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SUMMARY

Enterovirus-specific cellular immunity was studied in Estonian and in Finnish children at the age of
9 months. The aim was to evaluate the level of responsiveness in two neighbouring countries with
different poliovirus immunization practices and striking differences in the incidence of insulin-
dependent diabetes mellitus (IDDM), a disease in which early enterovirus infections are an aetiological
risk factor. The Estonian children immunized with live attenuated polio vaccine had stronger T cell
responses to coxsackievirus B4 and poliovirus type 1 when compared with Finnish children immunized
with inactivated polio vaccine (median stimulation indices 10·4 and 6·3 in Estonian children and 1·9 and
2·9 in Finnish children, respectively;P<0·05). Lymphocytes stimulated by poliovirus type 1 antigen
expressed interferon-gamma (IFN-g) mRNAs, which strongly correlated with the level of proliferation
responses. Lymphocytes of Estonian children had a tendency towards stronger expression of IFN-g

upon poliovirus challenge when compared with Finnish children. The number of children who had
experienced coxsackievirus B infections, as determined by the presence of neutralizing antibodies, did
not differ between Estonian and Finnish children. The results show that Finnish children have weaker
cellular immunity against enteroviruses at the age of 9 months compared with Estonian children at the
same age. This is most probably due to the difference in polio vaccination schedules; in Estonia live
poliovirus vaccine is used and given at earlier ages than the inactivated vaccines in Finland. This leads
to stronger T cell immunity which cross-reacts with other enterovirus serotypes. This may explain the
lower incidence of IDDM in Estonia by providing effective protection against diabetogenic enterovirus
strains in Estonian children.
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INTRODUCTION

Enteroviruses are small RNA viruses belonging to the family of
Picornaviridae. Enteroviruses are divided to five subgroups: Echo-
viruses, Coxsackie A viruses, Coxsackie B viruses, polioviruses
and numbered enteroviruses [1]. They form altogether a group of
almost 70 different serotypes. Enteroviral infections are usually
subclinical but occasionally cause complications such as meningi-
tis and myocarditis, as well as life-threatening systemic infections
in newborns [2–4]. Enterovirus infections are common during
infancy and the majority of children have experienced at least one
enterovirus infection by the age of 1 year [5,6].

Protection against enterovirus infections depends on circulat-
ing and mucosal neutralizing antibodies [7]. Neutralizing anti-
bodies are serotype-specific by definition, but the bulk of the
antibodies are largely cross-reactive, as are T cell responses
[8,9]. T cell epitopes have been found on each of the four capsid
proteins (VP1–VP4) [9–12]. The significance of the cellular
immune response is largely unknown, but T cell help is needed
for antibody production and cross-reactive T cell memory may
accelerate the formation of neutralizing antibodies. Experimental
data also suggest that cross-reactive cellular immunity may be
deleterious in some cases [13].

Enteroviral infections have been linked to the pathogenesis of
certain autoimmune diseases such as chronic cardiomyopathies
and insulin-dependent diabetes mellitus (IDDM) [6,14–17].
Recently diagnosed IDDM patients have been observed to be
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more often positive for enterovirus-specific IgM class antibodies
and enterovirus RNA than healthy control subjects [18–20].
Children who later manifest with clinical IDDM have had entero-
virus infections more frequently than other children, and serocon-
versions for islet cell antibody (ICA) positivity are associated with
coinciding enterovirus infections in the preclinical period [15,16].
Intrauterine exposures have also been reported to increase the risk
of IDDM in the offspring [15]. These findings imply that entero-
virus infections can initiate theb cell-damaging process years
before the manifestation of clinical IDDM.

The incidence of IDDM varies considerably from country to
country. The highest incidence has been reported in Finland (35·3
per 100 000 under 15-year-old children) [21]. The variation is quite
wide even between neighbouring countries. For example, the
incidence of IDDM in Estonia just south of Finland is only one
third of that in Finland [21]. The reason for this variation is not
known, but apparently both environmental and genetic factors
could be involved. Regarding the possible role of enterovirus
infections in the development of IDDM, one has to note that the
vaccination policy against polioviruses differs markedly between
Finland and Estonia. The oral administration of three doses of live
attenuated poliovirus vaccine (OPV) by the age of 6 months may
greatly modify the formation of cellular immunity to enteroviruses
in general compared with the one dose of inactivated vaccine (IPV)
subcutaneously starting at the age of 6 months in Finland.

In the present study we have evaluated the cellular immune
responses to enteroviruses in Estonian and Finnish children at the
age of 9 months. Lymphocyte proliferation responses to purified
coxsackievirus B4 and poliovirus type 1 antigens were tested, as
was also interferon-gamma (IFN-g) and IL-4 mRNA expression of
stimulated lymphocytes. Previous coxsackievirus B exposure was
estimated by measuring neutralizing antibodies in serum against
Coxsackie B serotypes.

SUBJECTS AND METHODS

Subjects
Study subjects were healthy children from the general population
aged 9 months. Finnish children (n¼ 21) were recruited for the
Diabetes Prediction and Prevention (DIPP) trial at the University
of Turku carrying HLA-DQB1*02/*0302 genotype associated
with increased IDDM risk. Estonian children (n¼ 21) were healthy
children from the Tartu area. Heparinized venous blood (2–5 ml)
was collected each sampling day from both Estonian and Finnish
children, and cells were processed during the same day.

The Finnish children were immunized according to the stan-
dard vaccination protocol, including bacille Calmette–Guerin
(BCG) immunization to the newborns at the age of a few days
and diphtheria, tetanus, pertussis (DTP) vaccination at the age of 3,
4 and 5 months. The Salk type of IPV was given at the age of 6 and
12 months. The Estonian vaccination schedule included also BCG
immunization of the newborns, DTP and live attenuated OPV at 3,
4·5 and 6 months of age.

Lymphocyte proliferation assay
Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized venous blood by Ficoll–Paque (Pharmacia, Uppsala,
Sweden) gradient centrifugation. The PBMC were washed and
resuspended in RPMI 1640 medium supplemented with 10%
human AB serum (Finnish Red Cross, Helsinki, Finland), gluta-
mine, HEPES and gentamycin 10mg/ml and frozen in the same

medium containing 10% dimethyl sulfoxide (DMSO; Merck,
Darmstadt, Germany). Cells were thawed from equal numbers of
Estonian and Finnish children for each culture series. Fifty thousand
PBMC/well were incubated in quadruplicate with antigens in 200ml
final volume in 96-well round-bottomed microtitre plates for 6 days.
Tritiated thymidine (2mCi/ml; Amersham, Aylesbury, UK) was
added 18 h before harvesting. The cultures were harvested on glass
fibre filters using a Tomtec 93 Mach III Manual Harvester (Tomtec,
Orange, CT) and the incorporated radioactivity was measured with
a Micro-Beta scintillation counter (Wallac, Turku, Finland). Stimu-
lation indices (SI) were calculated by dividing the median ct/min
value of antigen-stimulated quadruplicate wells by the median
ct/min of the quadruplicate control wells. The proliferation
response was considered positive when the SI was>3.

Antigens
Purified poliovirus type 1 and coxsackievirus B4 virions at 1mg/ml
and 0·1mg/ml concentrations were used to test proliferation
responses against enteroviruses. The preparation of purified
Coxsackie B4 and poliovirus type 1 antigens was done by sucrose
gradient centrifugation. The protein concentrations of the purified
antigen preparations were established by the Pierce BCA protein
assay reagent (Pierce, Rockford, IL). Responses to purified
adenovirus hexon protein (10mg/ml and 1mg/ml) [22] and tetanus
toxoid (TT) (1mg/ml; National Public Health Institute, Helsinki,
Finland) were also studied. Pokeweed mitogen (PWM) (12·5mg/
ml) was used as a mitogen control.

Virus antibodies
Serotype-specific antibodies against coxsackievirus B serotypes
1–6 were studied using a standard plaque neutralization assay [23].
IgG class antibodies against coxsackievirus B4 and poliovirus were
analysed by enzyme immunoassay (EIA) as previously described
[15]. Briefly, highly purified viruses (the same as in the T cell
proliferation tests) were first incubated at 568C for 15 min to
expose antigenic determinants which are cross-reactive between
different enterovirus serotypes. Microtitre plates (Nunc Immuno-
plate, Nunc, Roskilde, Denmark) were coated by the virus at a
concentration of 2mg/ml in PBS followed by blocking using
PBSþ 1% bovine serum albumin (BSA) (30 min, room tempera-
ture). Sera were incubated at 1:2000 (IgG) dilution in PBSþ 1%
BSAþ 0·05% Tween-20. Peroxidase-conjugated anti-human IgG
(Dako, Glostrup, Denmark) was used as the second layer at 1:2000
dilution. Virus antibody levels were expressed in enzyme immuno-
assay units (EIU), which were calculated according to the formula:
100× [(ODsample¹ ODnegative reference serum)/(ODpositive reference serum¹

ODnegative reference serum)]. An EIU value of >10 was considered
positive.

Cytokine assays
PBMC were incubated in duplicate wells (100 000 per well). The
IFN-g and IL-4 mRNAs were detected from poliovirus type 1 and
TT-stimulated cells after 3 days of incubation and from PWM-
stimulated cells after a 1-day incubation. The expression of IFN-g

and IL-4 mRNAs was also analysed after 1 and 3 days’ incubation
from non-stimulated PBMC. Time-resolved fluorometry was used
in the detection of reverse transcriptase-polymerase chain reaction
(RT-PCR)-amplified mRNAs with a method described in detail
elsewhere [24]. In short, RNA was extracted and reverse tran-
scribed to cDNA. Cytokine cDNAs were amplified by multiplex-
PCR using one biotinylated primer per primer pair. The amplified
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cDNAs were collected onto streptavidin-coated microtitration
plates. After denaturation with NaOH, single-stranded cDNAs
captured onto the wells were hybridized with oligonucleotide
probes specific for each target sequence and specifically labelled
with various lanthanide chelates. Finally, lanthanide labels were
detached from the probes by incubation in enhancement solution
and measured using a time-resolved fluorometer. Signal to noise
values (s/n) were calculated by dividing the signal of cell-contain-
ing wells by the signal of PCR-aqua-containing wells.

Statistical analysis
The two-tailed Mann–WhitneyU-test was used for comparisons of
the SI and s/n values between the two groups.x2 test and Fisher’s
exact test were used to compare frequencies of positive responses.

RESULTS

Lymphocyte proliferation responses
The responsiveness to PWM was used as a positive control. All
subjects responded and the levels were similar in both groups (data
not shown). Lymphocyte proliferation responses against TT were
frequent in both Estonian and Finnish children. Altogether 57%
(23/42) of these children had positive T cell responses (SI>3) to
TT and there were no significant differences between the Estonian
and Finnish children (Fig. 1). Proliferation responses to both
poliovirus type 1 and coxsackievirus B4 were stronger (P<0·05)
in Estonian children compared with Finnish children (median SI
10·4 and 6·3 in Estonian children and 1·9 and 2·9 in Finnish
children, respectively) (Fig. 1). Proliferation responses to polio-
virus type 1 and coxsackievirus B4 correlated very strongly in
Finnish children (r ¼ 0·720,P¼ 0·0001), whereas there was no
significant correlation between these responses in Estonian
children (r ¼ 0·198,P¼ NS) (Fig. 2). Responses against adeno-
virus hexon protein were detected only in 17% (7/42) of the
children and the strengths of responses were similar between the
two groups (Fig. 1).

Cytokine mRNA expression in antigen stimulated PBMC
The expression of either IFN-g or IL-4 in TT- or pokeweed-
stimulated PBMC did not differ between the groups (Table 1).
Stimulation with TT induced mainly the expression of IFN-g

mRNA. The PBMC stimulated with PWM expressed significant
amounts of both IFN-g and IL-4 mRNAs. The expression of IFN-g

in poliovirus type 1-stimulated PBMC was frequent in both groups,
similar to that observed in TT stimulation. Estonian children
produced more IFN-g mRNA than Finnish children (median s/n
195·2 in Estonian children and 5·8 in Finnish children;P¼ 0·06)
(Table 1). Lymphocyte proliferation responses and the amount of
expressed IFN-g mRNA correlated moderately but significantly in
poliovirus type 1-stimulated PBMC (Fig. 3). The expression of
IL-4 mRNA in poliovirus-stimulated PBMC was low in both
Estonian and Finnish children (median s/n 1·2 in Estonian children
and 1·5 in Finnish children) and no difference was observed
between the two groups (Table 1).

Virus antibodies
Children were analysed for serotype-specific antibodies against all
coxsackievirus B serotypes using the standard plaque neutraliza-
tion assay. Neutralizing antibodies to at least one of the serotypes
were found in the sera of 50% (21/42) of study subjects. The
proportion of children with Coxsackie B group neutralizing anti-
bodies did not differ between Estonian and Finnish children
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Fig. 1. T cell responses to tetanus toxoid (TT), poliovirus type 1, coxsack-
ievirus B4 and adenovirus hexon protein in Estonian children (A) and
Finnish children (hatched). The horizontal line in the box shows the median
value. The outlines of the boxes show the 25% and 75% percentiles, while
the bars outside the boxes represent the 10% and 90% percentiles.W,
Values outside this range.P values for the differences between the
stimulation index (SI) values were calculated using the Mann–Whitney
U-test.
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(Table 2). When a largely cross-reactive EIA test was used to
measure antibodies to coxsackievirus B4, 30% (7/21) of Estonian
children had measurable IgG in their sera, compared with only 5%
(1/21) of the Finnish children (P¼ 0·02, Fisher’s exact test). The
median level of IgG class antibodies to poliovirus were 7·0 EIU in
Estonian children and 0 EIU in Finnish children (P¼ 0·0001) and
the median level of IgG class antibodies to Coxsackie B4 4·0 EIU
in Estonian children and 0 EIU in Finnish children (P¼ 0·007).
There was a correlation between antibody levels measured using
these two antigens (r ¼ 0·35,P¼ 0·02).

DISCUSSION

The present study shows that 9-month-old children in Estonia and
Finland differ significantly in their immune responsiveness to

enteroviruses. This was observed not only in poliovirus-specific
responses induced by different vaccination protocols, but also
when coxsackievirus B4 was used as an antigen. No difference
was observed between Estonian and Finnish children in PWM-
induced responses or in responses to TT or adenovirus hexon
protein, indicating that the phenomenon is specific to enteroviruses
and does not reflect a common difference in cellular immunity.

Finnish children in this study share the same HLA-DQB1
genotype, which might effect the immune responses against
enteroviruses. This particular genotype, carrying a strongly
increased risk of IDDM, combines DR3-associated DQB1*02
and DR4-associated DQB1*0302. These two haplotypes have
been reported to be associated either with low (DR3) or high
(DR4) responsiveness to enteroviral antigens. Heterozygosity for
both haplotypes, as was the case in the present series, produces an
intermediate level of responsiveness [25,26]. This has also been
observed in our own studies (Juhelaet al., unpublished data),
suggesting that the findings with the Finnish children in the present
study are quite representative of the general population in Finland
as well, and that the comparison between Estonian and Finnish
children is not affected by this bias in HLA genotypes.

The number of children who had experienced coxsackievirus B
infections was quite high in this study, as half of the children had
neutralizing antibodies to coxsackievirus B serotypes. This con-
firms our earlier studies, in which an estimation of the proportion
of children experiencing enterovirus infections by the age of
9 months varied from 50% to 80% [5]. The lack of a major
difference in the proportion of children having neutralizing anti-
bodies against group B coxsackieviruses suggests that the rate of
these infections is quite similar in Estonian and in Finnish children.

The difference in polio vaccination protocols in Finland and
Estonia is of apparent importance when evaluating the differences
in cellular immunity against enteroviruses in these two popula-
tions. The Estonian children had received OPV at the ages of 3, 4·5
and 6 months, whereas the Finnish children had received only one
dose of IPV at the age of 6 months. In our previous study we
showed that IPV vaccination induces cross-reactive T cell response
against enteroviruses [5]. Due to this cross-reactivity the markedly
different polio vaccination protocols in Estonia and Finland may
lead to the observed difference in proliferation responses to both
polio type 1 and Coxsackie B4 viruses between Estonian and
Finnish children. As the proportion of children with previous
Coxsackie B infection did not differ between the groups, the
stronger T cell responses to coxsackievirus B4 antigen in Estonian
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Table 1.Median and interquartile range (IQR) of IFN-g and IL-4 mRNA expression (signal to noise value (s/n)) by antigen-stimulated T cells in Estonian and
Finnish children

Stimulation

Pokeweed Polio type 1 Tetanus toxoid

Median IQR Median IQR Median IQR

Estonian IFN-g (s/n) 372 204 195* 275 29·7 50·7
IL-4 (s/n) 42·1 41·0 1·2 0·7 1·0 0·6

Finnish IFN-g (s/n) 462 325 5·8* 31·9 37·3 67·1
IL-4 (s/n) 18·8 45·6 1·5 1·1 3·8 2·8

*P¼ 0·06 by Mann–WhitneyU-test.



children are probably due to the earlier and more frequent polio
vaccinations.

We could confirm our earlier results of the correlation between
poliovirus and coxsackievirus B4 lymphocyte proliferation
responses in Finnish children [5]. To our surprise this correlation
was not found in Estonian children. The lack of correlation in
Estonian children may indicate that the OPV vaccination schedule
in Estonia is able to induce strong T cell responses to polioviruses
even without a history of infections by other enteroviruses. Only
one dose of IPV instead is not as efficient in inducing strong polio-
specific T cell responses, and most of the responsiveness to
poliovirus type 1 antigen in Finnish children is due to the cross-
reactive response elicited by past enteroviral infections in addition
to the previous IPV immunization.

We found a strong correlation between enterovirus antigen-
induced lymphocyte proliferation responses and IFN-g mRNA
expression, indicating the parallel induction of these phenomena.
This correlation has not been found in some studies using blood
samples collected from adult subjects, which is to be expected
because they share strong immunity induced by multiple cross-
reactive infections and vaccinations, but demonstrate that different
clones of cross-reactive activated memory T cells may be respon-
sible for these phenomena [11,27]. It has been shown that even a
change of one amino acid in the sequence of a T cell epitope may
lead to a significant change in either T cell proliferation or in IFN-g

production [28].
The significance of the stronger cellular immunity at a very

young age induced by early introduced OPV remains open,
although the high incidence of IDDM in Finland and Sweden
using inactivated poliovirus vaccination might invite speculation.
The ongoing follow-up studies revealing the order of specific
enterovirus infections in children eventually developing IDDM-
associated antibodies might throw light on this question in future
[29]. In conclusion, this study reveals major differences in cellular
immunity against enteroviruses in Estonian and Finnish children at
the age of 9 months. This difference is most probably mainly due to
polio immunization schedules which significantly differ between
these countries. This supports the hypothesis presented by Hiltunen
et al. [30] that the late polio immunization by IPV in Finland may
lead to a weak immune responsiveness to enteroviruses and thus
make Finnish children vulnerable to diabetogenic enterovirus
strains during the first months of life.
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