
Abstract

Aims/hypothesis. Direct infection of beta cells could
explain the diabetogenic effect of enteroviruses. Pri-
mary adult human beta cells are susceptible to cox-
sackievirus infections, which could result in impaired
beta-cell function or cell death (coxsackieviruses B3,
B4, B5) or both, or no apparent immediate adverse ef-
fects (coxsackievirus A9). We extended these studies
to additional enterovirus serotypes including several
echoviruses, some of which have been associated clin-
ically with the development of Type I (insulin-depen-
dent) diabetes mellitus.
Methods. The patterns and consequences of enterovi-
rus infections were investigated in cultured adult hu-
man isolated islets. Cell type-specific infection and vi-
ability were assessed by immunocytochemical meth-
ods. Beta-cell function was studied by perifusion.
Results. Poliovirus type 1/Mahoney, coxsackievirus
A13, human parechovirus 1 and several echoviruses
(serotypes 6, 7, 11) were capable of causing signifi-

cant functional impairment (p<0.05) and beta-cell
death. In contrast, echovirus serotypes 9 and 30 were
not destructive. However, when several different field
isolates of echovirus 30 were investigated, some of
them were found to be clearly more destructive than
the corresponding prototype strain. This was also true
for echovirus 9. A strain isolated from a 6-week-old
baby suffering from acute Type I diabetes was func-
tionally more destructive than either of the echovirus
9 prototype strains.
Conclusion/interpretation. These observations indi-
cate that the capacity of an enterovirus to kill human
beta cells or impair their function is not entirely de-
fined by the serotype, but in addition by as yet uniden-
tified characteristics of the virus strain involved.
Moreover, any serotype could potentially be diabeto-
genic. [Diabetologia (2002) 45:693–702]
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Type I (insulin-dependent) diabetes mellitus is a
chronic disease of insulin deficiency resulting from
gradual destruction of the insulin-producing pancreat-
ic beta cells. Beta-cell loss is considered to result from
a multifactorial process, involving host genes, autoim-
mune responses, cytokines and environmental factors.
The process often starts years before clinical symp-
toms become manifest. Several lines of evidence sug-
gest a role for enteroviruses as inducers or accelera-
tors of the pathogenetic process [1, 2, 3, 4, 5, 6, 7, 8,
9, 10]. During infection enteroviruses could reach the
pancreatic islets and destroy insulin-producing beta
cells by virus-induced cytolysis. Alternatively, beta-
cell damage could result from a virus-induced inflam-



matory reaction [11, 12]. Furthermore, beta-cell de-
struction might be based on molecular mimicry, be-
cause immunological cross-reactions between entero-
virus proteins and beta-cell autoantigens (GAD-65,
HSP-60, IA-2) have been documented at least in vitro
([13, 14, 15], Härkönen et al., in press). The GAD-65
mimicry motif PEVKEK has been demonstrated to
bind the diabetes risk allele DR 3 [16].

Enterovirus serotypes associated with the patho-
genesis of Type I diabetes have been assessed by
cross-sectional and prospective studies on Type I dia-
betes patients or prediabetic individuals or both. The
results suggest that several out of the 64 human en-
terovirus serotypes should be considered potentially
diabetogenic [1, 17]. Observational studies revealing
post-enterovirus-epidemic peak incidences of Type I
diabetes [18, 19] and case reports [20, 21] support this
view. It is possible that the relative extent of diabeto-
genicity can vary within a serotype as genetic varia-
tion between field strains of a given enterovirus sero-
type is extensive.

Assuming that infection of cultured beta cells is
relevant to the diabetogenic effect of enterovirus in-
fection, we monitored patterns and consequences of
enterovirus infections in primary adult human insulin-
producing beta cells. Our previous results have shown
that primary human beta cells are susceptible to infec-
tions by prototype strains of several coxsackie viruses
(CV) and that the infection could result in either im-
paired beta-cell function or beta-cell death (CBV-3,
CBV-4 and CBV-5) or both, or has no apparent imme-
diate adverse effects, as shown for CAV-9 [22]. Sus-
ceptibility of primary human beta cells to CBV-3, 4
and 5 have also been shown in some other studies [21,
23, 24, 25]. In our study, we assessed diabetogenic
properties of different enteroviruses including several
serotypes of echoviruses. Importantly, several field
isolates were studied in addition to the prototype
strains.

Materials and methods

Human beta cells. Human pancreatic islets were isolated and
purified in Brussels at the Central Unit of the Beta-Cell Trans-
plant (coordinator D. Pipeleers) and sent to Helsinki as free-
floating islets after 3–15 days of culture in Ham’s F10 medium
supplemented with 10 mmol/l HEPES pH 7.35+2% normal
calf serum). The mean proportion of beta cells in the human is-
let preparations was 56±12% (means ± SD, n=43). Before ex-
periments started, the suspended islets were maintained in ster-
ile non-adherent culture plates in serum-free incubation medi-
um (Ham’s F10 containing 1% bovine serum albumin,
25 mmol/l HEPES, pH 7.4, penicillin and streptomycin).

Viruses. Prototype strains of coxsackie B viruses (CBV-1–6),
echoviruses (EV-1, 6,7, 9,11,30), some coxsackie A viruses
(CAV-9/Griggs and CAV-13), human parechovirus 1 (HPEV-1,
previously known as echovirus 22) and poliovirus type 1/ Ma-
honey were obtained either from the American Type Culture

Collection or from World Health Organization Enterovirus ref-
erence laboratory (Copenhagen, Denmark). The diabetes-asso-
ciated strain CBV-4-E2 was kindly provided by Dr J.-W. Yoon
[1]. Viruses were passaged in continuous cell lines of monkey
kidney origin (GMK) or human lung carcinoma (A-549). The
serotype of all virus preparations used was confirmed by using
a neutralisation assay with type-specific antisera.

Field isolates. Seven isolates of EV-30 collected from Finland,
The Netherlands, Israel, France and Lithuania between
1975–1998 were included in this study after passaging in RD
cells [26]. Partial sequences of the strains have been deter-
mined and deposited in GenBank with accession numbers
AF236519, AF236521, AF236538, AF236545, AF236550,
AF236574. They represented three different subgenotypic lin-
eages of the single prevailing genotype of EV-30 in Europe be-
tween 1977 and 1998 [26]. Special care was taken to avoid
changes due to multiple passaging of the viruses. All the seeds
used were of low passage virus. First local passages prepared
from them were stored frozen as small aliquots. Working
stocks were prepared by infecting suitable cells with the first
passage virus and again, dividing in small aliquots.

The echovirus 9 DM strain was the stool isolate from a 
6-week-old baby suffering from acute Type I diabetes. The
strain was isolated in tertiary monkey kidney cell [21] and
passaged twice in Buffalo Green Monkey cells before use in
the present experiments. The serotypes of all isolates were
confirmed by using serotype-specific neutralising antiserum.

Replication of viruses. Free-floating islets were infected with
apparent high multiplicity (M.O.I. 30–100) of different virus
preparations. After adsorption for one hour at +36°C the inocu-
lum virus was removed, the cells were washed twice with
Hanks balanced salt solution supplemented with 20 mmol/l
Hepes, pH 7.4 and serum free incubation medium was added
to all cultures including uninfected controls. Infected and unin-
fected islets were divided into aliquots on 96 well (virus titra-
tion, IF and viability stainings) or 24-well (perifusion, insulin
and DNA) tissue culture plates and incubated at 36°C. During
the experiment the incubation medium was changed twice a
week, the first change at two days after infection.

For virus titration samples of suspended islets harvested at
0, 1 and 2 days after infection were frozen and thawed three
times to release the virus, clarified by low-speed centrifugation
and assayed for total infectivity by using end-point dilutions in
microwell cultures of GMK cells (HPEV-1 in A-549 cells).
Cytopathic effects were read on day 6 by microscopy and tis-
sue culture infections dose (TCID50) titres were calculated as
described earlier [22].

Immunocytochemistry. Samples of infected and uninfected is-
lets were harvested at one day after infection on glass slides
using a cytocentrifuge and fixed with cold methanol for 15 min
at –20°C. After washings (three times with PBS) they were
double-stained for 1 h at 36°C with enterovirus-specific poly-
clonal rabbit antiserum (1:400, KTL-910, ref. [27]) or with
HPEV-1-virus-specific polyclonal rabbit antiserum (used at a
dilution of 1:400) and insulin-specific polyclonal sheep antise-
rum (1:200; PH059, The Binding Site, Birmingham, England).
Visualization was achieved by FITC (711-095-152, Jackson
ImmunoResearch, Penn., USA) and red X (713-295-147,
Jackson ImmunoResearch) conjugated anti-species sera and
analysed using a confocal microscope Leica TCS NT (Wetzlar,
Germany).

DNA and insulin content of cells. For the measurement of
DNA and insulin content, islet cells were homogenized ultra-
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sonically in distilled water. DNA was measured from dried
samples fluorometrically based on diaminobenzoic acid-
induced fluorescence [28]. Insulin was measured with a com-
mercial solid-phase insulin RIA kit (DPC, Los Angeles, Calif.,
USA) after overnight extraction with acid ethanol as described
previously [29].

Cell viability. Viability of islet cells after infection was mea-
sured using a commercial kit (the live / dead cell assay, 
L-3224, Molecular Probes, Leiden, The Netherlands). The as-
say is based on the simultaneous determination of live and
dead cells with two fluorescent probes. Live cells are stained
green by calcein due to their esterase activity while the nuclei
of dead cells are stained red by ethidium homodimer-1. Islets
harvested at different time points were incubated with the la-
belling solution for 30 min at room temperature in the dark,
cytocentrifuged onto glass slides and analysed with a confocal
microscope Leica TCS NT (Wetzlar, Germany).

Beta-cell function. Insulin secretion in response to glucose and
glucose plus theophylline was studied by perifusion as de-
scribed previously [22, 30]. Briefly, after taking samples for
insulin content and DNA measurement, islets were loaded in
perifusion chambers in Krebs-Ringer bicarbonate buffer sup-
plemented with 20 mmol/l Hepes (pH 7.35) and 0.2% BSA.
After a 60 min stabilizing period in low glucose (1.67 mmol/l),
the cells were stimulated first with a 16.7 mmol/l glucose and
then with a mixture of 16.7 mmol/l glucose and 10 mmol/l the-
ophylline (Sigma, St. Louis, Mo., USA). Fractions of 1 ml
were collected every 4 min and analysed for insulin by RIA.
After stimulations the basal buffer (1.67 mmol/l glucose) was
used during the final 2 fractions. Up to six perifusion lines
were run in parallel using a multi-channel perifusion apparatus
(Brandel, Gaithersburtz, Md., USA).

Statistical methods. Because of a considerable variation be-
tween experiments with islets from different donors, the results
were analysed as relative changes normalized against the unin-
fected control islets from each donor (standardized control
mean =1.0). Differences between groups were tested with Stat-
view 4.1 software for the Macintosh (Abacus Concepts, Berke-
ley, Calif., USA). If this indicated that the groups differed sig-
nificantly from each other (p value for the F parameter <0.05),
– the individual significances of each virus were tested with
the one-sample t test against the hypothesized mean of 1.0.

Results

Replication of prototype strains of enterovirus sero-
types in adult human beta cells. All tested enterovirus-
es, including prototype strains of CBV-1,2,6, CAV-13,
EV-1,6,7,9,11,30, PV-1 and HPEV-1 regularly repli-
cated in primary human islets and the maximum
amount of progeny virus was yielded rapidly, always
at one or two days after infection (Fig. 1). Each exper-
iment meant a different donor and with some viruses
donor-related differences were clearly seen. Echovi-
rus-30 was not able to replicate in one out of four ex-
periments.

Infection of insulin-producing beta cells at one day
after infection was documented by a dual label immu-
nofluorescence resulting in red fluorescent insulin-
producing beta cells and green fluorescent virus-

infected cells. Yellow and orange double fluorescence
was seen after most infections (Fig. 2) indicating that
the virus was capable of infecting insulin-producing
beta cells. Echovirus 1 was the only one of the tested
viruses not showing obvious yellow and orange fluo-
rescence. This suggests that this virus, at least initial-
ly, mainly infected other cell types than beta cells. At
2 days of infection, yellow fluorescence was clearly
evident in EV-1-infected islets as well (not shown).
Interestingly, in the case of some echoviruses, like
EV-9 and EV-30, only yellow fluorescence was seen
(Fig. 2), indicating that these viruses preferentially in-
fected the insulin-producing beta cells.

Consequences of enterovirus infection in adult human
beta cells. Through all our experiments uninfected
control islets remained viable and only few solitary
dead cells were seen around them occasionally
(Fig. 3). At 3–4 days after infection, the majority of
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Fig. 1. Replication of enteroviruses in primary adult human is-
lets. Parallel aliquots of islets were infected with apparent high
multiplicity (30–100 plaque-forming units/cell) of different en-
teroviruses. After 1 h adsorption period the inoculum virus was
removed, islets were washed twice, and culture medium was
added. Samples taken at different intervals were assayed for
total infectivity and results are shown as the mean ±95% CI.
Left column, 0 h; middle column, 1 day; right column, 2 days



the islets infected with CBV-1 were dead indicating
that this virus is highly cytolytic. The same result was
obtained with CBV-6, CAV-13, PV-1 (not shown) and
has been previously reported for CVB-3,4 and 5 [22].
In contrast, echoviruses 6,7, and 11 (Fig. 3) and CBV-2
(not shown) were not able to kill all islet cells within
this time span, as some small viable islets remained in
cultures infected with these viruses. Although islets
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Fig. 2. Enterovirus infection in insulin-producing beta cells.
Uninfected control islet and virus-infected islets were harvest-
ed 1 day after infection. Cytocentrifuged spots of harvested
cells were fixed with cold methanol and double stained with
enterovirus-specific rabbit antiserum and insulin-specific
sheep antiserum. Visualization was performed by FITC-anti-
rabbit (green, for virus antigen) and redX-antisheep (red, for
insulin) conjugates. Infected insulin-producing cells can be
recognized by their yellow colour

infected with echovirus 9, strain Barty or Hill, often
looked intact at 3–4 days after infection, a number of
dead cells were found around them (Fig. 3). These
dead cells were mostly insulin positive as documented
by IF-staining with insulin-specific antiserum (not
shown). Cultures infected with EV-30 (Fig. 3), EV-1
(not shown) and CAV-9 [22] did not show any virus-
induced adverse effects within 3–4 days.



Insulin secretion by viable human beta cells is
known to respond well to secretagogues in vitro. In
our hands, responses of uninfected control islets were
practically unchanged even 26 days after isolation
(not shown). At one week, uninfected human beta
cells responded to glucose with a biphasic pattern of
insulin release with a 4.1-fold increase in the first
phase peak followed by a prolonged second phase
(3.4-fold over the basal concentration) (Fig. 4A). Fi-
nally the glucose response was further potentiated by
theophylline, a phosphodiesterase inhibitor exerting
its effect through an acute increase of the intracellular
cAMP concentration (9.5-fold increase in insulin con-
centrations over the basal concentration). Stimulation
indices were calculated separately for the first-phase
and second-phase glucose responses and for the re-
sponse obtained by glucose and theophylline. Effects
of various enterovirus infections on these parameters
are shown in Figure 4. All stimulated responses were
drastically impaired by infections with EV-7, 11,
CAV-13, CBV-5, 6 and PV-1 (Fig. 4B, C, D). The sus-
ceptibility of beta cells to some viruses was more vari-
able. After infections by CBV-1, 3,4 and HPEV-1 two
out of three stimulated responses (the first-phase or
the second-phase response to glucose and response to
glucose plus theophylline) were decreased, while in-
fections caused by CBV-4E2 and EV-6 induced a de-
tectable defect only in one of the measured responses
(Fig. 4B, C, D). Islets infected with CBV-2 and EV-30
usually responded like uninfected controls. A clearly

exaggerated insulin response was often seen in islets
infected with EV-9/Barty and CAV-9 (Fig. 4B, C, D).

Figure 4E illustrates the effect of enterovirus infec-
tions on islet insulin content per total cellular DNA.
This parameter reflects the selective destruction of be-
ta cells, although infection-induced suppression of in-
sulin synthesis could also affect the ratio. The insulin
content was significantly reduced (p<0.05) by infec-
tions with CBV-1,3,4E2, 5,6, EV-6,7,11, PV-1 and
HPEV-1. The most consistent destruction of islets
from different donors was evident for CBV-1 and 3,
and EV-7 (Fig. 4E). Even after infection with the most
deleterious virus some individual beta cells survived
at one week after infection. In general, the insulin for
each DNA ratio correlated well with the insulin secre-
tion results obtained in perifusion experiments. The
only virus causing impairment in insulin release
without significantly affecting insulin content was 
CAV-13.

Are serotypes EV-9 and EV-30 less diabetogenic than
other enteroviruses? Prototype strains of EV-9 and 30
were often non-destructive in beta cells. In order to
find out whether this property is conserved among
these serotypes, beta cell tropism of several field iso-
lates was studied. Results obtained with islets from
two different donors infected with EV-9 DM isolated
from a 6-week-old baby at the onset of acute Type I
diabetes are shown in Figure 5. Prototype strains of
EV-9 (Hill and Barty) were studied in parallel in the
same islets preparations. Although some donor-related
variation was seen in virus susceptibility between dif-
ferent preparations, the recent isolate replicated well
in both islet preparations and caused more beta-cell
destruction than the prototype strains.

Seven field isolates of EV-30 were taken for studies
of beta-cell tropism. Replication of isolates in an islet
preparation from one donor are shown in Figure 6A.
Selective destruction of beta cells by EV-30 isolates
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Fig. 3. Effect of enterovirus infection on human islet-cell via-
bility. Infected and uninfected control islets were harvested at
3–4 days after infection and stained with the live/dead cell as-
say kit. Live cells are stained green by calcein due to their es-
terase activity, whereas red fluorescence is induced in the nu-
clei of dead cells by ethidium homodimer-1. For each virus re-
sults from one typical experiment are shown



was studied by measurement of intracellular insulin
content. As shown in Figure 6B strains isolated in The
Netherlands 1977, 1979, 1987 and France 1996 were
clearly more destructive than the other isolates and the
corresponding prototype strain, Bastianni. Similar re-
sults were obtained with another islet-cell preparation
(not shown).

Discussion

In this study, we have shown that primary adult hu-
man insulin-producing beta cells are susceptible to in-
fections caused by several prototype strains of entero-
viruses, representing different genetic subgroups (PV,
HEV-B and C) and acting through different receptor
families. According to our results all tested enterovi-
rus serotypes did grow in the islets cells but the out-
come of infection was highly variable. Enterovirus se-
rotypes were easily divided in two categories: cytolyt-
ic viruses resembling the prototype strains of CBV-4
and 5 in our previous study; and viruses without
apparent cytolytic effects, resembling the effect of
CAV-9 [22]. Enterovirus serotypes capable of causing
cytolysis and functional impairment at one week after
infection were echovirus 6,7,11 CAV-13, CBV-1, 3, 4,
5, 6, PV-1 and HPEV-1. Variation between virus-in-
duced effects on beta cells was not entirely serotype
defined. Interestingly, field isolates of benign sero-
types were found to be highly cytolytic in beta cells
suggesting that diabetogenicity is not stably associated
with serotypes, but with individual isolates. Donor-
related variation in islet-cell susceptibility to infec-
tions was evident in some viruses. It is not known
why the beta cells of some donors are better protected
against enterovirus infections. However, donor-specif-
ic factors, such as cytokine response capability, infec-
tion history and HLA-types could be important.

EV-30, CBV-2, EV-1 and 9 were less destructive,
without an immediate adverse effect on stimulated in-
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Fig. 4A–E. Effect of enterovirus infection on intracellular in-
sulin content and stimulated insulin release at one week after
infection. A Stimulated release of insulin in uninfected human
beta cells in perifusion experiments. Response of beta cells to
high glucose (Glu 1 and Glu 2) and to a mixture of high glu-
cose and theophylline (G + T). Stimulated insulin release is
shown as µIU/ml. One representative experiment. B–D Cumu-
lative effect of enterovirus infection on stimulated release of
insulin. Insulin release, expressed as the stimulation indices
(stimulated/basal concentration) in response to high glucose
and theophylline are shown as relative changes from the unin-
fected control (B, Glu 1; C, Glu 2, D, G+T). E Insulin content
per cellular DNA of the uninfected and infected islets, ex-
pressed as relative changes from the uninfected control. The
number of observations is indicated at the bottom of the col-
umns. The mean ± standard deviation is shown in the panels.
Significance of impaired response *p<0.05; **p<0.01,
***p<0.005 (compared with the uninfected control cells)

▲



sulin release. However, in the case of EV-9, a clear
virus-induced cytolysis was evident in a subpopula-
tion of beta cells. Interestingly, this was true for both
strains of EV-9, Hill and Barty, although they are
known to have different receptor specificity in contin-
uous laboratory cell lines and newborn mice [31]. In-
terestingly, EV-9 and EV-30 infected almost solely in-
sulin-producing beta cells, while another echovirus,
EV-1, appeared to initially target non-beta cells. We
do not know whether this kind of beta-cell tropism is
characteristic for a diabetogenic virus. In theory, other
pancreatic cells capable of supporting virus infection
might prolong the infection in islets and help beta
cells to become infected.

Infections caused by EV-7 and 11 were vigorous in
human islets and they resulted in rapid disturbances in
beta-cell functions suggesting that they could be dia-
betogenic in vivo as well. The effects of EV-6 on beta
cells from different donors was somewhat more vari-
able. Recently we described an infant who developed

immune-mediated Type I diabetes in utero already and
according to our serological analysis the pathogenic
process might have been induced by echovirus 6 in-
fection during pregnancy [20]. Another echovirus,
EV-9 DM, was recently isolated from a 6-week-old
girl with an acute onset of Type I diabetes [21] and ac-
cording to our present results, high multiplicity infec-
tion by this isolate results in impaired beta-cell func-
tion. The isolate was clearly more destructive than the
corresponding prototype strains Barty or Hill. In con-
trast to these results, the same stool isolate has been
tested in islets without further passaging in BGM
cells, and was found to be incapable of growing or
causing beta-cell death in cultured human islets, in-
fected at a multiplicity of 1 [21]. This contradiction is
not yet solved. In addition to donor-related variation
in islets, virus passage history and multiplicity of in-
fection might have contributed to the different results.
Furthermore, the results probably also vary due to
variable viability of islet cells depending on the isch-
aemia time and other technical factors in islet isola-
tion.

Throughout our studies serum free culture medium
was used in order to ensure most efficient infection of
islets. In some other studies serum containing culture
medium has been used for human islet infections and
this could explain the differences between their results
[25] and those previously published by us [22].

The prototype strain of echovirus 30 was one of the
viruses causing no beta-cell damage in our study. Un-
like PVs and CBVs, this serotype has existed in
Europe and Northern America as a single genotype
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Fig. 5. Beta-cell destruction caused by the recent field isolate,
EV-9 DM. Two different sets of islets were infected with pro-
totype strains of EV-9, Barty or Hill, or the field isolate 
EV-9DM. Effect of virus infections on insulin secretion are
shown in the middle panels (–◆ – Control, –■ – EV-9 Barty,
–▲– EV-9 DM, –● – EV-9 Hill) (stimulated insulin release is
shown as µIU/ml along y-axis and minutes of perifusion along
x-axis), intracellular insulin content in right-hand panels and
virus replication in left-hand panels (left column, 0 h; middle
column, 1 day; right column, 2 days)



since 1980s, and a specific subgenotypic lineage has
shown a pandemic spread during 1990s [26]. In stud-
ies where beta-cell tropism of representatives of three
subgenotypes was analysed we found clear differences
in their diabetogenic properties. Strains isolated in
1977, 1979, 1987, and 1996 were clearly more de-
structive than the others. In phylogenetic analysis [26]

these strains did not cluster together. The limited se-
quence data available did not reveal any specific pat-
terns related to the capacity to cause beta-cell damage
(not shown, [26]). Altogether, our present results from
the field isolates strongly suggest that highly diabeto-
genic variants exist even among echovirus serotypes
whose prototype strains appear not to cause beta-cell
damage. Strain-specific variation of diabetogenicity is
as such, not surprising. While within-serotype varia-
tion of enterovirus genomes can be extensive, several
examples exist where individual point mutations could
dramatically affect the virulence of a virus both in hu-
mans [32] and in animal models [33]. The experimen-
tal in vitro system presented in this paper would allow
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Fig. 6A, B. Beta cell destruction caused by field isolates of
EV-30. A Replication of different isolates (left column, 0 h;
middle column, 1 day; right column, 2 days). B Effect of virus
infection on beta-cell-specific destruction is shown by intracel-
lular insulin content



investigations on the genetic beta cell virulence but
this would first require construction of infectious
cDNA clones of suitable pairs of virus strains.

In contrast to CBV-like viruses, some viruses in-
creased rather than decreased the insulin responses to
secretagogues. This was especially true for CAV-9 and
both strains of EV-9 at one week after infection. How-
ever, in four out of seven experiments where insulin
responses of CAV-9-infected islets were followed for
several weeks, an impairment in the responses (at
least one response was less than 40% of controls) was
seen after two or three weeks of infection (not shown).
Interestingly, in the cases of CBV-1 and CBV-4-E2 in-
sulin responses to glucose (first or second phase) were
practically unchanged while insulin response to glu-
cose and theophylline were already significantly im-
paired. This is probably due to variation of beta-cell
destruction kinetics induced by different viruses. This
kind of enhanced insulin release was a phenomenon
regularly found to precede the final destruction of por-
cine fetal beta cells after coxsackievirus infections
[34].

In conclusion, we have shown that several proto-
type strains of enteroviruses including coxsackievirus-
es of subgroups A and B, poliovirus type 1/Mahoney,
echoviruses and HPEV-1 infect, cause functional dam-
age, and kill primary adult human beta cells. Remark-
ably, even when prototype strains were not destruc-
tive, highly destructive strains could be found among
field isolates of the serotype. It is, of course, possible
that islets cultured in vitro show susceptibility patterns
different from those in vivo. However, it is important
to note that instead of dissociated beta cells, we used
cultures of intact islets including, in addition to beta
cells, the glucagon-producing alpha cells, the somato-
statin-producing delta cells, the PP-producing cells,
and a number of islet-associated ductal epithelial cells.
Furthermore, we have especially focussed on the ef-
fects of enterovirus infections on beta-cell function,
measured by stimulated insulin release. There is no
way to study this in humans in vivo. The best knowl-
edge on diabetogenic properties of enteroviruses can
be obtained only by combining results from different
kinds of studies, including serological- and epidemio-
logical-, clinical, animal and in vitro beta-cell studies.

Our results suggest that all enterovirus serotypes
could be considered as potentially diabetogenic in ge-
netically susceptible individuals. Furthermore, these
results strengthen the notion that direct infection of
the beta cells might also take place in vivo, and al-
though this is likely to be the direct cause of diabetes
in only rare cases, it could more often be a triggering
event for beta-cell-targeted autoimmunity. Improved
understanding of these pathogenic processes is of ut-
most importance for future preventive strategies.
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