger
or protect against this pathology.
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Introduction

Type 1 diabetes (T1D) is an organ-specific autoimmune
disease characterized by the destruction of f-cells within
the islets of Langerhans in the pancreas. Once 80-90 % of
the f-cells have been destroyed, insulin production
becomes insufficient, resulting in hyperglycemia. T1D is
considered a childhood disease because most patients
develop T1D by 20 years of age, and accounts for 1-5 %
of all diabetes cases. Studying diabetes is often difficult
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because its development is very heterogeneous among
patients. In some diabetic patients, it can develop rapidly
without clear signs of autoimmunity, such as the presence
of autoantibodies [1]. Other patients can have a subclinical
phase of various durations, characterized by the presence of
autoantibodies and autoreactive T cells recognizing islet
antigens before the onset of overt diabetes [2]. Further-
more, some patients can harbor islet autoantibodies for
many years without ever progressing to T1D [3]. The cir-
culating autoantibodies and autoreactive T cells mostly
target f-cell antigens such as proinsulin, glutamic acid
decarboxylase (GAD), tyrosine phosphatase IA-2, islet-
specific glucose-6-phosphatase catalytic subunit related
protein (IGRP) and chromogranin A [4]. It is not yet clear
what initiates the breakdown of tolerance towards f-cells,
but genetic and environmental factors have been impli-
cated, both alone and in synergy.

Relationship between genetics, environment,
and autoimmune diabetes

The frequency of autoimmune diseases has increased in
recent decades. This rise includes both allergic diseases
such as asthma, whose incidence has more than doubled
since 1980 in the United States of America, rhinitis and
atopic dermatitis [5, 6], and autoimmune diseases such as
T1D [7, 8], multiple sclerosis [9] and Crohn’s disease [10].
The annual increase in the frequency of T1D is estimated to
be 3 % [11], although its global distribution is not
homogenous. In fact, the distribution of many autoimmune
diseases forms a gradient with the highest frequency in the
north, which decreases towards the south of the northern
hemisphere and from the south to the north in the southern
hemisphere [12]. Such gradients have been observed for
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multiple sclerosis in the United States of America and
Australia [13, 14] and for T1D, with the Canadian province
of Newfoundland and Labrador and European countries
having the highest rates [15]. In Europe, the highest inci-
dence was observed in Nordic countries [16], with Finland
being on top of the list (40.9/100,000/year) followed by
Sweden (30/100,000/year) and Norway (20.8/1,000,000/
year) while in most Asian countries the incidence was
lower than 1/100,000/year. [17]. Genetic and environ-
mental factors have been proposed to explain these
differences and are discussed in this review.

Genetics

The development of T1D is under genetic control. Type 1
diabetes is particularly common in families with one or
more diabetic siblings or first-degree relatives [18] and
there is a high (40-60 %) concordance of diabetes in
identical twins [19, 20]. More than 40 disease-suscepti-
bility genetic loci have been identified in T1D, which
include the genes coding insulin, cytotoxic T lymphocyte
antigen (CTLA)-4, interleukin (IL)-2 receptor a, the tyro-
sine phosphatase PTPN22 and the intracellular viral RNA
sensor IFIH1 [21]. However, the strongest risk for T1D is
associated with HLA loci, also known as IDDM1 (insulin-
dependent diabetes mellitus locus), particularly the HLA
class IT DR and DQ alleles, which is found in around 40 %
of cases, although these loci can also confer protection
against T1D. Interestingly, European countries with the
highest incidence of T1D, such as Finland or Sardinia, also
have the highest frequency of T1D-predisposing major
histocompatibility complex (MHC) class 1I alleles, HLA
DR3/4-DQ8 [22]. However, not all individuals carrying a
susceptibility allele develop T1D, and the susceptibility
alleles can have different effects in different nations. For
example, while DR3/4-DQ8 alleles confer increased risk in
Bahraini Arabs, they actually play a neutral role in the
Lebanese population [23]. Meanwhile, Japanese individu-
als carry both susceptibility and protective alleles, and it is
the balance between these alleles that contributes to the
low incidence of T1D in Asia [24]. Thus, the distribution of
different HLA alleles at least partly accounts for the dif-
ferences in T1D incidence worldwide; however, other
factors are also involved. For example, the frequency of
susceptibility and protective HLA-DQ alleles is similar
among children from Finland and Karelia, a neighboring
region in Russia; however, the incidence of T1D in Finland
is six times higher than that in Karelia [25]. Similarly,
while the frequency of various alleles does not differ
between Baltic States and Nordic countries, the incidence
of T1D is higher in Nordic countries [26]. There is also a
difference in the incidence of T1D between eastern and
western Germany, even though both populations share the
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same genetic background. Another striking observation
concerns immigrant families. First-generation Pakistani
children born in the United Kingdom have a similar rate of
TI1D as the local population (11.7/100,000/year), but this
is ten times higher than in the incidence in Pakistan
(1/100,000/year) [27]. Another recent study showed that
children with non-Swedish parents but living in Sweden
have an increased risk of T1D compared to children in their
native countries [28]. All of these observations support the
role of non-genetic factors in the etiology of T1D. Nev-
ertheless, the genetic background is important because the
incidence of T1D in Sardinian families migrating to a
country with a lower incidence of T1D remains high,
similar to that in their native Sardinia [29, 30]. Clearly,
genetic susceptibility is a very strong factor underlying the
development of T1D, but external factors might play a
decisive role in either inducing or protecting against T1D.

Environment

Itis clear that genetics is a risk factor that accounts for at least
some of the pattern of T1D distribution; however, it cannot
explain the rapid worldwide increase estimated to be 3 % per
year [31]. If this rise was solely dependent on genes, one
would expect an increase in the frequency of predisposing
HLA alleles among newly diabetic patients. However, this is
not the case. In fact, the frequency of susceptibility alleles
has actually decreased while that of protective HLA alleles
has increased among newly diagnosed children [32, 33].
Therefore, the role of changing environmental factors has
been proposed and examined in epidemiological and animal
studies. As a result, epidemiological studies have suggested
an association between the incidence of T1D and socio-
economic status, which reflects the exposure to microbial
agents and dietary habits. Sun exposure and vitamin D intake
have also been proposed to influence T1D onset.

Socio-economic status and the role of infectious diseases

The European north—south gradient not only correlated
with T1D distribution but also with the degree of devel-
opment and national growth income of the countries in
Europe. The richest and most developed countries have the
highest incidence of T1D [34]. There are numerous dif-
ferences between poor and rich countries, and one
particularly interesting finding relevant for TID is the
increase in hygiene and decrease in infection because both
phenomena are very recent. Developed countries have
better hygiene because they invest in general cleanliness of
cities, in education, and in medical care such as vaccina-
tion. These approaches have eliminated the favorable
niches where pathogens used to proliferate, such as sewage,
thus limiting the numbers of pathogens. In addition, if an
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infection occurs, its spread is often better controlled
through greater accessibility to drugs and campaigns aimed
at instilling people to follow basic rules of hygiene, such as
frequent hand washing. Consequently, people are no longer
exposed to the wide variety of pathogens that they used to
be, and the age at which children encounter such pathogens
has increased. Consistent with these observations, the
increasing frequency of immune-mediated diseases such as
TID, allergy, and asthma in Europe has been correlated
with the decreasing rate of infections with enteroviruses,
tuberculosis, and hepatitis B or C viruses.

In 1989, David Strachan, a scientist studying the rela-
tionship between autoimmune hay fever, hygiene, and
household factors, proposed that frequent encounters with
parasites, bacteria, and viruses in early childhood favor the
development of a balanced immune system [35]. Other-
wise, the untrained immune system may develop
inappropriate immune reactions to the self, thus provoking
autoimmune diseases. His proposal was later coined
“Hygiene Hypothesis”, and has since been applied to
numerous autoimmune and inflammatory diseases includ-
ing T1D, multiple sclerosis, Crohn’s disease, inflammatory
bowel disease, allergy, and asthma. This hypothesis is
supported by the observation that, in large families, the
incidence of T1D is lower among the youngest children
than in their oldest siblings, possibly because the youngest
children are more exposed to pathogens brought home by
their siblings. Most importantly this happens from a very
young age. In a similar way, children who attend daycare
less frequently develop autoimmune diseases compared to
children who are kept at home and who do not socialize
with other children as much.

Protective role of parasitic and bacterial infections

Parasites and bacteria can inhibit the development of T1D in
animal models [36]. For example, infection with Schisto-
soma mansoni or injection of S. mansoni egg soluble antigen
(SEA) prevents T1D in non-obese diabetic (NOD) mice [37].
Treatment with SEA induces a shift in the cytokine profile of
dendritic cells (DCs) that produce less pro-inflammatory
interleukin IL-12 and more suppressive tumor growth factor
(TGF)-f. Schistosoma mansoni soluble egg antigen also
promotes the differentiation of type 2 macrophages and the
skewing of T lymphocytes towards the production of IL-4
and IL-10 [38]. Gastrointestinal parasites, such as Trichi-
nella spiralis or Heligmosomoides polygyrus, can also
inhibit the development of diabetes in NOD mice by
diminishing insulitis, inducing the secretion of cytokines
such as IL-4, IL-10, and IL-13, and skewing T lymphocyte
responses towards a T helper (Th)2 profile [39, 40]. Infection
with the nematode filarial activates Th2 T cells and FoxP3™*
Tregs and protects NOD mice from T1D [41]. These mice are

also protected from T1D by Salmonella infection, which
upregulates the inhibitory programmed cell death one ligand
one (PD-L1) receptor [42]. Recent studies have also high-
lighted the role of the gut microbiota in regulating the
development of T1D in NOD mice [43]. Infection with a
laboratory strain of Mycobacterium avium induced the
expression of the death receptor Fas on autoreactive T
lymphocytes, which enhanced their killing by other immune
cells [44, 45]. Interestingly, the M. avium subspecies para-
tuberculosis is currently a focus of research as a possible
trigger of T1D in humans [46—48]. Since many pathogens
can prevent T1D, elucidation of the underlying mechanisms
will provide new knowledge that could be used to develop
therapeutic strategies to protect against T1D.

Cow’s milk

Early introduction of cow’s milk into the diet of children has
been proposed to trigger T1D. Enhanced expression of
antibodies to cow’s milk was observed in children who later
develop T1D [49]. Elliott et al. [S0] compared the con-
sumption of milk proteins in 14 different countries and found
that the incidence of diabetes increased with increasing
consumption of milk protein f-casein A1 and the B variants,
with Nordic countries having the highest intake. Iceland,
where the consumption of these two proteins is lower than in
Nordic countries, has a lower incidence of T1D despite
similar environmental conditions [51]. Other milk proteins
such as lactoferrin, bovine serum albumin, and immuno-
globulin against bovine insulin are considered harmless [52].
However, other studies found no such associations and the
causative role of cow’s milk remains unconfirmed. It is
possible that the increased consumption of cow’s milk in
young infants simply reflects the decreased tendency
towards breastfeeding in wealthy Western countries.

Wheat and gluten

Type 1 diabetes and celiac disease, an immune disorder
characterized by intolerance to gluten present in some
cereals, share several common susceptibility HLA alleles
and non-HLA alleles, such as CTLA-4 and C—C chemokine
receptor type 5 [53]. Celiac disease is more frequent among
T1D patients than in control subjects [54]. Therefore,
dietary gluten was proposed as a link between the gut,
immune activation in gut-associated lymphoid tissues, and
the development of T1D. The German Babydiab Study of
more than 1,600 children with T1D parents showed that the
introduction of gluten before 3 months of age increased
islet autoantibody risk [55]. The Babydiab investigators are
currently investigating whether eliminating gluten in
genetically susceptible newborns during the first year of
life can delay or decrease T1D incidence.
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Sun and vitamin D

The distribution of T1D along the north-south gradient is
correlated with exposure to sunlight and, consequently, the
amount of vitamin D produced in the presence of solar ultra-
violet B rays. Vitamin D was suggested to play a protective
role because of its immunosuppressive capacity, and countries
with greater solar exposure and enhanced vitamin D synthesis
generally show a reduced incidence of T1D [56-59]. Mohr
etal. [60] reported that each time the daily recommended dose
of vitamin D was lowered in Finland (from 4,500 to 2,000 IU
in 1960s, to 1,000 IU in 1975, and to 400 IU in 1992),
the incidence of T1D increased sharply. However, other
researchers have presented contradictory results.

Dietary supplementation of vitamin D in pregnancy or in
the first year of life in children with little sun exposure was
reported to reduce the risk of T1D in some studies, but not
all [61-65]. Importantly, sunlight exposure cannot explain
the differences in T1D in adjacent Finland and Karelia or in
eastern and western Germany, where sunlight exposure is
the same. Moreover, the incidence of T1D in Sardinia
remains high, despite high sunlight exposure. Therefore,
the contribution of this factor to the development of T1D
remains under investigation.

Role of viruses in T1D

Viruses have been documented as possible causative agents
of T1D in humans, and can act via numerous mechanisms.
One of these mechanisms is molecular mimicry in which a
pathogen-derived peptide shows sequence homology with
a self-peptide and the host’s T cells mistakenly attack

self-tissue. Another mechanism is bystander activation of T
cells. Viral infection can provoke significant inflammation
and destruction of its target tissue with subsequent release
of autoantigens that can activate autoreactive T cells.
Inflammation can also induce stress in the endoplasmic
reticulum, causing misfolding of proteins and the creation
of new autoantigens. Even if the initial amount of auto-
antigen released is minimal, the small pool of autoreactive
T cells, by killing target cells, could provoke the release of
normally sequestered autoantigens from fj-cells, a process
known as antigen spreading [66].

Viruses can also protect against T1D by several mecha-
nisms. First, when an organism is subjected to repetitive
infections, its resources can be used in priority for the
expansion and action of antipathogenic immune cells, which
limits resources available for autoreactive cells and may
therefore control their numbers and activation [67, 68, 12].
Second, natural selection has made some pathogens able to
modify or dampen the host’s immune responses to promote
their own survival. For example, some viruses can alter the
functions of macrophages and antigen-presenting cells
[69, 70] while other viruses induce the proliferation and
differentiation of regulatory T cells (Tregs) [71, 72]. These
mechanisms favor the maintenance of peripheral tolerance
and prevent T1D onset. Moreover, not only pathogens can
directly alter the immune system, but the human body can
also promote immune regulatory mechanisms to avoid
exacerbated responses that could damage host tissues.

Viruses and acceleration of T1D

Several murine and human viruses such as rubella, mumps,
rotavirus, and cytomegalovirus (CMV) can trigger the

Virus induced acceleration of T1D

Encephalomyocarditis D_virus

Indirectislet destruction
by macrophages

Macrophage
Macrophage

Islet destruction by
IL-1B, TNF-a, iNOS

Fig. 1 Virus-induced acceleration of T1D. Viruses can accelerate
TID by inducing immune cells such as macrophages to produce
proinflammatory cytokines that can kill pancreatic f-cells or by
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development of diabetes (Fig. 1). It is important to note that
the induction of diabetes by these viruses involves various
mechanisms, and the detection of anti-islet autoimmune
responses remains elusive for rubella and mumps. The asso-
ciation with a particular HL A allele and/or the identification of
antigenic epitopes shared by viruses and islet antigens sug-
gests that specific anti-islet responses could occur.

Infection with rubella in the first trimester of pregnancy
was associated with a 20 % higher incidence of diabetes in
children born with congenital rubella infection [73]. A
relationship between rubella and diabetes has been shown
in rabbits and hamsters [73, 74]. In New York, the inci-
dence of diabetes increased after a rubella epidemic
affecting mostly genetically predisposed children. In a
cohort of over 200 infected patients, there was a decrease
in the frequency of the HLA-DR?2 allele and an increase in
the HLA-DR3 allele among diabetic patients [75].
Molecular mimicry between human GADG65 and rubella
virus protein was suggested as a triggering factor [76].
Despite the possible influence of HLA alleles and the
described epitope mimicry, rubella-induced diabetes might
differ from classical T1D since rubella infection affects
many other organs as well [77].

Mumps virus infection was suggested to be associated
with the presence of pancreatic autoantibodies [78]. Inter-
estingly, after virtually eliminating mumps infection
through a vaccination campaign in Finland, a plateau in the
T1D incidence was observed [79]. However, little is known
about the autoimmune process induced by mumps virus.

Several studies by Honeyman and colleagues have
pointed towards a role of rotaviruses in T1D induction. For
example, the appearance of antiviral IgG was linked to the
appearance of autoantibodies against GADG65, insulin, and
IA-2 in the Australian BabyDiab Study involving at-risk
children [80]. The same authors also showed that rotavirus
could infect pancreatic cells from NOD mice and macaque
monkeys [81]. Interestingly, the rotaviral VP7 protein
shows high sequence homology with islet autoantigens,
tyrosine phosphatase IA-2, and GADG65. T cells cross-
reacting with VP7 peptides and epitopes of IA2 and
GADGS5 were recently characterized in T1D patients. These
peptides bind strongly to HLA-DRB1*04, which confers
susceptibility to T1D [82]. All of these findings support the
hypothesis that molecular mimicry between VP7 and islet
autoantigens could facilitate the development or exacer-
bation of anti-islet autoimmunity and T1D onset. However,
a Finnish study failed to find a link between rotavirus and
T1D [83]. Concerning mouse models, high replicative rate
of rhesus monkey rotavirus strain RRV infection was
shown to protect NOD mice from [84].

In humans, initial reports found a correlation between
CMV infection and the presence of anti-islet autoantibodies
[85]. Molecular mimicry between CMV peptide and GAD65

has been proposed [86]. However, other studies failed to find
a link between CMV infection and T1D in genetically pre-
disposed children [87-89]. Interestingly, CMV can trigger
T1D in susceptible LEW.1WR1 and BioBreeding (BB) rats
[90, 91], and a recent study showed that CMV can infect
human f-cells and induce the expression of inflammatory
cytokines and chemokines [92].

Besides these viruses that can infect both humans and
rodents, two other viruses whose natural host is a rodent are
used in laboratory studies to decipher the mechanisms of
viral pathogenesis. Even though encephalomyocarditis D
(EMC-D) virus can directly infect f-cells, the mechanism
by which it induced T1D is mostly indirect. After low-dose
EMC-D virus infection, the infected macrophages were
shown to be involved in the development of diabetes in
DBA/2 mice through the production of mediators such as
IL-18, tumor necrosis factor (TNF)-« and inducible nitric
oxide synthase (iNOS). The depletion of macrophages or
the inhibition of these three mediators decreased the inci-
dence of TI1D [93]. Interleukin-1§ and tumor necrosis
factor-a can induce the expression of the death receptor Fas
on fi-cells, and subsequent binding of Fas to its ligand can
lead to f3-cell apoptosis. Notably, nitric oxide produced by
iNOS can directly induce f-cell apoptosis.

Several laboratories have analyzed the pathogenic role
of the Kilham rat virus (KRV) in T1D induction in dia-
betes-resistant BB rats [94, 95, 90]. Even though the KRV
does not infect f-cells, it skews the immune responses
towards a deleterious Th1 profile [94]. Subsequent studies
showed that KRV induces the production of the proin-
flammatory cytokines, IL-12 and IL-6. Interestingly, IL-12
production was dependent on Toll-like receptor (TLR) 9,
and blocking of TLR9 by chloroquine prevented the
development of T1D in BB rats [95].

Protective effects of viruses against T1D

Because the protective role of viruses in T1D in humans
can only be observed through the correlation between
infection and reduced T1D incidence, the mechanisms by
which viruses confer protection against T1D were mainly
studied in rodent models [36]. Non-obese diabetic mice
have been widely used because they spontaneously develop
diabetes with many characteristics of human TI1D. Inter-
estingly, these mice less frequently develop T1D in animal
facilities that are not pathogen-free or after treatment with
pathogen-derived molecules. For example, a single Bacil-
lus Calmette-Guérin injection is sufficient to inhibit T1D
when administered to young NOD mice [96]. Similarly,
treating NOD mice with complete Freund’s adjuvant
reduced the number of diabetogenic T cells, while
incomplete Freund’s adjuvant skewed the T cell responses
towards a Th2 profile protecting against T1D [97, 98].
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The protection of T1D by viral infection has been
extensively analyzed using lymphocytic choriomeningitis
virus (LCMV) (Fig. 2). Twenty years ago, Oldstone and
colleagues [99, 100] reported that LCMV infection in
diabetes-prone rats and NOD mice decreased or prevented
the development of autoimmune diabetes. Subsequent
studies have shown that the protection against diabetes is
associated with an interferon (IFN)-y-induced protein-10
chemokine gradient, with the highest concentration in
pancreatic lymph nodes resulting in the attraction of acti-
vated T lymphocytes in this tissue, followed by their
apoptosis [101]. More recently, we reported that the pro-
tective role of LCMV is dependent on a small lymphocyte
population called invariant natural killer T (iNKT) cells
because of their expression of an invariant Vo 14Jx18 T cell
receptor and typical natural killer (NK) cell receptors.
These innate-like T cells exhibit various regulatory and
effector functions, and inhibit the development of sponta-
neous TID by dampening pathogenic autoimmune
responses [102—-104]. In the context of LCMV infection,
iNKT cells mediate protection against spontaneous diabe-
tes by promoting the recruitment and the activation of
plasmacytoid DCs (pDCs) into the pancreas. Plasmacytoid
dendritic cells produce large amounts of IFN-o and rapidly

inhibit viral replication in the pancreas. This control of
viral replication is a key factor in the inhibition of pan-
creatic tissue destruction and T1D in transgenic mice
expressing the nucleoprotein of LCMV in f-cells [105]. In
a second step, pDCs migrate from the pancreas to the
pancreatic lymph node where they produce TGF-f and
induce the conversion of naive T cells into Tregs. These
induced Tregs migrate to the pancreas and locally produce
TGF-f, which suppresses anti-LCMV and anti-islet T cell
responses, thereby inhibiting the destruction of pancreatic
islets and the development of LCMV-induced and spon-
taneous T1D [71].

Protection against T1D was also observed after infection
with coxsackievirus B3 (CVB3). Two mechanisms act in
synergy to delay and reduce the onset of T1D. First, CVB3
infection upregulates the expression of the inhibitory
receptor PD-L1 on lymphoid cells, which hinders the
expansion of PD-1-expressing autoreactive CD8" T cells
and delays T1D onset. Second, CVB3 infection enhances
the proliferation of Tregs, which produce TGF-f to confer
long-term protection against diabetes [72]. Studies of the
CVB4 strain, which is able to both induce and protect
against diabetes, depending on the context, will be dis-
cussed later in this review.

Virus induced protection against T1D

Lymphocytic
choriomeningitis virus

1) Control of pancreatic viral load, activation of
pDCs

2) Induction of Treg cells producing TGF-B

3) Inhibition of anti-islet T cells

Anti-islet
Tcells

1)

Fig. 2 Virus-induced protection against T1D. Viruses can induce
protection from TI1D by eliciting immune mechanisms such as
induction of Treg cells, inhibition of anti-islet T cells through
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Infection of NOD mice with the murine gammaherpes-
virus-68 delays the onset of T1D by reducing the capacity
of CD11c™ DCs to capture and process autoantigens. This
results in the retention of autoreactive T cells in the spleen
and pancreatic lymph node, limiting their homing to the
pancreas and the killing of islet f-cells. The numbers of
Tregs do not change during the course of infection [69].

Even though the reovirus strain type 3 Abney (T3A) can
infect f-cells and induce their apoptosis, the infection of
newborn NOD mice with this virus reduces or delays the
onset of T1D without preventing insulitis [106]. While the
exact mechanism by which the T3A strain inhibits T1D has
not been determined, the authors proposed two non-
exclusive scenarios. The first one is based on the obser-
vation that the T3A strain infects various organs, including
the thymus. Infection of the thymus of young animals could
somehow eliminate autoreactive T cells in this tissue. In
the second scenario, the infection and destruction of pan-
creatic islets could lead to the release of ff-cell antigens and
the establishment of an active tolerance through Treg cells.

Chronic mouse hepatitis virus (MHV) infection can pre-
vent the development of T1D in NOD mice [107]. Studies
outside of the context of T1D have shown that MHV can, in
some cases, suppress the activation of splenic T lymphocytes
and reduce the functions of antigen-presenting cells, such as
macrophages, DCs, and B lymphocytes [108, 109].

Finally, lactate dehydrogenase virus infection also sup-
presses T1D onset in NOD mice by reducing the numbers
of inflammatory macrophages in the peritoneum [70].

Dual role of enteroviruses in T1D

The role of enteroviruses in T1D is of great interest. They
seem to represent a perfect illustration of the hygiene
hypothesis. In times when enterovirus infections were
frequent, the incidence of diabetes was low [110, 111].
Currently, however, the rarity of enterovirus infection is
thought to make them more aggressive in susceptible
individuals and can favor the onset of T1D.

The enterovirus genus belongs to the Picornaviridae
family. Their genome is composed of a single positive RNA
molecule encapsulated in capsid without an envelope.
Human enteroviruses include polioviruses, echoviruses,
rhinoviruses, enterovirus 71, and coxsackieviruses, which is
the most prevalent group after the introduction of poliovirus
vaccination. Coxsackieviruses are divided into two groups,
A and B, with 24 and six serotypes, respectively. Coxsac-
kievirus group B (CVB), particularly CVB4, is widely
implicated in T1D. Infections with enteroviruses are mostly
asymptomatic and only rarely cause complications such as
hand, foot, and mouth disease, acute hemorrhagic conjunc-
tivitis, aseptic meningitis, myocarditis, and severe neonatal

sepsis-like disease. They are predominantly transmitted via
the oral-fecal route (i.e., consumption of food or water
containing contaminated feces).

Epidemiological perspectives of enteroviruses

Studies examining the relationship between enteroviruses
and T1D probably started with two articles published by
Gamble and Taylor in 1969. In their first article, they
reported that patients with a recent onset of TID
(<3 months) had higher antibody titers against CVB4
compared to control individuals and patients whose T1D
was not recent [112]. In their second article, they reported a
seasonal onset of T1D with peaks in late fall/early winter,
which followed the seasonal outbreak of CVB infection in
late summer/early fall [113]. Since then, many studies have
analyzed the role of CVB in T1D. The major difficulty in
providing direct proof for the pathogenic role of enterovi-
ruses is the interval between enteroviral infection and onset
of T1D, meaning the enteroviral infection may be unde-
tectable. Enteroviral infection is mostly identified by the
detection of viral RNA in the serum. However, in healthy
individuals, enteroviral RNA is detectable for only a few
days after infection and most studies analyzed serum
samples at intervals of several months. Nevertheless, with
the exception of a few studies [114, 115], more than 24
retrospective and prospective studies have detected a link
between enteroviruses and T1D [116].

Prospective studies

In 1995, the Finnish (DiMe) study group showed that
enterovirus infections, identified by the presence of anti-
bodies against enteroviral antigens, were almost two times
more frequent in siblings who developed clinical T1D
compared to siblings who remained diabetes-free [117].
Similarly, in the Finnish Diabetes Prediction and Preven-
tion (DIPP) Study, anti-enteroviral antibodies were
detected in 26 % of children who developed diabetes
compared to 18 % of children in the control group. They
reported a temporal relationship between enteroviral
infection and the onset of T1D since 57 % of cases had
autoantibodies present within 6 months after infection
[118]. Similar results were observed in the Finnish trial to
reduce IDDM in genetically at-risk (TRIGR) project,
which revealed that enteroviral RNA was more frequently
detected in children developing autoantibodies than in
children who did not have autoantibodies [119]. The dia-
betes and autoimmunity study in the young (DAISY)
conducted in Denver, CO, USA, followed 2,365 at-risk
children, of which 140 subsequently developed autoanti-
bodies. Among them, 61 % of children with enteroviral
RNA developed T1D as compared to 28 % of children who
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did not have enteroviral RNA [120]. Even in Cuba where
the incidence of T1D is low, the presence of enteroviral
RNA was reported to be associated with T1D [121]. Thus,
enterovirus infection is often considered a pivotal event
that shifts the balance from chronic subclinical autoim-
munity towards destructive autoimmunity.

Retrospective studies

In the United Kingdom, the study by Nairn et al. [122]
found that 27 % of newly diagnosed patients harbored
enteroviral RNA in serum samples taken within 1 week
after confirmation of diagnosis, as compared to only 4.9 %
of healthy controls. A recent study by Schulte et al. [123]
also detected enteroviral RNA at the onset of T1D whereas
no enteroviral RNA was detected in healthy controls. This
study also underlined the importance of assessing periph-
eral blood mononuclear cells because 4/10 patients with
T1D were positive for enteroviral RNA in peripheral blood
mononuclear cells as compared to 2/10 in serum [123]. In a
Swedish study, anti-CVB4 neutralizing antibodies were
more frequently detected in patients with newly diagnosed
TI1D as compared to healthy controls [124].

Because detecting enteroviral presence in the pancreas
requires biopsies or pancreatic samples from postmortem
donors, such analyses have been limited. However in 1979,
Yoon et al. [125] isolated a virus from the pancreas of a
deceased patient diagnosed with diabetic ketoacidosis. This
virus was later identified as being related to the diabeto-
genic CVB4 strain. When injected into mice, this virus had
infected pancreatic islets and caused f-cell loss. Similarly,
Dotta et al. [126], using immunohistochemistry, detected
enteroviral VP1 capsid protein in islets from patients with
T1D, whereas islets from healthy donors were virus-free.
They sequenced the viral genome present in the pancreatic
islets of one out of three VP1-positive diabetic donors and
identified this virus as CVB4. The isolated CVB4 could
infect human islets from healthy donors and reduce insulin
secretion [126]. Richardson et al. [127] detected enteroviral
capsid VP1 protein in the pancreatic islets of 44/72 (66 %)
patients with recently diagnosed T1D, while this protein
was virtually non-existent in healthy controls. In this study,
VP1 was also detected in 42 % of T2D patients. Interest-
ingly, the authors propose that enteroviral infection could
also play a role in T2D, since enteroviral infection of
p-cells in vitro decreases glucose-induced insulin secretion.
Thus, in individuals with increased insulin resistance and
higher insulin requirements, enteroviral infection could
contribute to the development of T2D. Enteroviral RNA
was also detected by in situ hybridization of pancreatic
islets from two deceased donors with fulminant CVB3
infection and in some CVB3-infected patients with T1D
[128]. Indirectly, the presence of a virus has also been
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suggested by the detection of the antiviral cytokine IFN-o
in the pancreas and f5-cells of patients with T1D [129, 130].

Finally, echoviruses 4, 6, 9, 14, and 30, other members
of the enterovirus family, have been implicated in the
etiology of T1D and were shown to impair or kill human
f-cells in vitro [131-137]. However, studies focusing on
echoviruses remain very scarce.

Understanding the relationship between enteroviral
infections and T1D: studies in NOD mice

Because the sequence of P2-C protein of CVB4 is very
similar to that of the highly immunogenic GADG65 expressed
in f-cells, molecular mimicry was proposed to explain the
pathogenic effects of CVB4 in T1D in humans [138]. This
hypothesis implies that anti-CVB4 T lymphocytes cross-
react with GADG65, destroy f-cells, and induce T1D. How-
ever, molecular mimicry was ruled out in later studies [139].

Coxsackievirus group B 4 infection in NOD mice seems
to yield contradictory results. The discrepancy might reflect
the complexity of the interactions among CVB4, the
immune system and pancreatic f3-cells, which could lead to
the induction or prevention of TI1D. Indeed, several
parameters, including timing of infection, type of mice,
viral dose, and viral strain with its particular virulence, play
important roles in the outcome of CVB infection in animal
models (Fig. 3). All of these factors, in combination, might
explain why CVB4 could accelerate T1D in some indi-
viduals while remaining asymptomatic in others.

Age and associated numbers of autoreactive T cells

Using BDC2.5 transgenic NOD mice, Horwitz et al. [140]
showed that CVB4 infection of prediabetic mice, harboring
a greater number of anti-islet BDC2.5 CD4" T cells
compared to younger mice, induces the acceleration of
TID through bystander activation of T cells. This study
suggested that the number of anti-islet T cells at the time of
infection is a critical factor. Two subsequent studies
strengthened this hypothesis by infecting non-transgenic
NOD mice at different ages. Coxsackievirus group B 4
infection of young NOD mice, aged 4-8 weeks, did not
accelerate or induce TI1D [141, 142]. However, CVB4
infection of older mice accelerated T1D onset in 61 % of
mice [142]. Interestingly, it seems that both the number and
location of autoreactive T cells are important factors. F1
mice, obtained by crossing BDC2.5 NOD mice with
BALB/c or C57BL/6 mice, had the same numbers of
peripheral autoreactive T cells. However, these T cells only
infiltrated the pancreas in BDC2.5NOD x BALB/c mice.
Upon CVB4 infection, BDC2.5NOD x BALB/c mice, but
not BDC2.5NOD x C57BL/6 mice, developed diabetes,
indicating that infiltration of pancreas by diabetogenic
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Factors involved in enteroviral induced T1D
(mouse models)

High number of anti-islet T

Infiltration of immune
cells in pancreas

Fig. 3 Factors involved in enteroviral-induced T1D. Studies in
mouse models have revealed that in order for enteroviruses to
accelerate T1D, a high number of autoreactive anti-islet T cells are
necessary. In addition, pancreas must be infiltrated by cells of the
immune system. As for the IFN-o, its high secretion can result in a

T cells before infection is an important factor that promotes
the onset of diabetes [143].

Based on these experimental results, the pre-existence of
a pool of anti-islet T cells and the infiltration of the pan-
creas by immune cells in children could determine whether
T1D will develop following enteroviral infection.

Viral titer

A comparison of non-diabetogenic CVB3/GA and diabeto-
genic CVB3/28 strains prompted Tracy and coworkers [144]
to propose that viral dose and replication rate play an
important role in the initiation of T1D. Infection of 12-week-
old NOD mice with 5 x 10° TCID50 (50 % tissue culture
infective dose) per mouse of the non-diabetogenic CVB3/GA
strain did not induce diabetes, whereas a 100-fold higher dose
induced diabetes in 30 % of mice. On the other hand, the
diabetogenic CVB3/28 strain induced T1D in up to 70 % of
NOD mice, although this rate decreased when a lower dose of
CVB3/28 was administered. These results indicate that the
pathogenicity of the strain could be dependent on its dose.
Thus, children infected with a high viral dose or whose
immune system would allow viruses to quickly reach high
titers, could be at increased risk of developing T1D.

CVB4, B-cell infection and the antiviral response

Some CVB strains have been reported to infect, proliferate,
affect the metabolism, and destroy human pancreatic islet

Upregulation of MHC class I,
presentation of autoantigens,
activation of DCs

High secretion
000
IFN- QR0
o o g
Low secretion

Rapid viral replication,
infection of B-cells,
release of autoantigens

strong activation of the immune system favoring the presentation of
islet autoantigens. On the other hand, if IFN-o secretion is too low,
viruses will replicate freely, infect islet fS-cells, and provoke the
release of autoantigens leading to the activation of anti-islet T cells
and provoking diabetes

cells in vitro. In human pancreas, CVB4 was detected in
islets but not in the exocrine tissue, whereas it was mostly
detected in pancreatic exocrine tissue in mice [145-147].
The effects of infection of mouse fS-cells with CVB4 are
contradictory. It has been described that CVB4 primarily
uses the coxsackie and adenovirus receptor (CAR) to enter
cells [128, 148]. Although CAR and CVB4 were not
detected in some studies [149, 150], others have detected
CVB4 in murine islets. Importantly, the permissiveness of
islet f-cells was suggested to determine the outcomes of
infections with different CVB strains. Using immunohis-
tochemistry, Horwitz et al. [143, 151] demonstrated the
presence of CVB4 in pancreatic islets at 7 days post-
infection in BDC2.5 mice, and the pathogenic effect of the
CVB4 strain was attributed to its capacity to infect f-cells
whereas CVB3 could not. Meanwhile in old prediabetic
NOD mice, even the non-diabetogenic CVB3 could infect
islets and accelerate diabetes [152]. If infection of islet
p-cells is an important factor, the efficacy of an individ-
ual’s response to the virus could determine the progression
to T1D.

Interferon-o, interferon-f and interferon-y are the major
cytokines that are rapidly secreted after viral infection. The
expression of IFN-y in pancreatic islet f-cells of IFN-y—
deficient mice allows them to control viral replication and
survive after CVB4 infection [153]. Similarly in transgenic
NOD mice in which IFN signaling is inhibited in pancre-
atic f-cells, CVB4 induces diabetes in 95 % of mice while
non-transgenic mice remain diabetes-free. This inability to
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respond to IFNs rendered f-cells permissive to CVB4
infection resulting in their killing by activated NK cells
[154]. It has been shown that during coxsackievirus
infection, IFN-o increases the expression of intracellular
double-stranded RNA sensor 2-5AS, which activates the
enzyme RNase L that cleaves viral RNA and therefore
protects f-cells. Interferon-y activates the enzyme PKR
(dsRNA-dependent protein kinase), which can disturb
protein synthesis and block CVB replication [155]. Thus,
the rapid islet response to viral infection through IFN
secretion has a strong influence on diabetes outcome
because it determines whether enteroviruses can infect islet
p-cells. As described above, uncontrolled viral replication,
which can yield high viral titers very quickly, can make an
otherwise harmless viral strain highly pathogenic.

Islet neogenesis

Islet neogenesis has been proposed to be a factor deter-
mining the outcome of CVB infection in mice. Yap et al.
[150] used two CVB4 strains, the diabetogenic CVB4/E2
strain and the non-diabetogenic CVB4/JVB strain, and
found that the severity of pancreatic acinar tissue damage
caused by viral infection influences T1D development.
While the E2 strain caused massive destruction of acinar
tissue without islet destruction, the JVB strain caused only
minor damage. This allowed regeneration of the acinar
tissue and new pancreatic islets, which were not observed
in the severely destroyed pancreas of CVB4/E2-infected
NOD mice [150]. Although it is unknown whether islet
neogenesis occurs in the human exocrine tissue, a marker
for cell proliferation, Ki-67, was expressed in human
pancreatic islets positive for enteroviral VP1 protein [156].
Therefore, the capacity of islet cells to proliferate after the
infection might protect against T1D.

Ambivalent roles of enteroviruses in T1D
Hygiene hypothesis

According to the hygiene hypothesis, the rarity of entero-
viral infections could lead to decreased immunity against
these viruses, thus increasing their invasiveness and path-
ogenicity. To estimate the frequency of enteroviral
infections, Viskari et al. [157] studied the prevalence of
enteroviral meningitis in Finnish children and concluded
that the frequency of enteroviral infection in children aged
>6 months had decreased. However, they found that the
infection rate was actually increasing in younger children
aged 0—6 months. One explanation for this rise in young
infants could be the lack of protective anti-enteroviral
antibodies of maternal origin that would pass to the child
through the placenta and breastfeeding. Indeed, Sadeharju
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et al. [158] found that children who were breastfed for
>2 weeks after the birth had a lower incidence of entero-
viral infections than children breastfed for <2 weeks.
Moreover, the percentage of women lacking antibodies
against the CVB4 strain increased from 6 to 17 % between
1983 and 1995 while the percentage of women lacking
antibodies against enteroviral peptides increased from 13 to
42 % during the same period [110, 111].

With fewer infections, pregnant women nowadays might
lack anti-enteroviral antibodies or may have a repertoire
that covers fewer serotypes compared to women at the
beginning of the 20th century. Thus, young children would
receive fewer or no protective antibodies from their
mothers. In children with a weaker immune defense against
enteroviruses, a single strong infection could then allow
increased virus replication, promoting the development of
T1D. Interestingly, this scenario proposing the increased
pathogenic role of CVB in T1D is supported by observa-
tions of polioviral infections, another member of the
enteroviral family. At the end of the 19th century, polio-
virus infections became rarer, and the number of children
developing a severe complication of polioviral infection,
paralytic poliomyelitis, increased drastically. It is sug-
gested that with frequent polioviral infections children
encountered the virus at an early age when they still had
protective antibodies transmitted by their mothers. These
antibodies protected against paralysis by forming an
immediate barrier and blocking the invasion of the central
nervous system by poliovirus. Thus the infected individual
had time to make his own protective antibodies to further
eliminate the virus. However, because of improved sanitary
conditions, the virus became rare and children were
infected at an older age when the level of maternal anti-
bodies had strongly decreased. Without any immediate
protection, poliovirus attacked the central nervous system
easier, thus increasing the chances to develop paralytic
poliomyelitis [159].

The reduced frequency of enteroviral infection could
favor delayed enteroviral encounters in genetically pre-
disposed older children. The older the child is at the time of
infection, the more likely the child is to have accumulated
anti-islet T cells. It is important to remember that studies of
NOD mice have shown that the number of anti-islet T cells
and the degree of islet inflammation are critical factors and
could explain why some children develop T1D while oth-
ers do not.

RNA sensors and T1D

To further support the pathogenic role of enteroviruses, the
genomic region coding the viral RNA sensor IFIH1 (IFN
induced with helicase C domain 1), otherwise known as
MDAS (melanoma differentiation-associated protein 5),
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has been identified as a T1D susceptibility locus. This is
particularly important because MDAS is critical for the
recognition of picornaviruses to which the enterovirus
genus belongs [160]. This intracellular receptor recognizes
double-stranded viral RNA that forms during viral repli-
cation, induces the expression of type I IFNs (IFN-o and f3),
and activates the immune system. Four rare mutations that
reduce the expression of IFIH1 and type I IFNs were
reported to have a protective role in T1D [161-163]. These
findings suggest that wild-type IFIHI and effective rec-
ognition of viral infection actually predispose individuals
to T1D. This role of MDAS is supported by several pre-
vious studies. For example, IFN-o was detected in plasma
samples of 70 % of newly diagnosed T1D patients, of
whom 50 % carried enteroviral RNA in their blood sam-
ples; none of the IFN-o—negative patients had enteroviral
RNA [164]. The scenario proposes that after viral RNA
binding to IFIH1, large amounts of type I IFNs are secre-
ted, leading to the upregulation of MHC class I molecule
expression on f-cells, increased presentation of autoanti-
gens, and activation of DCs [165]. Type I IFNs could also
regulate cells of the innate and adaptive immune system,
which could facilitate the killing of f-cells and destruction
of pancreatic islets [166, 167].

Even though much less documented than MDAS, it has
been proposed that another RNA sensor, TLR7, could be
implicated in the etiology of T1D [168]. Toll-like receptor
7, mainly expressed by pDCs, can recognize coxsackievi-
ruses and initiate an antiviral immune response by
inducing the production of type I IFNs [169]. Treatment
with a TLR7 agonist, particularly in combination with
other immune stimulatory molecules such as CD40,
induced T1D in transgenic NOD mice bearing an increased
number of autoreactive T cells [170]. Interestingly, NOD
mice deficient for Myd88, an adaptor molecule required
for the signaling of most TLRs, including TLR7, do not
develop diabetes in a specific pathogen-free mouse facility
[43].

While an efficient MDAS-mediated response is associ-
ated with T1D susceptibility in humans, several studies
have highlighted the critical role of IFN-o production in
diabetes prevention in infected mice [105, 154, 171, 172].
The amount and the environment in which IFN-o is
secreted could perhaps account for this phenomenon. IFN-
o is required to block viral replication, but excessive
secretion in the context of an ongoing autoimmune
response could render IFN-o pathogenic.

Could pollutants promote virus-induced diabetes?
Since the frequency of autoimmune diseases, including T1D,

is higher in more industrialized countries, it is tempting to
speculate that pollutants present in the environment might be

involved. Heavy metals such as mercury or cadmium
worsen the course of autoimmune diseases in mouse
models [173-175]. Concerning T1D, arsenic present in
drinking water in western Bangladesh and Taipei city,
Taiwan, was associated with an increased incidence of T1D
in these populations [176, 177]. Pollutants have also been
found at higher levels in diabetic mothers [178]. In a mouse
model, exposure to mercury caused dysfunction and
apoptosis of pancreatic f-cells [179, 180]. However, other
studies in Bangladesh and the United States found no link
between arsenic and T1D [181, 182], and mercury was
found to delay T1D onset in NOD mice [183]. The dis-
crepancy between these results may be due to the fact that
the pollutants by themselves do not have a noticeable effect
on autoimmune diseases in humans. Instead, they may
create an environment that is aggravated by an infection.
For example, exposing mice to mercury and bacterial
lipopolysaccharide exacerbated the onset of autoimmune
disease in genetically susceptible mice or rendered resistant
mice susceptible to autoimmunity [184]. Funseth et al.
[185] showed that CVB3 infection can cause an accumu-
lation of an environmental pollutant in the viral target
organ, such as the pancreas, and aggravate the inflamma-
tion by its toxicity. However, additional epidemiological
and experimental studies are required to determine the
precise role of pollutants in virus-induced T1D.

Conclusions

Many recent studies in humans and animal models have
implicated viruses in the development of T1D. The inter-
actions between viruses, the immune system, and f-cells
are probably key in determining their pathogenic or bene-
ficial roles. Most importantly, the conditions in which the
disease develops might have changed in recent years
because the role of HLA is becoming less prominent. Other
genes are clearly involved and can interfere with environ-
mental factors such as infection, diet, and pollutants.
Interdisciplinary studies in the fields of genetics, immu-
nology, microbiology, nutrition, and epidemiology are
essential to elucidate the etiology of T1D and develop
efficient preventive strategies.
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