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Abstract

Aims/hypothesis Enterovirus (e.g. Coxsackie B virus sero-
types [CVBs]) infections may be associated with develop-
ment of type 1 diabetes. Studies conducted in several
European countries have, however, shown an inverse corre-
lation between the incidence of type 1 diabetes and the
prevalence of enterovirus infections. These findings could
in part be explained by an extension of the poliovirus
hypothesis, suggesting that the absence of maternally trans-
ferred antibodies protecting offspring from early infection
increases the risk for diabetes development. Experimental
evidence supporting this hypothesis in type 1 diabetes is,
however, lacking. As maternally transferred protection from
infection is a crucial component of the extended poliovirus
hypothesis, we here tested the hypothesis that previously
infected females transfer protection against infection and
diabetes to offspring.
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Methods The induction of CVB-specific maternal antibod-
ies and transfer of protection from virus infection, replica-
tion and development of virus-induced diabetes to offspring
was assessed using NOD and Socs-transgenic NOD mice.
Results Infected mice produced neutralising antibodies to
CVB. Offspring from infected females were positive for
neutralising antibodies and were strongly protected from
both infection and experimental diabetes.
Conclusions/interpretation Our study shows that maternally
transferred antibodies protect offspring from enterovirus
infection and virus-induced diabetes. This suggests that the
absence of maternally provided protection increases the risk
for severe outcomes after an enterovirus infection in off-
spring. Moreover, our findings may have implications for
the design of prospective studies aimed at investigating the
possible role of enterovirus infections in the aetiology of
human type 1 diabetes.
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Introduction

Susceptibility to type 1 diabetes is regulated by both genetic
and environmental factors. Epidemiological studies have
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suggested that infections with enteroviruses, in particular
those of the coxsackie B virus (CVB) serotypes, may be
linked to islet autoimmunity and development of type 1
diabetes [1-5]. Other observations suggesting that infections
with these viruses have a causative role in diabetes devel-
opment come from studies that found enteroviruses more
frequently in pancreases [6—8] and, in some studies, also gut
biopsies [9—-11], from patients with type 1 diabetes com-
pared with healthy controls. Some enteroviruses, including
the CVBs, are pancreatropic and can infect human beta cells
in vitro, often with a detrimental outcome (e.g. [6, 12]).
Furthermore, experimental animal models have indicated
that enterovirus infections can cause direct beta cell damage
[13, 14] and alter disease progression in the NOD mouse
model [15-17].

The incidence of type 1 diabetes varies considerably
between different countries [18]. Based upon the obser-
vations linking enterovirus infections to the development
of type 1 diabetes [1-5], it would be expected that such
infections are more common in countries with a high
disease incidence compared with those with an interme-
diate or low incidence. In contrast to this assumption,
epidemiological studies conducted in different geograph-
ical regions of Europe have demonstrated that the fre-
quency of enterovirus infections in the background
population shows an inverse correlation to the incidence
of type 1 diabetes [18-20].

The observation that the prevalence of enterovirus infec-
tions is low in countries with a high incidence of type 1
diabetes may support an argument against a causal role for
these viruses in human type 1 diabetes. However, a parallel
to this inverse correlation has been described for poliovirus,
a virus also belonging to the enterovirus genus [21]. Before
the beginning of the 20th century, poliovirus infections were
endemic and the risk of paralytic complications
(poliomyelitis) was low. Since the end of the 19th century,
improved hygienic standards and public sanitation has led to
a decrease in the frequency of poliovirus infections in the
developed world. Paradoxically, this led to a dramatic in-
crease of individuals developing paralytic poliomyelitis. A
likely explanation to this development is that herd immunity
declined in parallel with the reduced circulation of poliovi-
rus [21]. Indeed, in the past, when poliovirus infections were
common, children encountered the virus early in life under
the protection of maternal antibodies, leading to mild infec-
tions and immunity. When poliovirus infections became less
frequent, the proportion of women with immunity decreased
and few children that encountered the virus early in life were
protected by maternally transferred antibodies. Thus, the
lack of maternally transferred protection or a later exposure
to poliovirus allowed the virus to spread more vigorously,
resulting in increased tissue damage and paralytic poliomy-
elitis in some susceptible individuals [21].
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The so-called poliovirus hypothesis has thus provided the
basis for a related hypothetical model explaining the increased
incidence of type 1 diabetes in countries with a low frequency
of enterovirus infections. This model, proposed by Viskari et
al, states that a low frequency of enterovirus infections in the
background population increases the risk for severe compli-
cations such as beta cell damage and type 1 diabetes in
infected young individuals [22]. The heightened risk for dia-
betes development may be explained by lower levels and a
narrower serotype-spectrum of maternally transferred anti-
bodies, or by children being exposed to enteroviruses later in
childhood when the protective effect of maternal antibodies
has waned [5, 22-25]. Indirect evidence for this hypothesis
has recently been published, demonstrating that high levels of
maternal enterovirus antibodies in serum and breast milk
correlate with a reduced frequency of such infections in chil-
dren [26]. Moreover, a study by Tirabassi et al showed that
rats born from mothers previously infected with Kilham rat
virus (KRV) were protected from KRV-induced diabetes [27].
This study did not, however, investigate the role of maternal
antibodies in this protection, and direct evidence for mater-
nally mediated protection against enterovirus infection and
diabetes is lacking.

In this study, we set out to determine whether maternal
antibodies protect offspring from virus infection and genetically
susceptible mice from virus-induced diabetes. Using the NOD
and Socs I-transgenic (tg) mouse models, we assessed maternal
protection against enterovirus infection and enterovirus-
induced diabetes in genetically susceptible offspring.

Methods

Viruses Mycoplasma-free stocks of CVB3 Nancy (CVB3)
and B4 Edward 2 (CVB4) (originally kindly provided by G.
Frisk, Uppsala University, Sweden) were generated in HeLa
cells and partially sequenced after amplification. All sample
and virus dilutions were done in RPMI 1640 or PBS.

Virus titration and neutralisation assays Virus titrations
were performed using HeLa cells and a standard plaque
assay, with lower detection limits of 100 plaque-forming
units (PFU)/ml, and 50 PFU/g in blood and pancreatic
tissue, respectively. Virus neutralisation assays were con-
ducted using a plaque-reduction assay where diluted serum
(1:8 to 1:2,048 or 1:10 to 1:1,000) was mixed and incubated
with 30 PFU of CVB3 for 1 h at 37°C followed by overnight
incubation at room temperature. Pooled serum from unin-
fected NOD mice was used as a negative control and inter-
nal standard to which all included samples were normalised.
All neutralisation data are presented as compared with the
infectivity of negative control serum, described in figures as
‘infection (% of controls)’. Human antibody-positive serum
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was used as positive control serum. All samples were ana-
lysed in duplicate.

Animal husbandry NOD mice and Socsi-tg mice were bred
and housed in a specific-pathogen-free environment at Kar-
olinska Institutet, Stockholm, Sweden. The generation and
screening of the Socs/-tg mouse model on a NOD background
have been described previously [13, 14, 28, 29]. In brief, these
mice express Socs! under the control of the human insulin
promotor and, as a result of a failing interferon-induced anti-
viral defence in the beta cells, develop diabetes within 5—
11 days after infection with either CVB3 or CVB4 [13, 14].
Socsi-tg offspring were generated through heterozygous
breeding with Socs/-tg males and NOD females. All animal
experiments were approved by the local ethics committee and
conducted in accordance to the NIH principles of laboratory
animal care and the Swedish law.

In vivo infections, breeding of previously infected females
and infections of offspring Due to the low infection repro-
ducibility using the oral route, all in vivo infections were
induced intraperitoneally using 10°~10°PFU CVB3 Nancy
diluted in 100-200 pl sterile PBS. Mice treated with PBS
alone served as controls. Blood (diluted 1:1 in 12 mmol/l
EDTA in PBS) was routinely saved on days 0 and 3 post
infection (p.i.) for measurements of viraemia.

To investigate whether maternal antibodies are transferred
to offspring and whether offspring are protected against infec-
tion and diabetes development, female NOD mice were
infected with CVB3 (1x10°-5x10°PFU) at an age of 4—
6 weeks. Serum was harvested on days 0 and 14 p.i. for
determination of the presence of neutralising antibodies against
CVB3. Breeding of confirmed antibody-positive and uninfect-
ed (antibody-negative) females with Socs/-tg males was set up
2-3 weeks p.i. All progeny (3.9+0.6 weeks old) from naive
and previously infected females were genotyped and infected
intraperitoneally with 10° PFU CVBS3, a dose of virus known
to induce diabetes in Socsi-tg mice (P.G. Larsson and M.
Flodstrom-Tullberg, unpublished observations). Serum sam-
ples were saved before infection and blood samples were saved
on day 3 p.i. for measurement of neutralising antibodies and
viraemia, respectively. Some non-tg NOD mice (one or two
pups from a representative number of mothers) were killed on
day 3 p.i. for determination of pancreatic viral titres.

Diabetes monitoring and sample collection Development of
diabetes was monitored up to day 28 p.i. by tail-vein blood
glucose readings under non-fasting conditions. Mice were
considered diabetic when presenting with either one blood
glucose reading >21 mmol/l or two consecutive readings
>13 mmol/l. Mice that developed diabetes were killed on the
day of diagnosis while the other mice were kept until day 28
p.i. Pancreases were saved for histological analysis (fixed in

4% formaldehyde in PBS for 24 h) and plaque assays (—80°C
until further processing).

Adoptive serum transfer To obtain serum containing neu-
tralising antibodies, NOD mice were mock infected or
infected one to three times with 10°~10°PFU CVB3 at 6—
9 weeks of age, to achieve high serum titres of neutralising
antibodies. Serum was harvested by heart puncture 14 days
post last infection. Female and male Socs/-tg mice (8—
12 weeks old) received pooled and heat-inactivated (56°C
for 30 min) sera from infected or mock-infected mice
(400 pl/mouse injected intraperitoneally) 24 h before infec-
tion with CVB3 (10°PFU). Blood and serum samples were
harvested before injection of inactivated sera, and a serum
sample was saved before infection with CVB3. Blood was
saved on day 3 p.i. for viraemia measurements. Because
Socsi-tg mice develop diabetes between day 5 and 11 p.i.
[13, 14], blood glucose levels were measured up to day 12
p.i. Diabetic or moribund mice were killed. Pancreases were
saved for histological analysis (fixed in 4% formaldehyde in
PBS for 24 h). Development of diabetes was monitored
according to the criteria described above, with the exception
of two mice that became moribund without accompanying
hyperglycaemia. In these two mice the loss of beta cells and
islet integrity was assessed by immunohistochemistry (insu-
lin and glucagon staining of pancreatic sections).

Histology and immunohistochemistry Tissue sections were
prepared and stained as previously described [30]. Analyses
of stained tissue sections were performed blinded by two
independent observers, as previously described [13].

Statistical analysis All statistical analyses were performed
using the Graphpad Prism 5 software (GraphPad Software,
La Jolla, CA, USA). A p value <0.05 was considered
statistically significant.

Results

CVB3 infection induces neutralising antibodies We first
infected male and female NOD mice with CVB3 to deter-
mine whether NOD mice raise neutralising antibodies to
CVBs. A blood sample was drawn on day 3 p.i. and all
infected mice had viraemia (see Electronic supplementary
material [ESM] Fig. la); no virus was detectable in the
blood from PBS-treated control mice. Serum was harvested
from the productively infected and mock-infected mice on
day 14 p.i. All infected mice had high titres of neutralising
antibodies, whereas serum from PBS-treated controls
showed no neutralising activity (ESM Fig. 1b). Further,
the antibody-positive sera failed to neutralise CVB4, show-
ing sero-specificity for CVB3 (data not shown).
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Fig. 1 Offspring from female NOD mice previously infected with
CVB3 have neutralising antibodies and are protected from infection.
(a) Titres of CVB3-neutralising antibodies measured in serum har-
vested from male and female offspring from four uninfected female
NOD mice (white bars, n of offspring=35) and three infected female
NOD mice (black bars, n=27) at weaning, compared with negative
control serum (striped bar). The ability of each serum sample to
neutralise a known amount of virus was measured by a standard
reduction plaque assay, and the neutralising effect was compared with

Offspring from previously infected females have CVB3-
neutralising antibodies Next, we set out to determine
whether neutralising maternal antibodies are transferred to
offspring. Naive or previously infected antibody-positive
NOD females were bred with naive males. Serum was saved
from all progeny at weaning (age 27+4 days). Sera from
offspring originating from infected females contained neu-
tralising antibodies (n=27), as indicated by the ability to
neutralise CVB3 (Fig. 1a). No neutralising activity was
observed in serum from offspring originating from naive
females (n=35, Fig. 1a).

Offspring from previously infected females are protected
from viraemia and have lower levels of replicating virus in
the pancreas To investigate whether previous infection of
mothers provides offspring with protection from virus infection,
we infected offspring from both naive (n=11) and infected (n=
23) NOD females with CVB3 after weaning (age 27+4 days).
If protected, we expected to see a significant reduction of
viraemia, pancreatic virus titres and pancreatic damage in off-
spring originating from infected females compared with off-
spring from naive females. Blood and pancreases harvested on
day 3 p.i. showed that offspring from infected females had
significantly lower virus titres in blood (Fig. 1b; p<0.001)
and pancreases (Fig. 1¢; p<0.01) compared with offspring from
naive females. Histological analyses of formalin-fixed pan-
creases confirmed that offspring from infected females had less
damage to the exocrine tissue than pancreases saved from
offspring of naive females (data not shown).

Previous maternal infection protects genetically susceptible
offspring from virus-induced diabetes Our results clearly
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and presented as percentage of infection obtained using the same
amount of virus and an internal negative serum control. (b) Virus titres
in blood 3 days p.i. in offspring from two naive female NOD mice
(white bar, n=11) and from three infected female mice (black bar, n=
23). (c¢) Virus titres in pancreas 3 days p.i. in offspring from two naive
NOD female mice (white bar, n=6) and from three infected females
(black bar, n=10). Data are presented as means+SD. **p<0.01 and
**%p<0.001, two-way ANOVA with Bonferroni correction (a) and
Mann—Whitney U tests (b, ¢)

indicated that maternal antibodies protect offspring from
virus infection. Thus, we wished to use an experimental
model to determine whether maternal antibodies also protect
offspring from enterovirus-induced diabetes (Fig. 2a). Based
upon numerous findings in humans suggesting that beta
cells are directly infected by enteroviruses [6—8] and that
this, at least in part, explains the role for a viral infection in
the disease process, we selected a model for enterovirus-
induced diabetes that is dependent on the access of entero-
virus to the pancreatic beta cell, the Socs/-tg mouse model
[13, 14]. We bred previously infected antibody-positive
NOD females and uninfected control NOD females with
naive SocsI-tg male mice. Socsi-tg offspring were infected
with CVB3. While Socsi-tg offspring from naive females
developed diabetes rapidly after infection, Socs/-tg off-
spring from infected females were strongly protected from
virus-induced diabetes (Fig. 2b; p<0.001). An immunohis-
tochemical analysis of pancreases revealed significant islet
and exocrine tissue destruction in mice originating from
naive females (Fig. 2c). However, no destruction of either
islets or exocrine tissue was observed in pancreases from
offspring originating from infected females (Fig. 2d).

Adoptive serum transfer protects mice from CVB3-induced
diabetes Although we awaited viral clearance in the CVB3-
challenged females before breeding with Socsi-tg males it
cannot be completely excluded that the maternal infection
could have affected the offsprings’ susceptibility to infection
by other means than the passive transfer of neutralising
antibodies. To confirm the protection of passively trans-
ferred antibodies we next performed adoptive serum trans-
fers. To this end, male and female Socs/-tg mice verified to
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Fig. 2 SocsI-tg offspring from female mice previously infected with
CVB3 are protected from CVB3-induced diabetes and pancreatic dam-
age. (a) Model illustrating the experimental set-up. (b) Diabetes inci-
dence in male and female SocsI-tg offspring from four naive female
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be negative for CVB3-neutralising antibodies (data not
shown), received heat-inactivated serum pooled from either
uninfected (antibody-negative) or CVB3-infected (anti-
body-positive) mice. Twenty-four hours later serum was
drawn for measurement of neutralising antibodies and then
the mice were infected with CVB3. Mice receiving serum
from previously infected mice were positive for neutralising
antibodies in serum, while mice receiving serum from
mock-infected mice were negative (Fig. 3a). Moreover,
mice that received antibody-positive sera had significantly
lower levels of replicating virus in their circulation day 3 p.i.
compared with mice that received antibody-negative sera
(Fig. 3b). Infected mice receiving antibody-positive sera
were also protected from developing virus-induced diabetes
after CVB3 infection (Fig. 3c).
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for insulin and glucagon in the pancreas from a CVB3-infected Socs/-tg
mouse originating from a naive mother and that developed diabetes day 7
p.i. (¢), and a non-diabetic infected Socs/-tg mouse originating from an
infected mother, day 28 p.i. (d). Histological images are representative of
each condition. ***p<0.001, logrank (Mantel-Cox) test (b)

A histological analysis revealed severe pancreatic destruc-
tion in all mice receiving antibody-negative serum (n=4, data
not shown), while the pancreases of mice receiving antibody-
positive serum were completely intact or showed only mini-
mal tissue damage (n=>5, data not shown). Collectively, these
results clearly demonstrate that passive immunisation by anti-
bodies protects against enterovirus infection and, in Socs/-tg
mice, virus-induced diabetes.

Discussion
In this study we demonstrate that NOD mice raise high titres

of sero-specific neutralising antibodies in response to an en-
terovirus (CVB3) infection and that offspring from previously
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Fig. 3 Adoptive transfer of antibody-positive sera protects Socs/-tg
offspring from virus infection and diabetes development. (a) Antibody
levels in serum of male and female SocsI-tg mice offspring 24 h after
adoptive serum transfers with antibody-negative sera (white bars, n=4)
or antibody-positive sera (black bars, n=5,) compared with negative
control (striped bar). The ability of each serum sample to neutralise a
known amount of virus was measured by a standard reduction plaque
assay, and the neutralising effect was compared with and presented as
percentage of infection obtained using the same amount of virus and an

internal negative serum control. (b) Viraemia in offspring that received
antibody-negative sera (ab—, n=4) or antibody-positive sera (ab+, n=
5), day 3 p.i. with CVB3. (c¢) Diabetes incidence in SocsI-tg mice
offspring that received antibody-negative sera (black line, n=4) or
antibody-positive sera (dotted line, n=5) 24 h before CVB3 infection.
Data are presented as means+SD. *p<0.05 and ***p<0.001, two-way
ANOVA with Bonferonni correction (a), Mann—Whitney U test (b) and
logrank (Mantel-Cox) test (c)
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infected females acquire antibodies with neutralising capacity.
We also show that offspring from females that have been
infected with virus before pregnancy are protected against
enterovirus infection and, in the case of Socs/-tg mice,
virus-induced diabetes development. Collectively, our results
support an important role for maternally transferred antibodies
in this protection and strengthens the hypothesis that a moth-
er’s history of enterovirus infections before pregnancy may
regulate susceptibility to severe outcomes of infant enterovi-
rus infections. As discussed more in detail below, our studies
may also have important implications for the development of
vaccination strategies aimed at investigating the role of enter-
oviruses in the aetiology of human type 1 diabetes.

In 2000, Viskari et al postulated an extension to the so-
called poliovirus hypothesis, to explain the inverse relation-
ship between the prevalence of enterovirus infections and
incidence of type 1 diabetes [22]. Indirect evidence for the
extended poliovirus hypothesis has been published. First, as
an indication of a declining ‘herd immunity’ to enterovi-
ruses, maternal antibody levels have decreased in many
European countries over the past 20 years [20]. Second,
the frequency of maternal antibodies to different enterovi-
ruses is higher in countries with a low or intermediate
incidence of type 1 diabetes than in countries with a high
incidence of the disease [20], suggesting a relationship
between low herd immunity to enteroviruses and high risk
for type 1 diabetes development. Finally, high levels of
maternal enterovirus antibodies in serum and breast milk
correlate with a reduced frequency of such infections in
children [26]. Although our study does not provide proof-
of-concept for the extended poliovirus hypothesis, it pro-
vides direct evidence that a previous enterovirus infection in
mothers affords protection from infection and lowers the
risk for virus-induced diabetes in Socs/-tg offspring.

Only a few animal models for enterovirus-induced auto-
immune type 1 diabetes have been described. Diabetes
development after enterovirus infection in the most com-
monly used experimental model, the NOD mouse, is depen-
dent on the already established prediabetic phase including
insulitis [15—17, 31], which in the NOD mouse occurs after
maternally transferred antibodies may have waned [32].
This is in contrast with humans in whom islet autoantibodies
may already appear before the disappearance of maternal
antibodies [23, 33, 34]. Thus, the NOD mouse model may
not be the first choice for studies investigating the role of
maternal antibodies in protection from infection and diabe-
tes development. In the absence of a suitable model for
enterovirus-triggered autoimmune type 1 diabetes in young
mice the present study made use of the Socs/-tg mouse
model [13, 14]. Using this model we could clearly show
that previous maternal infection led to protection from direct
virus-induced beta cell damage. Virus-induced beta cell
damage is an event that may be of importance for the
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autoimmune process to be initiated or accelerated in humans
[6-8], although unlikely to be as dramatic as in the Socs-tg
model [13, 14]. However, since diabetes development in the
Socs1-tg mouse model is not dependent on autoreactive T
cells [13], future studies should investigate whether mater-
nal protection against virus-induced T cell mediated auto-
immune diabetes can be studied in alternative experimental
systems, such as the LCMV/RIP-GP/NP mouse models [35,
36] or the KRV/LEW.1WRI1 rat model [27].

Collectively, the extended poliovirus hypothesis and the
results presented here may be viewed as an extension of the
hygiene hypothesis, which states that hosts who are less
exposed to infectious agents are at higher risk for develop-
ing autoimmune disorders and allergies [37, 38]. Indeed, it
may not be the lack of enterovirus infections in the primary
host that is detrimental, but rather the lack of maternal
infectious exposure that is a contributing factor for disease
development in offspring. The more enterovirus serotypes a
prospective mother has been exposed to before pregnancy,
the better the child is protected against such serotypes [26]
and their possible diabetogenic effect. This extends the
hygiene hypothesis to include also a lack of microbial
exposure to prospective mothers. The data we present here
highlights an important role for maternal antibodies in pro-
tecting offspring from potentially diabetogenic enterovirus
infections during early life, and implies that the increasingly
cleaner environment in the developed world puts children at
higher risk for developing type 1 diabetes.

As a final note, it is important to point out that our study
neither proves nor disproves the hypothesis that enteroviruses
play a role in type 1 diabetes. Evidence in support of a
causative role for a pathogen such as an enterovirus in type
1 diabetes would be the demonstration that a vaccine prevents
the disease in humans. The development of an enterovirus
vaccine aimed at providing protection from infection is, how-
ever, a challenging task due to the existence of numerous
serotypes in the enterovirus genus and the risk for undesired
cross-reactive immune responses to self-antigens.

Another important issue is insufficient vaccine effective-
ness in neonates and young infants due to their partially
immature immune system [39]. This bottleneck cannot be
ignored given the fact that enterovirus infections are com-
mon already before the age of 3 months [40]. The findings
we present here offer a potential solution to the problem of
poor vaccine efficacy in newborns by suggesting that ma-
ternal immunity is passively transferred to the offspring,
providing immediate protection from infections. Hence, an
enterovirus vaccine could potentially be given to women
before pregnancy occurs or, if the vaccine is considered safe
for the growing fetus, during pregnancy, something that is
already done in some countries (e.g. with vaccines against
influenza, tetanus, diphtheria and pertussis). The presence of
neutralising antibodies in the offspring already from birth
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would assure protection from infection until the child can be
successfully vaccinated.

In summary, we have shown that passively transferred
immunity protects offspring from virus-induced damage,
including beta cell damage, and diabetes in genetically
predisposed mice. Our data provide experimental proof of
an important role for maternal antibodies in protecting off-
spring from infection and severe outcomes of enterovirus
infection. This knowledge could be implemented in future
prospective enterovirus vaccine studies aimed at preventing
infections as early as from birth and thereby investigating
the role of enterovirus infections in development of human
type 1 diabetes.
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