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Abstract The question if enteroviruses could cause beta-
cell damage and type 1 diabetes has become more and more
relevant when recent studies have provided new evidence
supporting this scenario. One important observation is the
recent discovery of IFIH1 as a risk gene for type 1 diabetes.
This gene is an innate immune system receptor for
enteroviruses offering one possible mechanism for the
diabetogenic effect of enteroviruses. This is further empha-
sized by the observations suggesting that the innate immune
system is activated in the pancreatic islets of type 1 diabetic
patients and that the innate immune system is important for
the defense against the virus and for the regulation of
adaptive immune system. Important progress has also been
gained in studies analyzing pancreas tissue for possible
presence of enteroviruses. Several studies have found
enteroviruses in the pancreatic islets of type 1 diabetic patients
using various methods. The virus seems to be located in the
islets while exocrine pancreas is mostly uninfected. One
recent study found the virus in the intestinal mucosa in the
majority of diabetic patients. Enteroviruses can also infect
cultured human pancreatic islets causing either rapid cell
destruction or a persistent-like noncytolytic infection. Com-
bined with all previous, epidemiological findings indicating

the risk effect of enteroviruses in cross-sectional and
prospective studies, these observations fit to a scenario where
certain diabetogenic enterovirus variants establish persistent
infection in gut mucosa and in the pancreatic islets. This in
turn could lead to a local inflammation and the breakdown of
tolerance in genetically susceptible individuals. This is also
supported by mouse experiments showing that enteroviruses
can establish prolonged infection in the pancreas and intestine,
and some virus strains cause beta-cell damage and diabetes. In
conclusion, recent studies have strengthened the hypothesis
that enteroviruses play a role in the pathogenesis of type 1
diabetes. These findings open also new opportunities to
explore the underlying mechanism and get closer to causal
relationship.
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Introduction

The enterovirus (EV) genus is part of the large picornavirus
family. They are small non-enveloped RNA viruses which
are the most common viruses causing human diseases.
Usually, they lead to mild or asymptomatic infections, but
occasionally, the virus spreads to the myocardium or central
nervous system leading to myocarditis, meningitis, or
paralysis. Infections are common already in very young
infants, and newborns are at risk to get systemic multiorgan
infections, which can be fatal.

Type 1 diabetes (T1D) is caused by a selective
destruction of insulin producing pancreatic beta-cells. Many
risk factors are known, such as the HLA genes, but the
triggers, which induce the autoimmune process leading to
beta-cell death, are still largely unknown. However, evidence
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supporting the role of enteroviruses can be seen as one of the
strongest. These are for example: 1) the risk effect of EVs has
been documented in most cross-sectional and prospective
studies; 2) EV proteins and viral RNA have been detected in
the pancreas and intestinal mucosa of T1D patients; 3) EVs
have strong tropism to human pancreatic islets but not to the
exocrine pancreas; 4) certain EV receptors (CAR) are strongly
expressed in human pancreatic islets but not in exocrine
pancreas; 5) antiviral defense mechanisms are activated in the
pancreatic islets of T1D patients; 6) EVs infect and damage
beta-cells in cultured human pancreatic islets; 7) the innate
immune system receptor for EVs (IFIH1) is a risk gene for
T1D; 8) EVs activate an inflammatory process and cause
diabetes in animal models; 9) EVs establish persistent
infection in pancreatic islets and gut mucosa in mouse models;
and 10) the seasonality of autoantibody appearance and of the
onset of T1D follows a similar seasonal pattern as EVs.

Epidemiological studies

A considerable body of evidence has suggested that EV
infections are involved in the pathogenesis of T1D, and this
association has long been implied from epidemiological
evidence. Original studies were done by Gamble and Taylor
[23, 24] who found that the seasonal pattern of T1D
overlapped that of EVs showing a peak in autumn. In
addition, they found that enterovirus antibodies were more
frequent in T1D patients than in control subjects. Since
then, enterovirus antibodies have been measured from T1D
patients and control subjects in several studies with varying
results [36, 53]. Overall, these studies suggest that T1D
patients may indeed have an increased frequency of
enterovirus antibodies, but the difference to control subjects
is not very clear, and results vary according to the method
used for antibody measurements, the population which was
examined and the selection of control subjects. It should
also be noted that we may not expect to see clear
differences in antibody frequency between case and control
subjects if the diabetogenic virus is frequent in the
background population and causes beta-cell damage only
in a small proportion of infected individuals.

In addition to serological studies, EVs have been
searched for using molecular methods. Detection of the
virus directly from blood by sensitive RT-PCR assay has
proved to be a valuable tool in diabetes research. At least
nine cross-sectional studies have been published where EV
genome has been found in blood of T1D patients (Table 1)
[1, 7–9, 21, 39, 46, 47, 77]. This method has made it
possible also to type the virus by sequencing its genome.
However, the sequences obtained from blood of T1D
patients, so far, cover only the conserved region of the
EV genome (5′NCR), which does not allow detailed typing

of the virus strain. Altogether, these studies have indicated
that about 30% of T1D patients are positive for EV RNA in
blood or serum compared to less than 5% in control
subjects. This suggests that T1D patients have more
enterovirus infections or the immune response is weaker
in T1D patients than control subjects, which could lead to
prolonged infections in T1D patients. It is not known if
these infections represent an acute or persistent infection. In
acute infections, EV is present in serum only for a short
period of time, usually no more than a few days, which
decreases the possibility of virus detection. On the other
hand, in persistent infection, the amount of virus in serum is
probably very small, which may limit the possibilities to
detect such infection even with highly sensitive PCR
techniques. Furthermore, used cDNA amplification methods
are usually designed only for positive strand RNA and
therefore these methods do not detect effectively negative
strand RNA. It has been shown that in persistent infections
negative strand RNA is sometimes incorrectly packed into the
viral capsids [41]. Thus, it is possible that these studies
underestimate the frequency of virus in T1D patients.

Prospective studies offer several advantages compared to
cross-sectional studies. Such studies are based on a follow-up
of initially non-diabetic subjects until some of them develop
T1D. An important advantage is that one can analyze time-
relationship between virus infection and the initiation of the
autoimmune process reflected by the appearance of islet
autoantibodies in serum. The first prospective studies were
carried out in Finland, where EVs were found more frequently
in children who later progressed to T1D than in control
children and infections clustered to the time when islet
antibodies appeared [32, 35]. These findings have been
repeated in further prospective studies in the Finnish
population using both antibody measurements and EV
RNA detection from serum [43, 44, 56, 57, 60, 61].
However, prospective studies in the US and Germany could
not find this risk effect [22, 27]. It is not known if this could
be due to methodological differences (e.g., much longer
sample intervals in the US and German series) or true
differences between populations. Altogether, the prospective
studies done so far are based on relatively small series of
children, and larger studies in different populations are
obviously needed. This is a rapidly expanding research field
and large international studies, such as the TEDDY study,
are currently in progress. In conclusion, the data from
epidemiological studies suggests that the presence of EV in
blood is associated with increased risk of T1D. It seems that
the presence of EV in stools is not an as clear risk marker as
EV in blood. This may indicate that systemic infection or
viral persistence in certain internal organs is an important
factor in EV induced beta-cell damage.

In addition to childhood infections, EV infections during
pregnancy may increase the risk of T1D in the offspring

46 Semin Immunopathol (2011) 33:45–55



[10–12, 35]. However, the risk effect of maternal infections
during pregnancy has not been found in all studies [74].
Altogether, it seems that the role of such infections needs
further confirmation and if it exists it may be relatively
small or it exists in some subpopulations.

If EVs cause T1D, one can ask if they could also
contribute to the increasing incidence of T1D. For example,
the frequency of EV infections, particularly that caused by
diabetogenic strains, could have increased during the past
decades paralleling the increase in T1D incidence. This
question was evaluated in a series of studies carried out in
the EPIVIR project. The EPIVIR project included several
European countries with varying incidences of T1D.
Possible change in EV infection frequency over the last
decades was analyzed by measuring EVantibodies in stored
serum samples taken from pregnant women during the
years 1983–2001 in Finland and Sweden. Interestingly, EV
antibodies decreased significantly during this time period
suggesting that EV infections may actually have became
less frequent [71, 73]. The antibody assays that were used
in the EPIVIR project detected antibodies against a wide
range of different EV serotypes as a group, suggesting that
the overall incidence of EV infections has decreased.
However, this does not exclude the possibility that a certain
specific EV type could follow an opposite pattern and an
increasing trend. The finding of EPIVIR project led to the
generation of a new hypothesis, the polio hypothesis. The
name of this hypothesis refers to a similar epidemiological
change in paralytic polio about 100 years ago. Polio is
caused by three EV serotypes, polioviruses 1–3, which
destroy motoneurons in the spinal cord leading to paralysis
in about 1% of infected individuals. The incidence of this
paralytic complication started to increase rapidly at the end
of the 19th century (polio epidemics started) at the same
time when the circulation of poliovirus decreased. This
resembles the current epidemiological findings in T1D
which increases at the same time when EV are becoming

less frequent. The increase in paralytic polio was due to a
shift in the child's first infections from neonatal period to an
older age when maternal antibodies had already disap-
peared from the child's circulation and were not protecting
the child. According to the polio hypothesis the same
phenomenon happens now in T1D when the protection of
infants against diabetogenic EV variants has decreased due to
the decrease in maternal antibody frequency and the delay in
the infections to an older age. The same phenomenon may
also contribute to the marked difference in the incidence of
T1D between countries. The findings of the EPIVIR project
suggest that the frequency of EV infections is lower in
countries with high incidence of T1D (such as Finland)
compared to that of countries with low incidence of T1D [71,
72]. Similar difference was seen in the history of paralytic
polio, which was more frequent in the USA than in Egypt,
while an opposite trend was seen in the frequency of
poliovirus infections. Currently, it is not known if the polio
hypothesis is true for T1D, but it clearly forms an interesting
basis for further studies on infection ecology and T1D.

Another hypothesis that could link EVs to the increasing
incidence of T1D is the hygiene hypothesis. In contrast to
the polio hypothesis, which deals with immune protection
against EVs, hygiene hypothesis postulates that EVs may
have a beneficial effect on immune regulation and down-
regulate autoimmune responses by so-called bystander
suppression mechanism. This idea was supported by
experiments in NOD mice, as EVs can prevent spontaneously
developing diabetes in these mice when they are infected
early, before insulitis has started [18, 70]. This protection is
mediated at least partly by the induction of regulatory T cells,
but it is not specific for EVs, as many other viruses,
including diabetogenic encephalomyocarditis virus EMCV-D
strain, can also prevent diabetes in NOD mice [31]. EVs are
also associated with low risk of IgE-mediated allergic
sensitization [64] supporting the idea that they may have
such immunoregulatory effects also in man.

Table 1 Evidence for EV infections at the onset of T1D detected by RT-PCR

Country Patients Controls Reference

Positive (%) N Positive (%) N

UK 64 14 4 45 Clements et al. Lancet 346:221–223, 1995

UK 41 55 31 43 Foy et al. Diabet Med. 12:1002–1008, 1996

UK 27 110 5 182 Nairn et al. Diabet Med. 16:509–513, 1999

France 42 23 0 27 Andreoletti et al. J Med Virol 52:121–127, 1997

France 38 56 0 37 Chehadeh et al. J Infect Dis 181:1929–1939, 2000

Sweden 50 24 0 24 Yin et al. Diabetes 51:1964–1971, 2002

Australia 30 206 4 160 Craig et al. J Infect Dis 187:1562–1570, 2003

Japan 38 61 3 58 Kawashima et al. J Infect 49:147–151, 2004

Germany 20–36 50+47 2 50 Moya-Suri et al. J Med Microbiol 54:879–883, 2005
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Viral determinants of diabetogenicity

EMCV infection in mice has widely been used to study the
mechanisms of picornavirus-induced T1D. Diabetogenic
EMCV variant (EMCV-D) causes diabetes by damaging
insulin producing beta-cells while another variant (EMCV-
B) does not. Diabetogenic strain may induce lower
interferon response than non-diabetogenic strain leading to
more severe infection in the pancreatic islets [3]. These two
virus variants differ in several amino acids, but a single
point mutation in the major capsid protein VP1 region
seems to be the major determinant of diabetogenicity [38].
The location of this amino acid in the receptor binding
region suggests that it may modulate the binding affinity of
the virus to its cellular receptor. In analogy with EMCV-D
certain EV strains have also been cited as diabetogenic.
These strains have usually been isolated from T1D patients,
and some of them can cause diabetes in mice. One of the
most widely used such strains is the E2 strain of
coxsackievirus B4 [80]. However, the molecular determi-
nants of diabetogenicity of EVs have not been identified.
Experience from other EV diseases, particularly poliomy-
elitis, indicates that EV virulence can be controlled by
several genomic regions including the 5′NCR and the
capsid region. The identification of such determinants
would be important for the understanding of the mecha-
nisms of EV-induced beta-cell damage in man. They could
be related to the binding of the virus to its cellular
receptors, viral interactions with intracellular proteins
during viral replication cycle or the effect of the virus on
the immune system. Critical bottlenecks hindering the
progress in this field include the limited number of
potentially diabetogenic wild-type EV strains isolated from
diabetic and prediabetic subjects as well as the high
mutation and recombination rate of EVs that cause a lot
of natural variability in these viruses and leads to the
generation of viral quasispecies during infection. In
addition, it is not known how well different mouse models
predict the diabetogenicity of different EV strains in man.
Recently, a systematic collection of picornavirus strains
from prediabetic and diabetic children has been started in
Finland as a part of international collaboration (PicoBank)
aiming at identification of diabetogenic determinants by
analyzing a large number of potentially diabetogenic and
non-diabetogenic EV strains and comparing their properties
to those of previously reported diabetogenic strains.

Role of host factors

It is known from other EV diseases that host factors
regulate the outcome of EV infection. For example, the
male gender increases the risk of severe EV illness both in

man (e.g. paralysis, meningitis, myocarditis) and it
increases also the risk of picornavirus-induced diabetes in
mice [40, 76]. Young age is another risk factor for severe
disease as newborns are highly susceptible for coxsackievirus
B infections. Dietary factors also play a role and e.g., the
deficiency of selenium is associated with severe course of EV
infection (coxsackievirus-induced myocarditis) [2]. It has
been shown that breast-feeding protects against EV infections
[59]. EVs may also interact with some cow's milk
components, such as cow's milk insulin, leading to stronger
diabetogenic effect in infants who have received cow's milk
formula than in breast-fed infants [45].

Animal experiments have demonstrated that the individ-
ual genetic setup of the host has a clear influence on the
development of beta-cell damage and diabetes after viral
infection. This is clearly indicated by the fact that only
certain mouse strains develop diabetes after picornavirus
infection [42, 55, 81]. This susceptibility is partly associ-
ated with MHC genes but also other genes are involved.
Genome-wide association studies have identified at least 40
regions in human genome that are associated with human
T1D, and many of them are known to be relevant for
antiviral responses. For example, the HLA locus, which
includes the major susceptibility alleles for T1D, regulates
the course of many virus infections including dengue,
hepatitis C, HIV and hantaan virus infection. HLA risk
genes for T1D modulate immune response against EVs and
strong antibody response against EVs is associated with
HLA-DR3 and HLA-DR4 risk antigens [58]. The signifi-
cance of this association is not known, but it is possible that
strong antiviral response leads to more severe tissue
pathology in infected islets. Recently, the IFIH1/MDA5
gene was found to mediate susceptibility for T1D [66, 67,
75]. Rare IFIH1 gene variants that modulate the structure of
the IFIH1 are strongly associated with protection against
T1D and also exert an influence on IFIH1–mRNA
expression in peripheral blood mononuclear cells (PBMCs)
[48]. Other mutations in the IFIH1 region have also shown
association with T1D. The IFIH1 gene codes for an
important innate immune system sensor for EVs and some
other picornaviruses such as EMCV, detecting viral double-
stranded RNA (dsRNA), which is produced in the
cytoplasm during virus replication. IFIH1-deficient mice
are also highly susceptible to infections caused by these
viruses [34]. Thus, this molecule offers a plausible
mechanistic explanation for the previously observed link
between the innate immune system, EV infection and
susceptibility to T1D. As the innate immune response is
important for the clearance of infection and for the regulation
of adaptive immunity, it is quite obvious that this finding
opens new opportunities to study the mechanisms mediating
the risk effect of EVs. It is possible that IFIH1-mediated
activation of innate immune system by EVs determines if the
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virus can invade pancreatic islets and/or if it can cause strong
enough inflammation to break the immune tolerance.

Pancreas studies

Recently, a causal relationship has received important
support from studies showing EV RNA and proteins in
the pancreas of T1D patients (Table 2) [52, 79]. In a recent
study, EV VP1 protein was found by immunohistochemistry
(IHC) in the pancreas of 61% of recent-onset T1D patients but
in only 6% of relevant controls [52]. This result was
confirmed using an antibody against dsRNA-activated
protein kinase R (PKR). Similar findings have come from
recent case reports and from the new Network for Pancreatic
Organ Donors with Diabetes (nPOD) project (Table 2) [13,
26, 50, 69, 80]. Also, there is now direct evidence of an
enterovirus infection in pancreatic beta-cells in fulminant
diabetes [65, 68]. Although there has been evidence of the
role of virus infections in the etiology of fulminant T1D,
these recent papers are the first studies where enteroviruses
were detected directly in the pancreas. Importantly, all these
studies have found the virus almost exclusively in the
pancreatic islets while exocrine pancreas has been virus
negative, a pattern which parallels islet-specific expression of
one major EV receptor, CAR [50]. Support for the islet
specificity of EVs has also been obtained from newborn
babies who died of systemic EV infection. Also in these
cases EV were found almost exclusively in pancreatic islets,
while exocrine tissue has been mostly EV negative [19, 20,
37, 79]. In addition, EV has been found in the intestinal
mucosa in the majority (75%) of T1D patients but in only
10% of control subjects [49]. Examples of EV-positive
pancreatic islets and gut biopsies are shown in Fig. 1.
Collectively, these studies suggest that T1D may be quite

frequently associated with EV infection in the pancreatic
islets and intestinal mucosa. In theory, such a high
frequency of the virus in T1D patients would fit well
with viral persistence in these tissues and suggests that it
may spread from the intestinal mucosa to pancreas via
common lymphatic and vascular networks of these
closely located organs. Evidence for virus has been
found using different methods (in situ hybridization,
immunohistochemistry, and electron microscopy), and
EVs have also been isolated from the pancreas of T1D
patients [13, 80], which argues against methodological
artifacts. Furthermore, one of these viruses was able to
induce diabetes in mice. These findings are also in line
with in vitro studies showing that human islets are highly
permissive for EVs and that these viruses have a wide
range of effects on islet cells ranging from persistence to
rapid lytic infection depending on the type and dose of the
virus [54, 78]. However, it is not known if some of these
infection patterns are typical for diabetogenic EV strains.

Positivity for EVs has been found to be located in beta-
cells in most studies where double staining was done for
EV protein and specific islet-cell proteins in pancreatic
tissue [13, 52]. An example of such beta-cell-specific EV
staining is shown in Fig. 2. The beta-cell-specific staining
for EV has also been seen in beta-cells infected in cell
cultures, although in some studies also non-beta-cells have
been EV positive [6, 16]. The beta-cell specificity of EVs
may vary between EV serotypes and possibly between
virus strains, as different enterovirus types use different
cellular receptors for entry.

One of the major obstacles in studying the diabetic
pancreas has been and still is the shortage of tissues, both
from diabetics and representative controls. One reason for
this is the difficulty to take pancreatic biopsies, due to
organ location and the risk of complications. Furthermore,

Table 2 Evidence for a direct infection of pancreatic islets in the etiology of type 1 diabetes in humans

EV positive/cases EV positive/controls Method* Tropism to islets Virus serotype Reference

Autoimmune type 1 diabetes

1/1 0/0 IHC Yes CBV4 Gladish et al., Z Kardiol 65:837–849, 1976

1/1 0/0 VI ND CBV4 Yoon et al., N Engl J Med 300:1173–1179, 1979

4/65 0/40 ISH Yes ND Ylipaasto et al., Diabetologia 47:225–239,2004

3/6 0/26 IHC, EM, VI Yes CBV4 Dotta et al., Proc Natl Acad Sci USA
104: 5115–5120, 2007

1/1 0/0 IHC Yes ND Oikarinen et al., Diabetologia 51:1796–1802, 2008

44/72 3/50 IHC Yes ND Richardson et al., Diabetologia 52:1143–1151, 2009

3/13 1/23 ISH Yes ND Tauriainen et al. IDS, 2009 congress abstract

Fulminant diabetes

3/3 0/17 IHC Yes ND Tanaka et al. Diabetes 2009

1/3 0/0 ISH Yes ND Shibasaki et al. Endocr.J 2009

* IHC = Immunohistochemistry, ISH = in situ hybridization, VI = virus isolation in cell cultures, EM = Electron microscopy
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there is practically no tissue available from autoantibody
positive subjects, excluding some rare exceptions [25, 50].
Lately, this obstacle has been overcome due to screening of
brain-dead organ donors for diabetes-associated autoanti-
bodies. Although this effort, these tissues are still rare and
require a large and expensive organization. Examples of
these are the PanFin network in Finland, the nPOD in the
USA, and Belgian Organ Donor Consortium.

Methodological limitations of the detection
of enteroviruses in tissue samples

The most widely used detection method in tissue analysis is
the IHC staining using the Dako EV antibody against EV
VP1 protein (clone 5D8/1). Although this antibody has its
weaknesses, it still seems to be the only commercial
antibody, which properly detects EVs by IHC from

Fig. 1 EV positivity in pancreas
(a,b) and duodenum (c,d), by
immunohistochemistry (a,c)
and in situ hybridization (b,d).
Positivity to EVs is shown by a
brown color in IHC stained
tissues (a,c) and by a purple
color in ISH (b,d).
Arrows pointed EV positive
cells. Magnification 400×

Fig. 2 Immunofluorescence double staining of EV proteins (green) and different pancreatic islet cell proteins (red) including insulin (a), glucagon
(b) and somatostatin (c). Co-localization of EV and beta-cells is shown in yellow (a). Magnification 200×. Photo by Teppo Haapaniemi
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formalin-fixed paraffin-embedded (FFPE) tissues. One
limitation is that in certain conditions, EV antibodies might
cross-react with some islet-cell antigens (IA-2) and HSP60
[28, 29]. It also might give background staining in smooth
muscle cells [52]. However, by careful optimization, this
antibody can be used reliably. However, it would still be
important to have another method or antibody to confirm
the result. Available methods include in situ hybridization
and RT-PCR, both of which can be applied for FFPE
samples. Electron microscopy (EM) and virus isolation
need frozen samples and well-preserved tissue. Altogether,
reliable detection of EVs from tissue samples is not a trivial
issue, and positive findings should be confirmed using
various methods. Every method however has its limitations,
which are presented in Table 3.

Role of viral persistence

Persistence of a virus usually leads to an inflammatory
process, which in many occasions is indistinguishable from
an autoimmune process. A good example of such process is
a chronic hepatitis C virus infection, which causes a strong
inflammation process in the liver and induces an autoimmune
response against liver antigens. Animal experiments have
shown definitively that picornaviruses can cause persistent
infections leading to severe tissue pathology. The classical
model is the Theiler’s murine encephalomyelitis virus
(TMEV) infection in mice. The DA strain of TMEV causes
a persistent central nervous system infection in certain
susceptible mouse strains, which is associated with restricted
viral gene expression and yielding an inflammatory demye-

lizating response [15]. Class I genes within the MHC locus
(H-2D region) play a major role in determining whether
strains of mice develop chronic demyelization and TMEV
persistence [4]. In addition to TMEV, EVs can persist for
several months in the intestine, heart, and central nervous
system in mice leading to tissue pathology such as
myocarditis. For example, coxsackievirus B3 persists in a
terminally deleted defective form in the myocardium. The
pathogenetic mechanism seems to include both direct effects
of viral replication as well as induction of inflammation in
the heart [4]. EVs can also establish persistent infections in
cell lines. Human studies have suggested that persistent EV
infection may play a role in post polio syndrome, dilated
cardiomyopathy and chronic fatigue syndrome as well as in
the pathogenesis of T1D. This creates a challenge in the
detection of such infection in T1D patients, since the
replication of such virus may be at an extremely low level.
The balance between positive and negative strand viral RNA
may also be shifted from strong predominance of positive
strand RNA (typical for acute infection) to equal amounts of
positive and negative strand RNA (persistent infection).
This, in turn, increases the formation of dsRNA complexes.
EV variants, which can cause persistence have been shown
to carry deletions in the 5′NCR of their genome [5, 17, 41].
Altogether, these characters can decrease the sensitivity of
conventional assays to detect EV in T1D.

How enteroviruses break the tolerance

EV can cause an autoimmune process by various mechanisms.
Studies in experimental animals have evaluated these

Method* Limitations

IHC Degradation of proteins in post-mortem samples

Most antibodies bind only to some of the over 100 different EV serotypes

Cross-reactivity of antibodies with tissue epitopes

Limited sensitivity

ISH Degradation of RNA in post-mortem samples

Degradation of RNA in FFPE samples

Single probe may not detect all of the over 100 different serotypes of EVs

Limited sensitivity

RT-PCR Degradation of RNA in post-mortem samples

Degradation of RNA in FFPE samples

Primers may not amplify all of the over 100 different serotypes of EVs

Limited sensitivity due to the PCR inhibitors present in tissues

EM Degradation of proteins and RNA in post-mortem samples

Limited sensitivity

VI No infective virus present in FFPE samples (degradation of proteins and RNA)

Virus is replication deficient (especially in persistent infections)

Limited sensitivity

Table 3 Examples of limitations
of enterovirus detection methods
in tissue samples

* IHC = Immunohistochemistry,
ISH = in situ hybridization,
VI = virus isolation in cell
cultures, EM = Electron
microscopy
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mechanisms in detail and demonstrated that there is a clear
biological basis for such phenomenon. However, it is still
open which of these mechanisms could be relevant for human
type 1 diabetes. One of the most likely possibilities is that the
inflammation induced by EVs leads to an autoimmune
response by so-called bystander activation mechanism [33].
In this scenario, the virus creates a proinflammatory milieu in
infected pancreatic islets, which activates dendritic cells to
present beta-cell autoantigens delivered from virus-damaged
cells. EV infection in the pancreatic islets also increases the
expression of HLA class I molecules by inducing type I
interferons [51]. This may increase the activity of CD8+
cytotoxic T cells. Other innate immune system responses
may also be important and especially the role of natural killer
(NK) cells has been suggested [13, 14]. Immunological
cross-reactivity between EV and pancreatic islets has also
been described, which may contribute the beta-cell damaging
process [29, 30]. Recent studies have implicated that
antibody mediated enhancement of infection, a mechanism
which mediates severe illness in some other virus diseases,
such as dengue, may play a role in EV-induced T1D [62].
This phenomenon is based on antibodies that target the virus
but which do not neutralize it. Such antibodies can worsen
the course of disease probably by increasing the replication
of EVs in monocytes/macrophages and by causing a shift
from Th1 type immune response to Th2 type response.

The pathogenesis of fulminant T1D fits with an acute
infection leading to a fast and complete destruction of beta-
cells, since the disease progresses very fast. In fulminant
diabetes also the amount of alpha-cells is reduced [63] and

one can speculate that this might also be a consequence of
the virus infection. Would the differences between autoim-
mune and fulminant T1D be due to different serotype of
EVs causing the disease or to different immune response
and genetic setup of the host. This is also an interesting but
still open issue.

Conclusions

In conclusion, the present knowledge fits well to a model
where certain diabetogenic EVs infect individuals at a
young age leading to viral persistence in gut mucosa and in
pancreatic islets. Virus may persist as a low-level, non-
cytolytic infection, causing local and long-lasting inflam-
mation in the islets. This, in turn, could lead to the
activation of dendritic cells in infected tissues and in the
draining lymph nodes, which, together with virus-induced
islet-cell damage, leads to the breakdown of tolerance in
individuals who are genetically susceptible for T1D
(Fig. 3). Studies of pancreatic tissues suggest that such
EV strains may have strong tropism to islet cells especially
to beta-cells. However, it is not known if these EVs
represent certain genotypes or serotypes. From the thera-
peutic point of view, the information about the serotypes
and genotypes of diabetogenic EVs would be crucial as it
would directly facilitate the development of effective
vaccines against these viruses. More than 100 different
EV serotypes exist, and it is not known which of them are
infecting the pancreatic islets or generating the risk effect

Viral persistence
in intestinal mucosa
and GALT in individuals
with low innate immune
response and low CD8
response against the
virus

Continuous
feed of the virus
through common
veins and
lymphatics to the
pancreas

Development of autoimmune
process in individuals who produce
strong CD8 -mediated
immune response to target
autoantigens

Presentation of viral antigens
and autoantigens by activated
dendritic cells in local lymph
nodes

Chronic Inflammation
mediated by innate
and adaptive immune
response

HLA and other
genes regulate the
immune response
to autoantigens
and viral antigens

Innate immune
system genes
regulate front-line
defence against
the virus

Activation of tissue
macrophages
and dendrititic cells

Immune-mediated damage of
insulin-producing beta-cells

Fig. 3 Hypothetical model of
the pathogenesis of enterovirus-
induced beta-cell damage.
The figure illustrates how
enterovirus infection could
lead to an autoimmune process
and beta-cell damage in
pancreatic islets. This model is
based on the combination of
epidemiological evidence and
virus analyses of tissue samples.
Key component is prolonged
or persistent infection in gut
mucosa and pancreatic islets
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observed in epidemiological studies. Large prospective
studies in different populations as well as studies on the
pancreatic tissue will be extremely valuable for making
progress in these fundamental questions. Such studies,
for example DIPP study (http://research.utu.fi/dipp/index.
php?mid=2&language=en), TEDDY study (http://teddy.epi.
usf.edu/) and nPOD study (http://www.jdrfnpod.org/) are
currently in progress.
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