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B Abstract

Environmental factors play an important role in the patho-
genesis of type 1 diabetes, and are attractive targets for pre-
ventive interventions. Several studies have shown that vi-
ruses can cause diabetes in animals, indicating their poten-
tial as candidates for environmental triggering agents. How-
ever, human studies have been hampered by the complex
nature of the disease pathogenesis, leaving the question of
viral etiology unanswered. Significant progress has recently
been made in this field by searching for viruses within pan-
creatic tissue samples, and by carrying out prospective stud-
ies. Consequently, there is increasing evidence for a group
of enteroviruses acting as possible environmental key trig-
gers. In past studies, these viruses have been linked to type
1 diabetes. Recent studies have shown that they exert tro-
pism to pancreatic islets, and that they are associated with
the start of the beta-cell damaging process. Also, polymor-

phisms of the gene coding for the innate immune system
sensor for enteroviruses (IFIH1) were found to modulate the
risk of diabetes. Based on these findings, interest in the pos-
sible development of vaccines against these viruses has in-
creased. However, even if enterovirus vaccines (polio vac-
cines) are effective and safe, we currently lack necessary
information for the development of a vaccine against diabe-
togenic enteroviruses, e.g. regarding the identification of
their specific serotypes and the causal relationship between
these viruses and diabetes initiation. Ongoing research pro-
jects are currently addressing these questions, and will
hopefully increase the consensus in this field. Also, new se-
quencing technologies will provide additional information
about the whole virome, which could enable the discovery of
new candidate viruses.
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1. Background

nvironmental factors are known to have a
: >significant effect on the risk of type 1 diabe-
iEeee tes (T1D), suggesting their important role in
TlD pathogenesis [1]. In spite of this knowledge, it
has been difficult to identify specific risk or protec-
tive factors that are responsible for this environ-
mental effect. Viruses have long been among the
major candidates and have been associated with
T1D in several studies.

The interest in viruses originally resulted from
the observation that they caused a T1D-like dis-
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ease in animals. The first observations were done
in virus epidemics in cows, which led to diabetes in
the infected animals [2]. During the last few dec-
ades, several different animal models have been
developed to study the mechanisms of virus-
induced diabetes. These studies have shown that
several viruses have an ability to cause diabetes in
animals by various mechanisms [3-5].

Human studies have been complicated by the
presence of several non-viral factors that modulate
the risk of T1D and that are difficult to control in
case-control studies. An additional problem is that
beta-cell damage usually progresses slowly. This
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fact challenges the identification of viruses that
have started the process leading to T1D long be-
fore its clinical diagnosis. Prospective studies can
largely overcome this problem, but the detection of
viruses, which exist only transiently and which
represent a small subgroup of a larger family of
viruses commonly circulating in the human popu-
lation, is methodologically demanding. In spite of
these challenges, a considerable amount of evi-
dence has accumulated supporting the diabeto-
genic effect of certain viruses in human T1D.

The unveiling of the viral etiology of T1D is
important. If causal viruses exist, their identifica-
tion could establish a direct and feasible avenue
for the prevention of T1D through the production
of vaccines. Virus vaccines have been among the
greatest success stories in medicine, providing a
safe and effective way for the prevention of many
viral diseases. The strongest evidence for viral eti-
ology of human T1D has been obtained from stud-
ies addressing the role of enteroviruses (EVs) [6,
7]. Therefore, this review focuses on the group of
EVs and the current scenarios of developing vac-
cines against it.

Abbreviations:

CBV - coxsackie B virus

EV — enterovirus

IFIH1 — interferon induced with helicase C domain 1
nPOD - Network for Pancreatic Organ Donors with Diabe-
tes

PEVNET - Persistent Virus Infection in Type 1 Diabetes
(study)

RNA — ribonucleic acid

PCR — polymerase chain reaction

T1D - type 1 diabetes

TEDDY - The Environmental Determinants of Diabetes in
the Young (study)

2. Lessons from other enterovirus
diseases and the pathogenesis of type
1 diabetes

Human EVs are the most common human vi-
ruses. They are small RNA viruses, which include
more than 100 different genotypes; polioviruses
being the best-characterized examples. Also, rhi-
noviruses are currently classified as EVs due to
their genetic similarities. Primary replication hap-
pens in the lymphatic tissues of the oropharynx
and intestine [8]. The infection may be restricted
to mucosal surfaces, but in some cases the virus
invades the body and spreads to circulation caus-
ing viremia. While most EV infections are mild or
asymptomatic, they can also lead to severe and

www.The-RDS.org

even life-threatening manifestations. Typical fea-
tures of severe disease include systemic spread of
the virus into the blood and certain inner organs,
leading to disturbed organ function that causes the
symptoms of the disease. The target organ that be-
comes infected depends on the tropism of the virus
imposed on certain cell types, a phenomenon
which is largely linked to the serotype of the virus
and the binding of the virus to specific cellular re-
ceptors [9, 10].

An observed low attack rate indicates that the
cases with severe disease represent only the tip of
the iceberg, and most infections remain unrecog-
nized. Examples of severe EV diseases include
myocarditis, myositis, encephalitis, meningitis,
and paralysis (Table 1). Polio has been used as a
model disease, and its pathogenesis has been stud-
ied widely. Three EV types have been named as
polioviruses (poliovirus types 1, 2, and 3) due to
their ability to cause polio paralysis. This serotype
restriction is reflected by the tropism of these par-
ticular virus types exerted to the anatomical site of
the pathogenesis (central nervous system and spi-
nal cord). However, it is not known why these vi-
ruses so selectively destroy one particular cell type
(motor neurons) [11]. This kind of highly cell-
specific damage is explained by the expression of
poliovirus receptors (CD 155) on target cells and
the involvement of other factors regulating the
replication of the virus in different cell types. In
any case, it seems that motor neurons are directly
infected by the virus, and infections cause inflam-
mation and infiltration of immune cells into the
infected tissue which may also contribute to cell
damage. The degree of paralysis varies from mild
and transient to severe and permanent paralysis
of the whole limb. One striking feature of polio is
the extremely low attack rate: less than one per
cent of infected individuals develop paralysis. The
factors regulating the development of this severe
form of the disease are poorly characterized, but
the risk is increased by factors such as male gen-
der, humoral immunodeficiency, extensive exer-
cise, intramuscular injections, and adenoidectomy
prior/during the infection.

In addition to acute infections, EVs can also
cause persistent infections. Viral persistence is of-
ten associated with immune-mediated damage in
target organs. Chronic cardiomyopathy represents
such condition in man [12]. In mouse models, per-
sistent EV infection causes inflammatory
myopathies, cardiac injury, and central nervous
system damage [13, 14]. Immunocompromised pa-
tients, especially those with humoral immunodefi-
ciency, also suffer from chronic EV infections.

Rev Diabet Stud (2012) 9:260-271
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Table 1. Examples of enterovirus diseases

Disease

Causative enterovirus serotype

Target cells and organs

Polio myelitis

Meningitis, encephalitis
Hand, foot and mouth disease
Myocarditis

Myositis

Polioviruses 1-3
Echovirus 30, enterovirus 71

Coxsackieviruses A6, A10, A16
Coxsackieviruses B1-B6

Coxsackieviruses B1-B6

Spinal cord motor neurons
Central nervous system neurons
Skin

Myocardium

Intercostal muscles

General characteristics of EV disease are summa-
rized in Table 2.

If EVs cause T1D, it is logical to assume that
both conditions follow similar pathogenetic fea-
tures, as known from other EV diseases. However,
in contrast to poliovirus-induced neuronal damage,
where even a small number of damaged cells can
cause immediate symptoms, a minor reduction in
the number of insulin-producing cells would re-
main unrecognized, as the remaining beta-cells
would be able to compensate for the deficiency to
maintain glucose tolerance. This impedes the de-
termination of the time relationship between
causative infection and beta-cell damage. In addi-
tion, latest evidence supports the hypothesis that
EV infections manifest in a slow rate of replication
and persistence rather than an acute infection.
Thus, the detection of EVs during T1D progression
requires highly sensitive techniques. As in polio,
the diabetogenic property may be linked to a few
specific EV serotypes that would have exerted tro-
pism to human pancreatic islets and especially to
insulin-producing beta-cells. The fact that EV pro-
teins and genomes have been detected almost ex-
clusively in pancreatic islets and not in exocrine
tissue supports this tropism hypothesis [15-17].
This means that the identification of possible dia-
betogenic effect of EVs would require assays that
can distinguish diabetogenic virus types from
other abundant EV types. In addition, mutations

Table 2. Key characteristics of enterovirus disease

in the viral genome may further modulate the dia-
betogenicity in the same way as the neuroviru-
lence of polioviruses is modulated by certain nu-
cleotide changes in the coding and non-coding re-
gions of the viral genome.

Even though many aspects of the pathogenesis
are still unexplained, the existing evidence sup-
ports the role of direct infection in the pancreatic
islets. Such an infection can damage beta-cells by
an acute cytolytic effect and by a slower immune-
mediated damage. The latter component can be
mediated by the activation of the innate immune
system causing local inflammation and by adap-
tive immune responses, which can first be induced
against virus-infected cells, but expand later to is-
let autoantigens. This kind of epitope spreading
from viral antigens to islet autoantigens is likely if
the virus persists in the islets causing long-lasting
inflammation (induction of autoimmune responses
happens in many chronic virus diseases). In addi-
tion, other immune-mediated mechanisms can
contribute to the cell damage. Such mechanisms
include immunological cross-reactivity between vi-
ral and host antigens (molecular mimicry) and
possible induction of non-neutralizing anti-viral
“enhancing” antibodies, which can lead to strong
immune activation and worsen the pathogenesis
[7, 18-20]. A hypothetical model of some key de-
terminants of EV diabetogenicity is shown in Fig-
ure 1.

Low attack rate - only a small fraction of infected individuals develop clinical disease

Invasive infection (viremia) is typical for severe disease

Direct infection in the organ which causes the symptoms/disease

Different viral subtypes link to different diseases by their tropism to different organs/cells

Both host and viral factors modulate the risk of severe infection (e.g. humoral immunodeficiency and specific mutations in viral genome)

Rev Diabet Stud (2012) 9:260-271
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3. How potential diabetogenic effects
of enteroviruses can be detected in
human studies

The possible role of EVs in T1D has been
evaluated in numerous case-reports, case-control
studies, and prospective studies by measuring an-
tibody responses against EVs or by detecting the
virus directly in the study subjects. Different study
designs have their own advantages and disadvan-
tages. Several aspects should be considered when
designing such studies. The most important as-
pects are briefly described below.

3.1 Role of non-inva-sive and invasive infec-
tion

As described above, severe EV manifestations
are related to invasive infections, when the virus
spreads widely in the body, such that different or-
gans can be infected (Figure 2). Accordingly, the
detection of invasive infections may be important
for the identification of the diabetogenic effects of
EVs. Studies detecting EVs in the blood or pan-
creas could give better
risk estimates than stud-
ies evaluating only the
general exposure to the
virus. Serological studies
and studies detecting vi-
ruses in respiratory or
stool samples detect ex-
posure, but not invasion
(Figure 2). In fact, this
seems to be the case,
since serological studies
and the detection of EVs
from stool samples have
indicated only weak or
no risk effect [21-23]. In
contrast, studies based
on virus detection from
blood or pancreas have
shown a risk effect [24,
25].

3.2 The low attack rate
of enteroviruses

Beta-cell damage %

Figure 1. Viral and host factors regulating the risk of virus-induced beta-cell dam-

population, and leading to the paralytic complica-
tion in less than 1% of all infected individuals.
This led to high antibody prevalence in the back-
ground population; in many countries the great
majority of adults had antibodies against poliovi-
ruses [26]. If this is also true for diabetogenic EVs,
the frequency of virus antibodies should show only
a modest difference between T1D patients and con-
trols, making it difficult to identify the diabeto-
genic effect of EVs (Figure 3). The fact that pri-
mary beta-cell insult is asymptomatic and occurs
long before clinical T1D further increases this
challenge.

3.3 Importance of distinguishing EV subtypes
from each other

It is important to distinguish EV subtypes if
only some EV types are diabetogenic (analogous to
polio and other EV diseases). Most currently avail-
able antibody assays detect antibodies against a
wide range of different EV types due to the pres-
ence of common group-reactive antigen epitopes in
viral proteins. Such assays are biased by “back-

Virus serotype:
Determines tropism to pancreatic islets and beta-cells
via binding to cellular receptors

Virus strain (mutations and recombinations):
Regulates replication and immune activation capacity,
ability to persist and other virulence characteristics

e

Host immune response:
Limits viral spread,
eradicates the virus and
regulates virus-induced
inflammation

Pancreatic
islets

age. The serotype of enteroviruses is a key determinant of viral tropism exerted to dif-

As described above,
the attack rate of EVs is
generally low. In the
case of polio, the virus
was very common, circu-

lating widely in the as the pancreas.
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ferent organs such as pancreatic islets since it is connected to the specific binding of
the virus to cell receptors. Furthermore, each serotype is represented by a variety of
virus strains developed as a result of single-nucleotide mutations and genomic re-
combinations, resulting in different virulence characteristics. The host immune re-
sponse controls the virus spread and generates inflammation in infected tissues such

Rev Diabet Stud (2012) 9:260-271
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ground noise” caused by antibodies induced by all
non-diabetogenic EVs, which can mask antibodies
induced by diabetogenic EV types. One can claim
that the link between polioviruses and paralysis
would have never been discovered in retrospective
case-control studies if such non-serotype-specific
antibody assays had been used. Also, most poly-
merase chain reaction (PCR) assays have been
based on primers that amplify conserved regions of
EVs and that do not allow the identification of vi-
rus subtypes. Therefore, the use of serotype-
specific assays offers an important advantage in
the evaluation of the causal relationship between
EVs and T1D. Currently, there are three methods
available:

1. Measurement of neutralizing antibodies in
serum

2. Isolation of the virus, which also allows de-
tailed typing of the virus

3. Sequencing of the viral genome directly
from clinical samples

3.4 Possible viral persistence

Persisting EV infections are characterized by a
slowly replicating virus strain which may contain
specific deletions in its genome [12]. This kind of
persisting virus seems to be involved in EV-
induced cardiomyopathy, and it has been sus-
pected in T1D as well. The focus of persisting EV
can be in the pancreas, or as suggested in recent
studies, in the intestinal mucosa [27]. Highly sen-
sitive methods are needed to detect such infections
due to the slow replication rate of the virus. Also,
it is detectable only in tissue samples such as pan-
creas, but not in serum. The need for high meth-
odological sensitivity is further emphasized by
studies suggesting that only a very small propor-
tion of pancreatic cells are infected by EV in T1D
patients. This proportion
can be as low as 0.01%
(personal communication
with Gun Frisk, Univer-

No selection pres-
sure

Virus strains able to
cross mucosal and
immunological
barriers

Host immune res-
ponse creates selec-
tion pressure

Virus serotypes with
tropism to pancrea-
tic islets and beta-
cells

Virus strains and
host genes favoring
viral persistence and
chronic  inflamma-
tion

Mainly diabetogenic
viruses detected

sity of Uppsala, Sweden).
Infected cells are mainly
islet cells. Some studies
have indicated that the
infected cells are insulin-
positive beta-cells [28]. It
seems that EV can indeed
be difficult to find in in-
fected tissues. For exam-
ple, in EV71 encephalitis,
the virus proteins and
RNA were detected only

Strenght of association (odds ratio)

in a small number of neu-
rons and in some phago-
cytic cells [29]. The isola-
tion of pancreatic islets

Wide range of ! Diabetogenic viruses
viruses detected enriched
Superficial Invasive Organ affection

virus in blood and
lymphoid tissues

virus in mucosa,
excretions and stools

Level of infection

Figure 2. Identification of diabetogenic enterovirus types. The figure shows a hypo-
thetical model of the probability to identify diabetogenic enterovirus types from dif-
ferent kinds of samples according to the level of infection. The probability is highest
(i.e. it has the highest odds ratio) when samples are collected directly from the pan-
creas since virus types infecting the target organ have passed several anatomical and
immunological barriers, being enriched with causative virus types and strains. In con-
trast, infections diagnosed by virus detection from stools or by antibody assays from
serum mostly include non-diabetogenic enteroviruses, and the diabetogenic viruses
represent only a small fraction of all virus types detected in type 1 diabetic patients.

Rev Diabet Stud (2012) 9:260-271

virus in pancreas
and beta-cells

prior to virus detection
may increase the success
rate of EV detection in
TiD.

3.5 Role of host’s sus-
ceptibility factors

Several factors regu-
late the host’s susceptibil-
ity to EV infections, and
can possibly modulate
their diabetogenic effect.
General risk factors for
severe EV disease include

Copyright © by Lab & Life Press/SBDR
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Figure 3. Prevalence of virus antibody. The figure shows a
hypothetical model of virus antibody prevalence seen in
case-control studies in two-virus diseases with either low (A)
or high (B) attack rate. Patients with severe enterovirus dis-
ease have only slightly higher antibody prevalence than con-
trol subjects due to the low attack rate (only <1% of poliovi-
rus-infected individuals got paralysis) (A). A similar figure is
shown for a virus disease that is characterized by a high at-
tack rate (such as HIV-induced AIDS) (B).

young age, male gender, humoral immunodefi-
ciency, lack of maternal antibodies, and short du-
ration of breast-feeding [30, 31]. In addition, cer-
tain genes, whose polymorphisms have been linked
to T1D, are related to immune responses against
EVs. One such gene is IFIH1 that codes for an in-
nate immune system receptor for EVs [32]. It has
been proposed that the T1D-associated IFIH1
genotype is associated with a strong anti-viral re-
sponse causing a deleterious inflammation process
in the infected tissue [33, 34].

3.6 Population effect

Analogous to polio, the diabetogenic effect of
EVs may vary between populations. Poliovirus in-
fection led to paralysis most frequently in coun-
tries with a high standard of hygiene [11]. This
phenomenon was related to the balance between
age-related host susceptibility and age of first in-
fections. In prosperous countries, the circulation of
polioviruses was at a relatively low level due to the
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high standard of hygiene. In such an environment
a relatively large proportion of children got their
first infections at an older age when they were no
longer protected by maternal antibodies. More-
over, maternal antibodies were at lower levels
than in populations with a high frequency of infec-
tions. Thus, the diabetogenic effect caused by EVs
may be characterized analogously to the “polio hy-
pothesis”, which describes that the effects of EV
infections are strongest in countries where the vi-
ruses are relatively rare [35]. In fact, ecological
comparisons between different countries have sug-
gested that the frequency of EV infections in the
background population shows an inverse correla-
tion with the incidence of T1D [36]. Increasing in-
cidence of T1D seems to be associated with de-
creasing frequency of EV infections over time [35,
37]. The diabetogenic effect caused by EVs has also
been repeatedly observed in Finland, where EV in-
fections are less common than in other European
countries, but T1D incidence is at maximum.

3.7 Recruitment of study cohorts

The study design has a fundamental effect on
the detection of EV infections in the study sub-
jects. Direct virus detection methods are sensitive
for the timing of sampling. For example in blood,
the virus may be detectable only for a few days.
Therefore, retrospective case-control studies may
fail to detect diabetogenic infections that have
most likely occurred years earlier, unless the virus
persists, rendering the patients chronically virus-
positive. Such studies have also limited value in
serological surveys, particularly if the assays do
not distinguish diabetogenic EV types from non-
diabetogenic EV types. Prospective studies that
follow originally non-diabetic individuals, covering
the time when the beta-cell damaging process is
initiated, offer the best option to study the role of
EVs in T1D (e.g. birth-cohort studies). Frequent
sample collection and a wide range of different
kinds of samples make it possible to use both di-
rect virus detection methods and antibody assays
to diagnose EV infections [38]. The criteria used
for the selection of control subjects are also critical
for the study.

3.8 Detecting diabetogenic effects of EVs -
summary

In summary, the evaluation of possible diabe-
togenic effects of EVs is a challenging task. Epi-
demiological studies need careful designing, taking
into account all the aspects described in sections

Rev Diabet Stud (2012) 9:260-271
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3.1 to 3.7 (Figure 2). Optimal studies are techni-
cally and scientifically challenging and require
significant financial support. They should be able
to detect an invasive infection (blood or tissue
samples collected), identify the exact type of EV,
and include different populations. The combined
application of direct virus detection and antibody
measurement provides an optimal basis for the re-
liable diagnosis of EV infections. For example, the
measurement of neutralizing antibodies enables
the diagnosis of both acute and past infections (se-
rological scar) as well as the type of EV causing
the infection.

It is also helpful to measure T cell and innate
immune system responses. This method can help
to diagnose infections and provide information
about the host's response to the virus. The emerg-
ing next-generation sequencing technologies offer
exciting opportunities for virus discovery. Interna-
tional collaboration is needed to carry out studies
in different populations. Currently, the largest on-
going initiatives include The Environmental De-
terminants of Diabetes in the Young (TEDDY)
study (prospective birth cohort study evaluating
environmental causes of T1D;
http://teddy.epi.usf.edu), the Network for Pancre-
atic Organ Donors with Diabetes (nPOD) study
(collection of pancreatic tissues from T1D patients;
http://www.jdrfnpod.org/), and the Persistent virus
infection in type 1 diabetes (PEVNET) study (large
biobank survey to identify diabetogenic EVs and
mechanisms of their action; http://www.uta.fi/med/
pevnet/index.html).

4. How to prove causality?

It is difficult to prove or disprove causality be-
tween infections and chronic diseases, especially if
the existing paradigm does not support infectious
etiology. This has been experienced in research
evaluating the role of infections in the develop-
ment of various cancer types; it took decades to
reach general agreement about the causal rela-
tionship between e.g. helicobacteria, papillomavi-
rus, hepatitis B virus, or Epstein-Barr virus and
cancer, even if these infections are currently con-
sidered as the major causative agents in gastric
cancer, cervical cancer, hepatocellular cancer, and
certain lymphomas, respectively [39-42].

Possible causal links between EVs and T1D
will obviously need equally strong and definite
proof to become accepted. According to published
meta-analyses, the association between EV and
T1D is quite strong in studies which have been
based on direct virus detection from blood or tis-

Rev Diabet Stud (2012) 9:260-271

sues (odds ratios ranging from 4 to 10) [24]. How-
ever, serological studies have shown more variable
results [21], possibly because they measure the
general exposure and not invasive infection. The
discovery of IFIH1 as a risk gene for T1D has re-
cently offered a feasible mechanistic explanation
for this association [32, 34]. Other support comes
from ecological studies (polio hypothesis) [35], in
vitro models (EV infection in islet cell cultures)
[43], and mouse models of EV-caused diabetes [3].
However, the general consensus is that the cur-
rently existing evidence is not strong enough to
prove causal relationship. There is a need for addi-
tional, convincing evidence, which could be based
on the following kind of data:

1. Confirmation of the diabetogenic effect of
EVs in large epidemiological studies (pref-
erentially prospective studies carried out in
different populations)

2. Demonstration of EVs in the pancreatic is-
lets in a large series of T1D patients by dif-
ferent technologies

3. ldentification of viral determinants of dia-
betogenicity (such as serotype or mutations
in viral genome) and host factors regulating
susceptibility to the viral effect

The final proof of causality would need inter-
vention trials showing that the elimination of EVs
can reduce the risk of T1D. The following three
ways of intervention could be considered:

1. Vaccines
2. Antiviral drugs
3. Hyper-immune sera

Vaccines offer one of the most attractive oppor-
tunities for such interventions since they can in-
duce effective and long-term protection against
EVs, as shown by the widely used poliovirus vac-
cines. However, the development of a new vaccine
is a highly expensive enterprise. Antiviral drugs
could offer an alternative opportunity, but such in-
terventions should be targeted to autoantibody
positive children with already ongoing beta-cell
damaging process assuming that the process is
driven by a persisting EV infection in the pan-
creas. Treatment with antiviral drugs may also
generate resistant virus strains. A few drugs that
are effective against EVs are currently available
(e.g. interferon-alpha, ribavirin). Interferon-alpha
has been tested in newly diagnosed T1D patients
with varying effects on beta-cell function [44, 45].

Copyright © by Lab & Life Press/SBDR
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Finally, hyper-immune sera against EVs could be
considered. Such a treatment was successfully
used to prevent poliomyelitis before polio vaccines
were developed.

5. Current scenarios in the develop-
ment of EV vaccines to treat type 1
diabetes

The technologies to produce EV vaccines are
available. In addition to the widely used poliovirus
vaccines, new vaccines against enterovirus 71 are
tested in clinical trials, and several other EV vac-
cines have been used effectively in animal models
[46]. Based on these possibilities, one may ask why
such vaccines have not been tested in the preven-
tion of T1D. However, there are several open ques-
tions which need to be answered before the possi-
ble preventive effect of new EV vaccines can be
tested in clinical trials. These questions are sum-
marized below.

5.1 Type of diabetogenic EVs

One of the key questions is related to the iden-
tification of the exact types of diabetogenic EVs. A
possible vaccine should include these virus types
to be effective. The identification of the diabeto-
genic EVs would also enable the study of mecha-
nisms of virus-induced diabetes by analyzing how
these virus types differ from other EVs. Unfortu-
nately, only few studies have focused on the identi-
fication of these virus types.

Early studies in the UK suggested that the
group of six coxsackie B viruses (CBVs), and espe-
cially the CBV4 serotype, may be important; neu-
tralizing antibodies against this virus were in-
creased in T1D patients [47, 48]. CBVs have also
been isolated from the pancreas of T1D patients on
two occasions (both were CBV4) [28, 49]. Autopsy
studies among children who died of CBV infection
have indicated islet cell damage and insulitis in
their pancreas, while no damage was seen in infec-
tions caused by other EV serotypes [50]. CBVs can
cause diabetes and pancreatitis in mouse models
and in monkeys [3, 51]. Also, CBV1 was the only
EV type associated with T1D risk in a recent pro-
spective study which was based on systematic
screening of neutralizing antibodies against sev-
eral different EV serotypes in Finland [52]. This
study showed that CBV3 had a protective effect
indicative of immunological cross-protection
against CBV1 [53]. In another recent study, per-
formed in different European populations, CBV1
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was again associated with increased risk of T1D
[54]. In addition, some EVs other than CBVs
(mainly certain echoviruses) have been linked to
T1D in some studies [55]. Altogether, one can con-
clude that CBVs are currently the chief candidates
for diabetogenic EV types in man. Therefore, a
multivalent vaccine containing CBV serotypes and
possibly some echoviruses would be a good option
for a vaccine to be tested in clinical trials.

5.2 Safety of the vaccine

The target group for the vaccine includes
healthy young children. Therefore, the safety of
the vaccine is of high priority. The long experience
from poliovirus vaccines suggests that these vac-
cines are safe. Two kinds of poliovirus vaccines are
in the market. The inactivated vaccine (Salk’s vac-
cine) includes all three poliovirus types which have
been inactivated by formalin to destroy their infec-
tivity. This vaccine is one of the safest vaccines
ever developed, having no significant side-effects.
The live attenuated vaccine (Sabin’s vaccine) in-
cludes infective polioviruses, but its neuroviru-
lence has been attenuated by serial passages in
cell cultures. This vaccine is also safe, but in very
rare occasions the vaccine virus reverts back to-
wards the neurovirulent phenotype, causing pa-
ralysis in vaccine recipients and their contacts.

In addition to general safety aspects, possible
T1D-specific safety issues should be carefully con-
sidered. Theoretically, the vaccine could cause
beta-cell damage if it shares common antigenic
structures with beta-cell proteins (molecular mim-
icry). Previous studies have suggested that such
epitopes may exist both in beta-cell and EV pro-
teins, but their role in the pathogenesis of T1D
remains elusive [20]. Inactivated CBV vaccine does
not exaggerate the development of diabetes in
NOD mouse, and there are no indications that po-
lio vaccines could cause diabetes [56]. It is thus
unlikely that the vaccine would cause T1D, but
this safety aspect should be carefully considered in
all states of a vaccine development program.

5.3 Strength of evidence

The third important aspect is the confidence
level that needs to be reached before the clinical
development of a vaccine can be started. The evi-
dence for causality should be quite robust because
of the high costs of a clinical development pro-
gram. We recall the analogy to the human papil-
loma viruses and their role in cervical cancer; it
took a long time before the required confidence
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Table 3. Research items and actions to augment the possible development of enterovirus vaccines against type 1 diabetes

Focused research aiming at the identification of the exact type(s) of diabetogenic EVs
Clarifying the mechanisms of the diabetogenic effect of EVs (e.g. role of IFIH1, viral persistence, specific viral serotypes and genotypes)

Identification of the attributable fraction of EVs in different populations

Preclinical mouse trials to develop optimal vaccines for clinical trials

Collaboration between ongoing research projects such as TEDDY, nPOD, and PEVNET to exchange information

Collaboration between academic research and vaccine companies (e.g. through the currently existing vaccine consortium)

level was reached and the development of vaccines
could be started.

5.4 T1D susceptibility attributable to EV infec-
tions

It is important to determine what proportion of
T1D susceptibility can be causally attributed to
EVs. Based on current knowledge, this fraction
may account for 50% or more, but it is difficult to
make reliable estimations. The main reason is that
most studies have been based on methods that
cannot distinguish EV serotypes from each other.
If only some of them are diabetogenic the true pro-
portion of virus-induced T1D cases is hard to de-
termine.

5.5 Current stage of development of an EV
vaccine

Currently, initial efforts to explore the oppor-
tunities for the development of an EV vaccine
against T1D are underway. These efforts are based
on an international consortium that includes aca-
demic partners and vaccine companies. The project
is aimed at the identification of diabetogenic EV
serotypes in different populations and testing pro-
totype vaccines in mouse models. It is too early to
conclude whether this effort will lead to clinical
trials. In any case, it will provide important infor-
mation about the role of EVs in T1D and the pos-
sibilities of developing safe and effective EV vac-
cines for primary prevention of the disease.

The existing live poliovirus vaccines may also
provide a protective effect against non-polio EVs
by immunological cross-protection and viral inter-
ference. Even if these vaccines do not provide com-
plete protection against non-polio EVs, it is possi-
ble that they can protect against severe infections
and systemic spread of the virus. Memory T cells
that have been induced by polioviruses (or poliovi-
rus vaccines) can cross-react with non-polio EVs
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[57] and boost immune responses during later EV
infections. Live poliovirus vaccine induces stronger
T cell responses than inactivated poliovirus vac-
cines. For a long time, countries with high T1D in-
cidence (e.g. Finland and Sweden) have used inac-
tivated poliovirus vaccines, while others have used
live poliovirus vaccines. A recent study suggests
that live poliovirus vaccine protects against otitis
media, a finding which would support the hy-
pothesis of immunological cross-protection against
non-polio EVs causing otitis media [58]. The possi-
ble protective effect of live poliovirus vaccines
against T1D has never been tested in clinical tri-
als.

6. Conclusions

Research on the possible viral etiology of T1D
is in a very active stage, and several large-scale
studies are in progress. Certain key research areas
have been identified, with the potential of filling
critical gaps in current knowledge (Table 3).
Large epidemiological studies should be carried
out to confirm the risk effect of EVs, especially
that of specific EV types (e.g. CBVSs), in different
populations, and to provide reliable estimates for
the proportion of T1D susceptibility caused by EVs
(attributable fraction). Furthermore, new studies
evaluating the presence of EVs in the pancreas of
T1D patients would provide important additional
information about the role of EV infections in T1D
and their structural characteristics.

The role of the IFIH1 gene, the innate immune
system and viral persistence are examples of other
important areas of research. Preclinical vaccine
studies would be needed to develop optimal vac-
cine constructs for clinical trials. Each approach of
intervention for the elimination of EV infections in
the pancreas has its weaknesses and strengths.
Multiple studies carried out in different popula-
tions are needed to achieve a confidence level nec-
essary to determine the role of EV infections in the
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pathogenesis of T1D. Based on this possible future
evidence, clinical vaccine development could be
started, or alternatively, it may be concluded that
EVs do not play a significant role in the patho-
genesis of T1D.

It should also be considered that other viruses
beside EVs may have a possible role in T1D, even
if EVs are currently the main focus. Next-
generation sequencing technologies offer an attrac-
tive opportunity for studying other viruses in addi-
tion to EVs. They are currently used to character-
ize the whole virome of T1D patients, e.g. in the
prospective TEDDY study. It would be important
to standardize these new technologies for their
sensitivity and reproducibility to make them com-
parable between studies and applicable in a safely
repeatable manner.
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