Chapter 14
Enterovirus Immunity
and the “Hygiene Hypothesis”

Heikki Hyoty

Abstract The current knowledge fits with a scenario where one or more commonly
circulating enteroviruses initiate the beta-cell damaging process in early childhood.
These viruses may represent certain enterovirus types and strains which have spe-
cial properties explaining their ability to cause beta-cell damage (e.g., tropism to
islet cells). Particular susceptibility for the virus is probably needed and only a small
fraction of infected individuals may develop beta-cell damage. In this sense type 1
diabetes has many similarities with polio, the well-known enterovirus disease.
Based on experience from polio, both the increasing incidence of type 1 diabetes
and the remarkable geographical variation in the incidence rates can be related to
varying circulation of diabetogenic enteroviruses in these populations. On the other
hand, animal experiments have suggested that under certain conditions enterovi-
ruses may also have a protective effect, which seem to be mediated by their ability
to activate immunoregulatory mechanisms. Both these aspects (risk vs. protective
effect) should be taken into account when possible viral effects on the epidemiology
of type 1 diabetes are investigated. Large-scale birth cohort studies, such as the
TEDDY study, will play a key role in the identification of these effects and virus—
host interactions which determine the outcome of the infection.

Introduction

To understand possible viral effects on the epidemiological patterns of type 1 diabetes,
one needs to combine epidemiological observations with the information on the
mechanisms of enterovirus-induced beta-cell damage. Currently, there is no generally
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accepted single mechanism whereby enteroviruses could cause diabetes, but there
are to be two main scenarios, which are relevant to these considerations. The tradi-
tional “virus disease” scenario is based on the idea that certain enterovirus destroys
pancreatic beta cells, either directly or by immune-mediated mechanisms. This fits
well with previous experience from many enterovirus diseases, such as polio.
Another scenario is based on the hypothesis that under certain conditions enterovi-
ruses may also have a protective effect: they can induce immunoregulatory responses
which can downregulate autoreactive immune responses in analogy with hygiene
hypothesis in allergy. This chapter summarizes epidemiological observations in
light of these two scenarios.

Epidemic Features of the Beta-Cell Damaging Process

Beta cells are destroyed by an immune-mediated process, which usually progress
slowly and may continue for years before clinical type 1 diabetes is diagnosed. The
process starts early, and the majority of children who develop type 1 diabetes have
turned positive for islet autoantibodies before the age of 3 years, in many cases
already before the age of 1 year (Siljander et al. 2009). Therefore, to understand the
dynamic relationships between the epidemiology of enterovirus infections type 1
diabetes, the initiation phase which occurs long before the appearance of symptoms
of diabetes should be studied.

In fact, several publications support the idea that enterovirus infections play a
role in this initiation phase. One of the most interesting observations is the clear
seasonal pattern of the onset of this autoimmune process; children turn positive for
autoantibodies usually during the late summer and fall, which parallels the season-
ality of enterovirus infections (Kimpimaki et al. 2001). This pattern is seen in almost
every year. Altogether, these seasonal peaks support the “epidemic” nature of the
autoimmune process. Accordingly, assuming that a virus initiates the process, this
should happen quite soon after the infection with a relatively constant time-lag.
These observations indicate that the search for diabetogenic enteroviruses should
focus on viruses occurring at this early age and circulating almost every year. This
conclusion is supported by prospective studies showing a “peak” in enterovirus
infections a few months before autoantibodies are first detected (Hiltunen et al.
1997; Oikarinen et al. 2011; Salminen et al. 2003) as well as animal experiments
showing that enterovirus infection induces islet autoantibodies and diabetes with a
few weeks’ time-lag (Chatterjee et al. 1992; Gerling et al. 1991). The diagnosis of
clinical type 1 diabetes follows a similar seasonal pattern, even though it may not be
as clear as that observed in autoantibody seroconversions (Gamble and Taylor 1969;
Moltchanova et al. 2009). Interestingly, the seasonality of type 1 diabetes is the
strongest in countries with high incidence of type 1 diabetes and clear seasonality in
enterovirus infections (this correlates with the latitude). It is also stronger in boys
than in girls which parallels the gender bias in severe enterovirus diseases
(Moltchanova et al. 2009).
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It is possible that the same infectious agent which initiates the process can also
accelerate it and precipitate the symptoms of type 1 diabetes. In fact, enteroviruses
have been detected both at the initiation phase (autoantibody seroconversion) and at
the diagnosis of clinical type 1 diabetes possibly reflecting this kind of “multiple
hit” effect (Yeung et al. 2011).

Type 1 Diabetes as a Viral Disease

In this scenario enteroviruses are considered as a necessary causal factor for the
development of type 1 diabetes. In other words, diabetes is considered as a compli-
cation of enterovirus infection. This has been the dominating hypothesis in studies
evaluating the association between enteroviruses and diabetes and it has been sup-
ported by a number of epidemiological and experimental observations.

One of the key observations is the strong tropism of enteroviruses to human
pancreatic islets. Several studies have suggested that human islet cells are highly
permissive for a number of different enterovirus types in vitro (Chehadeh et al.
2000; Roivainen et al. 2002; Yin et al. 2002) and that enterovirus proteins and
genome are present in the pancreatic islets of both diabetic patients and children
who have died of enterovirus infections (Dotta et al. 2007; Foulis et al. 1990;
Oikarinen et al. 2008; Richardson et al. 2009; Tauriainen et al. 2011). The virus has
been found predominantly in beta cells while the exocrine pancreas has been mostly
negative. This tropism correlates also with the expression of one major enterovirus
receptor, coxsackie and adenovirus receptor, by the islet cells (Oikarinen et al. 2008).
Thus, one key mechanism of enterovirus-induced beta-cell damage may be related
to the capability of the virus to reach the pancreatic islets. It is possible that such
tropism is characteristic to only certain specific enterovirus types and/or strains,
analogously with the tropism of the three poliovirus serotypes to motoneurons
(polioviruses belong to enteroviruses). In mouse models enteroviruses infect mostly
exocrine pancreas but some strains can also infect the islets (Jaidane et al. 2009). In
addition, studies carried out with a closely related picornavirus, encephalomyo-
carditis virus, support this scenario: this virus has two variants (strains), one being
highly tropic to insulin-producing beta cells and causing diabetes in infected ani-
mals (Jun and Yoon 2001).

If the diabetogenic enterovirus types are common, as indirectly suggested by the
epidemiological observations described above, the virus needs to hit a particularly
susceptible host to be able to cause diabetes. Susceptibility to these viruses may be
linked to the genes which modulate the risk of both type 1 diabetes and immune
response to enteroviruses (such as IFIH1, IRF7 network, HLA-DR) as well as other
individual factors such as age and gender (young age and male gender increase the
risk of complications of enterovirus infections). Again, this scenario resembles
closely that previously described in polio (polioviruses used to be very common
causing paralytic disease in less than 1% of infected individuals). In addition, the
virus may have interactions with other risk factors, such as cow’s milk proteins
(Makela et al. 2006).
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Lessons from Other Enterovirus Diseases

Type 1 diabetes and the well-known enterovirus disease, polio, share common features
which may help to understand the role of enteroviruses in type 1 diabetes (Table 14.1).
These similarities include seasonality, time-trends in disease incidence, high inci-
dence in “high hygiene” areas, inflammation in the target organ, and highly selec-
tive cell damage. In fact, poliomyelitis was once suggested to be an autoallergic
disease, where poliovirus infection induces immune-mediated paralysis in geneti-
cally predisposed individuals (Wyatt 1976). One major difference is the long pro-
dromal subclinical phase of disease in type 1 diabetes compared to the rapid
appearance of polio paralysis after the infection. This is quite logical since even a
limited damage in motoneurons leads immediately to clinical symptoms while up to
90% of beta cells can be destroyed without causing any symptoms leading to the
diagnosis of type 1 diabetes.

During the polio era, polioviruses were very common and almost every individ-
ual became infected by adulthood and the majority by the age of 5 years. Only less
than 1% of the infected individuals developed the paralytic disease while the great
majority (about 90%) had subclinical infection. Certain host factors increased the
risk of the severe disease including male gender, older age, physical exercise, and
muscle damage during infection, but the mechanisms regulating the risk are still
largely unknown. Some reports have indicated association with certain HLA genes.

Interestingly, a change in the dynamics of poliovirus circulation turned out to
have a major effect on the risk of paralytic disease. The increasing hygiene gradu-
ally decreased the transmission of polioviruses during the nineteenth century, which
paradoxically led to the first clear epidemics of paralytic disease at the end of the
century (Monto 1999). These epidemics started in young infants (the disease was
first called infant paralysis) in countries with high standard of living (e.g., Nordic
countries and USA) and continued thereafter until the vaccine was developed in the
1950s. These epidemics and the rapid increase in paralytic polio are believed to be

Table 14.1 Epidemiological characteristics of enterovirus infections and type 1 diabetes

Enterovirus Type 1 diabetes

Seasonality Seasonal pattern in temperate Seasonal pattern in the initiation of the
climate, peaking in late summer process peaking in late summer and
and autumn autumn (similar pattern in the

diagnosis of clinical diabetes)

Time-trends Decreasing during the last decades Increasing during the last decades

Geography Common in low hygiene and low Rare in low hygiene and low standard
standard of living of living

Age Most frequent in young children, Beta-cell damaging process starts early,
especially severe illness often <2 year of age

Gender Male gender is associated with Males are affected more frequently

severe illness than females
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caused by a decrease in herd immunity in young children. The basis of this phenom-
enon was a delay in the age of the first infections; some children were not exposed
to polioviruses until later in childhood when they were no more protected by mater-
nal antibodies (Nathanson and Kew 2010). As hygiene, sanitation, and housing
improved the proportion of children escaping infection in infancy rose and the num-
ber of paralytic diseases rose in parallel.

The Polio Hypothesis

Viskari et al. (2000) launched a new hypothesis to explain the conspicuous increase
seen in the incidence of type 1 diabetes in developed countries after World War II as
well as the marked geographical variation in the incidence rates. They claimed that
these phenomena are connected to the circulation of enteroviruses. They named this
hypothesis as the “polio hypothesis” due to the analogy with the epidemiological
pattern previously seen in polio. The same idea has also been discussed elsewhere
(Zinkernagel 2001).

According to the polio hypothesis, a low frequency of enterovirus infections in
the background population increases the risk of type 1 diabetes by making children
more susceptible to enterovirus-induced beta-cell damage. In a population with a
high prevalence of enterovirus infections and a low risk of type 1 diabetes, the first
infections are experienced soon after birth when maternal antibodies protect the
child (Fig. 14.1). Infections which occur at the presence of maternal antibodies
induce an immune response but remain superficial. This has been called a natural
vaccination of the child (Zinkernagel 2001) and is illustrated in Fig. 14.2. The
child’s own enterovirus immunity develops gradually as the child experiences serial
infections inducing a progressively expanding repertoire of memory T-cells which
are known to cross-react between different enterovirus types (Cello et al. 1996;
Juhela et al. 1998a). These memory T-cells can boost enterovirus-specific immune
responses when the child become infected by the same or different enterovirus type
(anamnestic response) speeding up the elimination of the virus and limiting its sys-
temic spread.

In contrast, in a population with a low prevalence of enteroviruses and a high risk
of type 1 diabetes, infants lack maternal antibodies because increasing proportion of
the mothers has not experienced the virus which is infecting the child. Immune pro-
tection against enteroviruses depends largely on neutralizing antibodies. These anti-
bodies are serotype specific making the infant completely unprotected against those
virus types which the mother has never experienced. In addition, the infections
occur later when maternal antibodies have already disappeared and breast-feeding
has been discontinued. This creates a susceptibility period in early childhood when
both passive and acquired immunity are weak and maternal antibodies would be
needed to compensate this defect. Thus, the polio hypothesis could be particularly
relevant for such enteroviruses which circulate in very young children infecting
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Fig. 14.1 Immunological basis of the polio hypothesis. In a population with high prevalence of
enterovirus infections and low risk of type 1 diabetes (a), the child experiences the first infections
(black arrows) soon after birth when maternal antibodies (dotted curve) still protect the child. The
solid curve indicates the development of child’s own enterovirus immunity as a consequence of
serial infections and maturation of immune system. In a population with low prevalence of entero-
virus infections and high risk of type 1 diabetes (b), the infant lacks maternal antibodies and/or
experiences the infections later when maternal antibodies have already disappeared. This creates a
susceptibility period in early infancy. If the child becomes infected by a diabetogenic enterovirus
(large arrow) during this period, the risk of diabetes is high. In addition, child’s long-term entero-
virus immunity develops more slowly and remains at relatively low level due to the lack of booster
infections

them during this susceptibility period. Figure 14.3 summarized the changes in the
population dynamics of enterovirus infections which led to the past polio epidemics
and which may now contribute to the ongoing “epidemic” of type 1 diabetes.

Observations Supporting Polio Hypothesis

The polio hypothesis has been supported by studies comparing the frequency and
time-trends of enterovirus infections and type 1 diabetes different populations.
Viskari et al. (2000) carried out the first studies in Finland where the incidence of
type 1 diabetes is the highest in the world and has increased fivefold during the past
50 years (currently about 60 per 100,000 children). In samples taken from pregnant
women during 1983-1995 as a part of the national infectious disease screening
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Fig. 14.2 Biological basis of the polio hypothesis: the role of maternal antibodies in the protection
of young infants against the diabetogenic effect of enteroviruses. Panel (a) illustrates a child whose
mother has high titers of neutralizing antibodies against the infecting virus serotype. Protective
maternal antibodies are transferred to the child through placenta (systemic effect) and via breast-
milk (local mucosal effect), both protecting the child against the spread of the virus to the pancreas.
Maternal antibodies limit the infection to mucosal surfaces, but the child becomes immunized
against the virus. The virus is illustrated with an open circle, the child with a large oval, and the
target organ (pancreas) with a gray circle. Panel (b) illustrates a child whose mother does not have
antibodies against the infecting serotype and cannot provide protection for the child. The virus
replicates effectively in intestinal mucosa and gut-associated immune system, spreading to the
pancreas and causing inflammation in the infected tissues. Infection before the age of 1 year is a
particular risk factor as child’s own immune system is still immature and the protection depends
largely on maternal antibodies

Gl -track

program they found a significant decrease in enterovirus antibody levels over time.
In a further study they confirmed this finding in larger series in both Finland and
Sweden (Viskari et al. 2005). These analyses were done using assays which detect
antibodies against several different enterovirus types suggesting that the overall
exposure to enteroviruses has decreased. This implies that the proportion of new-
borns who lack maternal antibodies has increased, making new born children now
more susceptible than before. The same group has also compared the prevalence of
enterovirus infections in seven countries with either exceptionally high or low/
intermediate incidence of type 1 diabetes. They found that enterovirus antibodies
were less frequent and at lower levels in countries with high diabetes incidence
compared to countries with low diabetes incidence (Viskari et al. 2004, 2005).
Finland, in particular, had lower antibody levels compared to other counties. For
example, altogether 42% of Finnish pregnant women lacked neutralizing antibodies
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Fig. 14.3 Epidemiological basis of the polio hypothesis: inverse correlation between the circula-
tion of enteroviruses and the risk of severe infection. The incidence of paralytic polio (dotted black
line) is shown in relation to the circulation of polioviruses in background population (gray dotted
line). Similarly, the incidence of type 1 diabetes (solid black line) is shown in relation to the circu-
lation of diabetogenic enteroviruses in the population (dotted gray line). The threshold of virus
circulation which can maintain population immunity and low risk of complications is shown as a
horizontal line. In the case of polio, the circulation of the virus dropped below this threshold at the
end of nineteenth century and, according to polio hypothesis, in type 1 diabetes 50 years later. The
main reason in both cases is an increase in infections which occur in the absence of protective

maternal antibodies in young infants

to coxsackievirus B4, which has been linked to type 1 diabetes in previous studies.
The corresponding figure in the neighboring Estonia and Karelian Republic of
Russia was only 14%. Such a big difference between these countries has probably
biologically relevance and, assuming that this is a diabetogenic virus, could con-
tribute to the high incidence of type 1 diabetes in Finland. Further, Viskari et al.
found that while the overall incidence of enterovirus meningitis has decreased dur-
ing the past decades, the proportion of less than 6 months old cases has increased,
supporting also the role of maternal antibodies in the protection of young infants
against severe enterovirus infections (Viskari et al. 2000). Same kind of secular
increase in severe neonatal enterovirus disease has also been reported in other coun-
tries (Shattuck and Chonmaitree 1992). Recently, a rapid increase in severe cox-
sackievirus Bl infections has documented among young infants in the USA
(Wikswo et al. 2009). Altogether, there seems to be an inverse relationship between
the frequency of enterovirus infections and type 1 diabetes in the background popu-
lation, a pattern which is in line with the polio hypothesis.

Even though enterovirus infections seem to have become less frequent during
the last decades, they are still common and occur in young children during this
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susceptibility period. A study carried out in Finland during 1990s indicated that
altogether 30% of healthy children had experienced enterovirus infection by the age
of 6 months and 60% of children by 12 months (Juhela et al. 1998b). Another study
followed newborns during an enterovirus season in New York in 1981, indicating an
incidence of 13% during the first month of life (Jenista et al. 1984). Thus, consider-
able proportion of children becomes infected during this susceptibility period.
However, only one study has been carried out to find out how often these infections
actually occur in the absence of maternal antibodies. In that study children were
followed from birth in Estonia where the incidence of type 1 diabetes is about 17
per 100,000 children. Infections were diagnosed by detecting viral RNA in regu-
larly collected stool samples and the serotype was identified by sequencing the viral
genome. Neutralizing antibodies were measured against that particular serotype
from cord-blood. The results indicated that 38% of infections, which were experi-
enced during the first months of age, occurred in the absence of maternal antibodies
against the causative virus type (Salur et al. 2011).

Breast-feeding is known to protect children against many virus infections includ-
ing enterovirus infections (Jenista et al. 1984; Sadeharju et al. 2007). In fact, mater-
nal antibodies in breast-milk may provide even stronger protection against
enteroviruses than transplacentally acquired antibodies in circulation (Sadeharju
et al. 2007). This is logical since the transmission of enteroviruses happens via
mucosal route and ingested breast-milk antibodies can neutralize the virus before it
can infect the host. Thus, one can argue that breast-feeding should also protect
against enterovirus-induced diabetes. Breast-feeding may indeed have a protective
effect against type 1 diabetes, even though conflicting observations also exist (Knip
and Akerblom 2005).

In summary, epidemiological observations support polio hypothesis and more
studies are indicated to test it further. It would be important to find out if diabeto-
genic enteroviruses belong to certain serotypes and to study if these observations
hold true for these particular virus types. Large-scale prospective studies in different
populations will play a key role in this effort.

Type 1 Diabetes and the “Hygiene Hypothesis”

In this scenario type 1 diabetes is considered as an autoimmune disease which devel-
ops spontaneously or is initiated by other factors than enteroviruses. The idea of a
spontaneous autoimmune process as an underlying mechanism is largely based on
studies in NOD mice, the most widely used animal model for type 1 diabetes. These
mice develop an autoimmune process which starts “spontaneously” and damages
beta cells leading to type 1 diabetes-like disease. Several microbes can prevent or
delay this process, suggesting that under certain conditions microbes can have a
protective effect resembling that previously suggested in allergies (hygiene hypoth-
esis). In fact, recent studies have widened the scope of the hygiene hypothesis from
allergies to type 1 diabetes and other immune-mediated diseases, and the concept
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that microbes can be important regulators of immune system is under vigorous
investigation (Bach 2005). This idea has also been supported by a recent obser-
vation showing that of type 1 diabetes and IgE-mediated allergic sensitization
co-occur in such subjects who are seronegative for hepatitis A virus (Seiskari et al.
2010). Thus, living in very hygienic conditions may lead to a defect in immune
regulations and predispose to immune-mediated diseases.

Among other microbes enteroviruses prevent the development of diabetes in
NOD mice (Drescher et al. 2004). This effect seems to be mediated by the induction
of immunoregulatory mechanisms such as regulatory T-cells which can suppress the
autoimmune phenotype in these animals (Filippi et al. 2009; Tracy and Drescher
2007). The timing of the infection is critical, since this protection can be seen only
when the mice are infected before the autoimmune process has started. In older
mice, which are already affected by an inflammation process in the pancreas, the
virus can even accelerate the process, particularly when given in high doses (Serreze
et al. 2000). Thus far, two enterovirus serotypes have been studied in NOD mouse
model (coxsackieviruses B3 and B4) and it is not known if other serotypes could
have a similar protective effect.

These observations have raised the question if certain enteroviruses could also
have a protective effect in man. However, the number of human studies addressing
this question is very limited. One study showed that neutralizing antibodies against
coxsackieviruses B3 and B4, the same serotypes which have had a protective effect in
NOD mice, are decreased in type 1 diabetes patients compared to controls (Palmer
et al. 1982). Theoretically, this difference could reflect a protective effect.
Coxsackievirus B3 can also selectively inhibit major histocompatibility complex class
I presentation pathway which reduces cytotoxic T-cell responses to infected cells
(Cornell et al. 2007). Interestingly, recent studies have suggested that enterovirus
infections may protect from IgE-mediated allergic sensitization (Seiskari et al. 2007)
also supporting possible immunoregulatory effects. Such an effect could be mediated,
e.g., by induction of immunoregulatory cytokines such as IL-10 by the virus (bystander
suppression mechanism). However, further studies are still needed to find out if
enteroviruses have immunoregulatory effects which play a role in the pathogenesis of
human type 1 diabetes.
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