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bstract

Enterovirus (EV) infections have been associated with the pathogenesis of type 1 diabetes (T1D). They may cause �-cell destruction either by
ytolytic infection of the cells or indirectly by triggering the autoimmune response. Evidence for EV involvement have been presented in several
tudies, EV-IgM antibodies have been reported in T1D patients, EV-RNA has been found in the blood from T1D patients at onset, and EV have been
solated from newly diagnosed T1D. Our aim was to study infections with EV isolates from newly diagnosed T1D patients in human pancreatic
slets in vitro. Two of them (T1 and T2) originated from a mother and her son diagnosed with T1D on the same day, the other two (A and E) were
solated from a pair of twins at the time of diagnosis of T1D in one of them. Isolated human pancreatic islets were infected and viral replication,
iability and degree of cytolysis as well as insulin release in response to high glucose were measured. All four EV isolates replicated in the islet
ells and virus particles and virus-induced vesicles were seen in the cytoplasm of the �-cells. The isolates varied in their ability to induce cytolysis
nd to cause destruction of the islets and infection with two of the isolates (T1 and A) caused more pronounced destruction of the islets. Infection

ith the isolate from the healthy twin boy (E) was the least cytolytic. The ability to secrete insulin in response to high glucose was reduced in

ll infected islets as early as 3 days post infection, before any difference in viability was observed. To conclude, strains of EV isolated from T1D
atients at clinical presentation of T1D revealed �-cell tropism, and clearly affected the function of the �-cell. In addition, the infection caused a
lear increase in the number of dead cells.

2006 Published by Elsevier B.V.
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. Introduction

Type 1 diabetes (T1D) is a chronic multi-factorial disease in
hich the insulin producing �-cells in the pancreas are selec-

ively destroyed. The prevailing view has long been that T1D
s an autoimmune disease with genetic susceptibility linked to
LA DR3, DR4 and to DQ� alleles (Gale et al., 2001). Due to
ack of concordance in identical twins, an environmental trigger
s also thought to be involved, which has been suggested to be
virus. Several lines of epidemiological evidence suggest that
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nterovirus (EV) infections might cause or trigger T1D (Yoon et
l., 1979; King et al., 1983; Banatvala et al., 1985; Yoon, 1990;
risk et al., 1992; Dahlquist et al., 1995; Chehadeh et al., 2000;
elfand et al., 1995; Hyoty et al., 1995; Hiltunen et al., 1997;
risk and Diderholm, 1997; Yin et al., 2002a; Nairn et al., 1999;
onnrot et al., 2000a; Roivainen et al., 1998; Salminen et al.,
003; Lonnrot et al., 2000b; Champsaur et al., 1982). The basic
vidence for the involvement of EV in the aetiology of T1D has
een presented in a number of studies (King et al., 1983; Hyoty
t al., 1995; Frisk and Diderholm, 1997; Yin et al., 2002a; Nairn
t al., 1999; Lonnrot et al., 2000a,b). EV have also been iso-
ated from newly diagnosed T1D patients in a few cases (Yoon

t al., 1979; Vreugdenhil et al., 2000; Hindersson et al., 2005)
nd some of the isolated virus strains have been shown to cause
iabetes in animal models (Yoon, 1995). There are instances
here the diagnosis of T1D in one member of a family has been

mailto:Gun.Frisk@kbh.uu.se
dx.doi.org/10.1016/j.virusres.2006.11.004
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apidly followed by its appearance in other members of the same
amily (Nelson et al., 1977; Phillips and Pauli, 1981). We have
reviously published a case report where EV was isolated from
mother and from her son diagnosed with T1D the same day

Hindersson et al., 2005). Such clustering of T1D cases in time
ithin a family is a strong indication of an infectious agent as a

rigger or cause of the disease.
EV are prime candidates for constituting an environmental

isk factor because they induce strong immune responses
nd they can infect the �-cells leading to local inflamma-
ion (Ylipaasto et al., 2004). The genus EV, a member of
he picornavirus family are divided into five major groups:
uman enterovirus-A (HEV-A), HEV-B, HEV-C, HEV-D and
oliovirus (King, 2000), as many as 97 different EV serotypes
re recognised and this number is still increasing. EV is trans-
itted by faecal, oral or by the respiratory route from one person

o another. EV infections have been associated with a wide range
f clinical manifestations including meningitis, encephalitis,
aralysis, skin disease, common cold-like symptoms but
ostly the infection is asymptomatic. EV infection usually

tarts from the respiratory tract or from the gastrointestinal
ucosa, from where it might be spread to specific tissues and

rgans.
Upon infection, EV induces shut off of almost all host cell

ranslation and induces a severe cytopathic effect (CPE) in
nfected cells. The shut off of host cell translation has been
hought to result from the cleavage of the eukaryotic transla-
ion factor eIF4G (Ehrenfeld, 1982; Lamphear et al., 1995). The
leavage of eIF4G blocks the initiation of cap-dependent transla-
ion (Etchison et al., 1982). EV-infected cells reveal typical signs
f CPE such as rounding up, accumulation of membranous vesi-
les (Dales et al., 1965) condensation of chromatin (Tolskaya et
l., 1995; Romanova et al., 2005) and detachment from the basal
urface of the culture dish or from other cells. Broadly speaking,
here are two types of cell death; necrosis and apoptosis: It has
een suggested that EV trigger the apoptotic pathway and that
hey before cell death has ensued terminated the process and
nitiate the alternative pathway (Agol et al., 2000).

It has been known for several years that the secretory pathway
s disrupted in cells infected with picornaviruses (Barco and
arrasco, 1998), and this is characterized by the appearance of

arge number of membrane vesicles in the cytoplasm (Bienz et
l., 1987; Rust et al., 2001; Suhy et al., 2000).

Different strains of EV have earlier been shown to infect iso-
ated human pancreatic islets in vitro and such infections could
ither result in cell lysis or in a persistent infection depending
n the viral strain (Chehadeh et al., 2000; Paananen et al., 2003;
risk and Diderholm, 2000; Roivainen et al., 2000; Roivainen et
l., 2002). However, the pathophysiological mechanism of virus
nduce T1D is still a matter of debate. Direct apoptosis/necrosis
nduced by the EV and indirect autoimmune responses induced
y cytokines in the infected pancreatic islet cells remain attrac-
ive but unconfirmed hypothesis to explain the induction of T1D.

enerally, viral proteins in infected cells interact with cellular
roteins and interfere with cellular protein production to enable
iral replication and propagation. Therefore, understanding the
irus–host relationship is important if we are to understand the
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ellular responses against viral infections and the pathological
echanisms behind virus-induced T1D.
EV infections have for decades been associated with T1D,

ur successful isolation of four strains of EV from members of
1D families at clinical presentation of T1D together with the
nowledge that such infections in non-�-cells interferes with the
ell protein processing, made us design the following tasks (i) to
tudy the ability of the isolated EV strains to induce cytolysis in
solated human islets; (ii) to study the ability of such an infection
o affect insulin release in response to high glucose; (iii) to what
xtent these isolates would cause morphological changes of the
slet and/or of the islet cells.

. Material and methods

.1. Patients

In an otherwise healthy family comprising mother, father and
wo sons, the mother and a 10-year-old son developed symp-
oms of increasing thirst and frequent urination. At a visit to the
ocal physician, both were diagnosed with diabetes. Both were
eferred to the university hospital, T1D was immediately diag-
osed in the son and he was put on insulin the same day. In the
ase of the mother it took some time before the type of diabetes
as clarified, but it was clearly also diagnosed as T1D. The son
ad a short history of about a week with obvious symptoms of
iabetes, and he had lost 5 kg in weight. He was in good general
ondition; his first HbA1c was 8.4% (ref. 3.6–5.0), and the first
lood glucose 18.2 mmol/l and pH 7.40. The mother had always
een susceptible to infections and she was diagnosed with an
cute myocarditis some years prior to the onset of T1D. Her
rst blood glucose was 23 mmol/l, HbA1c 9.2% and ICA 1/160.

A twin boy, Adrian, was referred to the university hospital
t the age of 5 years and 2 months with 3 weeks of increased
rinking and micturation. He also had secondary enuresis and
e had lost about 1 kg weight. His HbA1c was 7.2%, the first
lood glucose 23 mmol/l, and there was no ketoacidosis present.
is identical twin brother, Eric, is still healthy 3 years later.

.2. GAD65 antibodies

Antibodies against glutamic acid decarboxylase 65 (GAD65)
ere measured with Diamyd’s Anti-GAD65 RIA (Mercodia
B, Uppsala, Sweden). Using a cut-off of 9.5 U/l the speci-
city was 99% and the sensitivity was 74%. Antibodies against
AD65 were also measured with an Anti-GAD65-ELISA

developed by Mercodia AB, Uppsala, Sweden) and this assay
llowed detection of IgM antibodies as well as IgG antibodies
gainst this autoantigen.

.3. Viral isolation

Stool samples were obtained from the mother and the son 10

ays after the diagnosis of T1D. Virus was also isolated from
tool samples from the identical twins Erik (E) and Adrian (A),
t the time of diagnosis of T1D in one of the twins (A). The fae-
es were re-suspended with glass beads in a phosphate buffer,
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fter removal of the beads the clarified suspensions were inoc-
lated on Green Monkey Kidney (GMK), Rhabdo myosarcoma
RD) and Henrietta Lacks (HeLa) cells. The inoculated cells
ere examined every day for the appearance of CPE. The iso-

ation and characterization of the T1 and T2 strains has been
escribed earlier (Hindersson et al., 2005). Both isolates from
he twin boys revealed typical EV CPE on GMK and HeLa cells
ve (A) and 10 (E) days post inoculation. None of the isolates
aused CPE on RD cells. In addition, the isolates from the twin
oys were further serotyped by the standard method of virus
eutralization with antisera pools. Wells containing polyclone
ntibodies against Echovirus 21did not reveal CPE suggesting
hat these two isolates were Echovirus 21.

.4. Cell culture

The pancreata were obtained from normoglycemic donors
fter appropriate consent for multiorgan donation. The isola-
ion of the islets has been described earlier (Goto et al., 2004).
slets used in this study originated from 14 donors, 8 males
ith a mean age of 56.8 years (range 39–66 year) and the mean

schemia time was 10 h (range 5–21 h). Islets were cultured
n CMRL-1066 (Mediatech, Cellgro, Herndon, US), supple-

ented with 10 mM nicotinamide (Sigma–Aldrich, St. Louis,
S), 10 mM Hepes buffer (Gibco-BRL, Invitrogen, Paisley,
cotland, UK), 0.25 �g/ml fungizone (Gibco-BRL, Invitro-
en), 50 �g/ml gentamicin (Gibco-BRL, Invitrogen), 2 mM
-glutamine (Gibco-BRL, Invitrogen), 10 �g/ml ciprofloxacin
Bayer Healthcare AG, Leverkusen, Germany), 10% heat-
nactivated human serum and kept at 37 ◦C, for 5–8 days before
nfection with virus. The medium was changes every other day
uring this period. GMK cells: were used for TCID50 titration’s
nd they were cultured in 96-well plates in EMEM (SVA, Upp-
ala, Sweden) supplemented with 2% newborn bovine serum
Seromed, Biochrom, Berlin, Germany). RD cells, HeLa and
MK cells for isolation of virus were culture in 12-well plates

n EMEM supplemented with 2% newborn bovine serum.

.5. Quality test

The purity of the islets was determined by microscope charac-
erization after staining with diphenylthiocarbazone. Evaluation
f the islet viability was carried out by using a dynamic perfusion
ystem. Islets were challenged with two glucose concentrations
1.67 mmol/l and 16.7 mmol/l and then 1.67 mmol/l again). Frac-
ions were collected at 6-min interval for 120 min and the insulin
ontent was determined by ELISA (Mercodia, Uppsala, Swe-
en).

.6. RNA isolation and EV-RT-PCR

RNA was isolated from the four isolates by the use of
Neasy Mini Kit (Qiagen Gmbh, Germany). The extracted

NA was stored at −70 ◦C. EV-RT-PCR was then performed
s described earlier (Yin et al., 2002a). Briefly, the RNA was
everse transcribed using an anti sense primer ECBV5 5′-
ATGGCCAATCCAATAGCT-3′ A semi-nested Polymerase
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hain Reaction (PCR) was then performed (Verheyden et al.,
003). EV-RT-PCR was also performed with the Enterovision
it (DNA Technology A/S Science Park Aarhus, Aarhus C,
enmark).

.7. Immunostaining for EV

HeLa cells cultured on culture slides (BectonDickinson lab-
are, France) uninfected and infected with the four isolates and
ith the CBV-4 strain E2 (positive control), were fixed in acetone

t 4 ◦C. Monoclonal antibodies (MAbs), raised in mice, directed
gainst a broad reacting epitope on the EV capsid (DakoA/S,
lostrup, Denmark) were added to the slides. The antibody

eacts with the structural protein VP1. After washing of the
lides, binding of primary antibodies was visualized by the addi-
ion of PicTure-Plus Kit (Zymed Laboratories Inc., San Fran-
isco, CA, US) containing a polymer conjugate of horseradish
eroxidase and Fab fragments. Potential background due to
ndogenous biotin activator Fc receptors is by such means com-
letely avoided. Human islets were infected with the isolates and
n day 3 and day 6 post infection they were handpicked, washed
n phosphate-buffered saline (PBS) and fixed in 4% buffered
FA, dehydrated in graded ethanol and embedded in paraffin.
ections of infected and uninfected islets were deparaffinized

n xylene, rehydrated in graded ethanol, followed by washing
ith PBS for 10 min. The EV specific monoclonal antibody was

hen added to the slides. After washing, binding of the primary
ntibody was visualized by the addition of polymer conjugate
f horseradish peroxidase and Fab fragments, PicTure-Plus Kit
Zymed Laboratories Inc., San Francisco, CA, US).

.8. Infection of isolated islets

Handpicked human islets were cultured (300–325 islets/well)
n 8 well plates, in 3 ml RPMI 5.5 mM glucose (SVA, Uppsala,
weden) supplemented with 10% heat inactivated human serum

ested for presence of neutralizing antibodies against the iso-
ates. Two islet containing wells/isolate were infected with 103

CID50 and two wells containing islets from the same donor
ere not infected and used as a control.

.9. Virus replication and islet degeneration

The replication of the four isolated virus strains in isolated
uman pancreatic islets was studied for a period of 7 days. After
llowing the virus to attach for 30–60 min at 37 ◦C, aliquots
f the culture media were taken from each well and this was
epeated every day for 7 days. The collected samples were
rozen for subsequent TCID50 titration on GMK cells. The cul-
ure medium was changed day 3 and day 4 (Table 1). Degree
f degeneration and degree of virus-induced CPE were stud-
ed every day as described before (Frisk and Diderholm, 2000).
riefly, the degree of CPE/islet degenerations were ranked from

to 4 and 0 were no CPE/islet destruction and 4 were almost

otal destruction of the islets. Islet degeneration is characterized
y the loss of islet integrity, disintegration, and partial dispersion
f islets.
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Table 1
Glucose stimulation in the human pancreatic islets infected with the four isolated
viruses strains as well as with the uninfected controls

Well Culture conditions (mM glucose)

Day 0–3 Day 3–4a Day 4–7

A-1b, E-1, T1-1 and T2-1 5.5 5.5 5.5
A-2b, E-2, T1-2 and T2-2 5.5 16.5 5.5
Control-1 5.5 5.5 5.5
Control-2 5.5 16.5 5.5

a Culture medium was changed in all wells day 3 to RPMI containing either
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valescent sample was somewhat increased in the diabetic twin
(11 IU). When the ELISA (detecting both IgM and IgG anti-
bodies) was used the GAD65 antibody levels in the acute serum
from the T1D boy (T2) was 199 and in the convalescent serum
.5 mM or 16.5 mM glucose. Day 4 post infection all wells were changed back
o RPMI containing 5.5 mM.

b Well number.

.10. Islet viability

Viability of the islet cells was determined in a double-blind
anner by the use of a light microscope. All cells (islets and

etached cells) from all wells were centrifuged to remove the
ulture medium, the islet cells were trypsinized and analyzed
y trypan blue staining for dead cells day 3 and day 7 post
nfection.

.11. Apoptosis

Day 3 and day 6 post infection infected and un-infected islets
ere handpicked, washed in PBS and fixed in 4% buffered para

ormaldehyde (PFA), dehydrated in graded ethanol and embed-
ed in paraffin. The 5 �m sections were deparafinized in xylene,
ehydrated in graded ethanol, followed by 5 min wash in PBS
ith 0.05% Tween. The ApopTag® Plus Peroxidase In Situ
poptosis Detection Kit (Chemicon® International, Temecula,
A, US) based on the TUNEL assay was used according to the
anufacturer’s instruction. Light counterstaining was carried

ut with hematoxylin.

.12. Glucose stimulation

Glucose stimulation tests were performed on infected islets
nd uninfected controls as clarified in Table 1. Aliquots of
he culture medium from all wells were withdrawn after the
hange of culture medium day 3 and before the change of cul-
ure medium day 4 for subsequent measurements of insulin. The
amples were stored at −20 ◦C until analysed. A high range rat
nsulin ELISA (Mercodia AB) was used for the measurements
f insulin to avoid dilution of the samples. The insulin release
n response to high glucose was calculated per islet.

.13. DNA content

Islets were handpicked day 6 post infection, washed in PBS
nd transferred into PBS containing 5 mM EDTA, 10 mM benza-
ide, 0.1 mg/ml of soybean trypsin inhibitor, and 1 mM PMSF
nd stored in −70 ◦C. All samples were homogenized ultra-
onically and analyzed for DNA with the Pico Green® dsDNA
uantitation kit (P-7589, Molecular Probes, Europe BV, The
etherlands).
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.14. Electron microscopy

Virus-induced morphological changes were studied day 3 and
ay 7 post infection. Infected and uninfected islets were fixed
n 2% glutaraldehyde and 1% formaldehyde, followed by 1%
smium tetroxide, dehydrated in graded ethanol, and embedded
n TAAB-812-resin. Ultrathin sections (500 Å) were counter-
tained with uranyl acetate and lead citrate before examination
nder the electron microscope.

.15. Statistical analyses

Data presented are means ± S.E.M. All results were based on
bservations from at least three donors. A p-value of <0.05 was
onsidered significant. Rates of insulin release (mU/islet/24 h)
rom infected and control islets, including calculated differ-
nces, have been computed using Wilcoxon signed ranks test and
ann–Whitney test. Differences in the degree of cytolysis/islet

estruction were tested with the independent samples t-test for
omparing paired samples. The comparisons were between islets
nfected with one isolate and islets infected with another or left
ninfected for each time point.

. Results

Two different GAD65 antibody assays were used and the
adioimmunoassay (RIA) results (detecting only IgG antibod-

es) obtained with the acute and the convalescent serum samples
rom the mother and the son revealed that the former had high
evels of such antibodies (>198 IU) whereas no such antibodies
as detected in the son’s serum samples. When the same sam-
les were analysed from the twin boys, the acute sample from
oth were totally negative while the antibody levels in the con-
ig. 1. Electrophoresis analysis of the PCR products from human pancreatic
slets infected with the isolates. First PCR; lane 1 show bands between 100 and
500 bp. Lanes 2–5 show the PCR product from human pancreatic islets infected
ith T1, T2, A, and E. Second PCR; line 1 shows the DNA ladder. Lanes 2–5

how the T1, T2, A, and E amplicons.
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1.5. Analyses of the acute serum from the twin boys revealed
00 U/ml (A) and 43 U/l (E).

All four isolates were positive when the Enterovision-RT-
CR-kit was used indicating that they all belonged to the genera
V. To confirm these results a semi-nested EV-RT-PCR was
erformed using EV specific primers binding to the 5′NCR.
mplicons of the expected size (538 bp) could be seen on the

garose gel (Fig. 1) after the second PCR.
Immunostaining of isolated human islets infected with the

our isolates (A, E, T1 and T2) with an EV specific antibody
onfirmed the results obtained above, i.e. that all four isolates
elonged to the genus EV since a positive staining was only

btained in infected islet cells (Fig. 2). In addition, it indicates
hat these isolates could replicate in the islet cells. Islets infected
ith the A isolate can be seen in Fig. 2B. In addition, all four

solates (A, E, T1 and T2) revealed positive immunostaining of

w
d
(
i

ig. 2. Immunostaining for EV in isolated human islets and HeLa cells. (A) Uninfe
nfection (magnifications 60×). (C) HeLa cells infected with the Adrian (A) isolate
ost infection. (E) Uninfected HeLa cells (magnifications 40×).
rch 124 (2007) 193–203 197

nfected HeLa cells when using an EV specific antibody (Fig. 2C
nd D) compared to uninfected control HeLa cells (Fig. 2E).

Virus replication measurements were assessed every day dur-
ng culture. The TCID50 titers increased day 3 to day 7 post
nfection. Day 3 post infection changes of culture medium were
erformed, because of the glucose stimulation tests, causing a
eduction of the virus titre. The increases in titre did not dif-
er between the isolates day 7 post infection. The mean titre
ncreases was 100.6 (range 100.2–101.25).

All four isolated EV strains were able to induce CPE and/or
egradation of the islets. However, the degree of islet degrada-
ion varied with the isolate (Table 2 and Fig. 3). All infected islets

ere significantly more degraded than the uninfected controls
ay 7 post infection (p < 0.001). Islets infected with the A isolate
TID twin) differed from islets infected with the E (healthy twin)
solate day 3 post infection, p < 0.087 and day 7 post infection

cted control islets; (B) islets infected with the Adrian (A) isolate 3 days post
7 days post infection. (D) HeLa cells infected with the Erik (E) isolate 7 days
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Table 2
Degree of CPE/islet destruction in isolated human islets infected with Adrian
(A), Erik (E), Tuvemo 1 (T1) and Tuvemo 2 (T2) compared with the degree of
CPE/islet destruction in control islets

Virus n Day 3 (mean ± S.D.) Day 7 (mean ± S.D.)

A-1a 10 1.7 ± 1.25 2.6 ± 1.71
A-2b 10 1.7 ± 1.25 2.7 ± 1.70
E-1 10 1.1 ± 0.92 1.4 ± 0.97
E-2 10 1.1 ± 0.99 1.7 ± 1.06
T1-1 10 1.6 ± 1.34 2.3 ± 1.58
T1-2 10 1.5 ± 1.43 2.3 ± 1.64
T2-1 10 0.9 ± 1.10 1.3 ± 1.43
T2-2 10 0.8 ± 1.14 1.2 ± 1.48
Control-1 10 0 ± 0.00 0 ± 0.00
Control-2 10 0 ± 0.00 0 ± 0.00
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a Cultured in 5.5 mM glucose during the whole culture period.
b Cultured in 16.5 mM glucose day 3–4 post infection.

< 0.016. Islets infected with the A isolate differed from islets
nfected with the T2 isolate day 3 post infection p < 0.025 and day
post infection p < 0.009. There was no difference in that respect
etween islets infected with the A isolate and islets infected with
he T1 isolate, indicating that these two strains caused most islet
estruction. There was no difference in degree of islet destruc-
ion between islets infected with the E or the T1 isolate day 3 post

nfection, day 7 post infection islets infected with the T1 isolate
iffered from islets infected with the E (p < 0.063). No differ-
nce was seen between islets infected with the E or the T2 isolate
t any time point post infection. The effect of infection with the

p
b
u
g

ig. 3. Degree of islet degradation in human pancreatic islets infected with the isolat
egradation of the islets. (B) Islets infected with the E isolate 3 days post infection.
ith the A isolate 6 days post infection (magnification ×40).
rch 124 (2007) 193–203

1 isolate on the appearance of the islets differed from that of
slets infected with the T2 isolate. Paired samples statistics also
evealed that the most destructive isolate day 7 post infection
as obtained from the T1D twin, Adrian, p < 0.046. Variations
ith regard to CPE, islet degradation and viral replication were

lso dependent on the islet donor.
The frequencies of dead cells, both in islet and detached from

he islets, in wells infected with any of the four isolates did not
iffer from that of the control day 3 post infections. At day 7
ost infection the percentage of dead cells in wells infected with
he A isolate was 39% (n = 8), with the E isolate 29% (n = 8),
ith the T1 isolate 39% (n = 9), with the T2 isolate 38% (n = 8)

nd in the uninfected controls 17% (n = 9). This shows that islet
ultures infected with any of the four isolates contained more
ead cells than the control islets day 7 post infection (p < 0.05).
slets infected with the isolate from the healthy twin boy con-
ained less dead cells than islets cultures infected with any of
he other three isolates.

Islets infected with the different strains were stained for apop-
osis but there were no clear differences between islets infected
ith the different isolates or between infected and uninfected

slets using this method. A few apoptotic cells could be detected
n almost all islets examined.

Electron microscopy of infected and uninfected islets 3 days

ost infection revealed no major differences in morphology
etween infected and uninfected islets. In Fig. 4A, cells from an
ninfected control islet can be seen, in the centre of the photo-
raph a �-cell can be seen characterized by the insulin containing

es A or E, and in uninfected controls. (A) Uninfected human islet displayed no
(C) Islets infected with the A isolate 3 days post infection. (D) Islets infected
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Fig. 4. Ultra structural changes and progeny virus production in infected human �-cells. Uninfected human islets cultured for 6 days (A) magnification 20,000×.
In islets infected with the A isolate the cells revealed indications of apoptosis as well as necrosis such as perinuclear chromatin condensation. In �-cells from such
islets virus-induced reorganization of intracellular membranes and vesicle formation could be seen (B) magnification 20,000×. Progeny virus (size ≈30 nm) can be
s

g
s

o
t
c
t
t
c
a
t

m
s
u

i
t
t

een in the virus replication complexes (C) magnification 80,000×.

ranules in the cytoplasm. To the right parts of a �-cell can be
een.

A hallmark for EV infection is the reorganization of ER and
ther intracellular membranes to generate clusters of vesicles
hat serve as the sites for RNA replication. Such replication
omplexes could be seen in islet cells infected with three of
he isolates (A, E and T1) day 6 post infection. In addition,

he nuclei of islet cells infected with these isolates showed
hromatin condensation, necrotic and/or apoptotic cells were
lso seen. In Fig. 4B and C replication complexes induced by
he infection with the A strain can be seen, in addition in higher

r
p
a

agnification viral particles of about 30 nm is visible inside
ome of the vesicles (Fig. 4B). None of this could be seen in
ninfected islet cells (Fig. 4A).

Together, the EV specific staining of the infected human
slets, the increased viral titres and the presence of virus par-
icles in the �-cells, clearly shows that these EV isolates reveal
ropism for �-cells in vitro.
The quality of the islets was excellent, the islet isolation
esulted in a purity of 50–80%, and from cultures with this
urity the islets used in this study were handpicked. We evalu-
ted islet function using a dynamic perfusion system in which
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Fig. 5. Dynamic insulin release. Isolated islets (n = 20) were perfused with 1.67
(dotted line) and 16.7 mM (bold line) glucose as indicated in the figure. Data
are presented as means ± S.E.M (n = 4).

Table 3
Increased insulin secretion into the culture media in response to high glucose
(6.5 mM) during 24 h

Samples n Mean value mU/l ± S.D. Median/(range)

Adrian 7 1.8 ± 1.0 2.2/(0–2.9)
Eric 7 1.9 ± 1.3 2.4/(0–3.6)
T1 7 2.8 ± 3.9 1.2/(0.3–11.1)
T
C
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2 6 1.3 ± 0.7 1.2/(0.4–2.5)
ontrol 7 4.4 ± 3.4 3.6/(0.8–10.3)

nsulin secretion was assessed after stimulation with glucose. As
an be seen in Fig. 5, the islet batches responded to the glucose
hallenge, although the variation between donors was high.

The ability to secrete insulin in response to glucose stimu-
ation differed between islets infected with the A isolate and
ontrol islets day 3 post-infection (p < 0.04) (Wilcoxon signed
anks test). All infected islets differed from that of the uninfected
ontrol islets in that respect (p < 0.03) (independent samples t-
est) day 3 post infection. As can be seen in Table 3, uninfected
slets increased their insulin secretion 4.4 times when cultured
n high glucose while the infected islets only could increase their
ecretion with 1.3–2.8 times. There were no differences in DNA
ontent between infected islets and un-infected controls at this
ime point post infection indicating that all wells contained the
ame number of cells.

To summarize, all EV isolates could replicate in isolated
uman islets and there were no major effects on the islets appear-
nce day 3 post infection compared to the controls. Despite that,
-cell function was hampered in all infected islets when com-
ared to uninfected islets. Infection with virus isolated from
he T1D boys affected the insulin release more than infection
ith any of the other isolates. Day 7 post infection all virus

nfected islets were more disrupted than the uninfected controls,
nd islets infected with the A isolate were most disrupted. At
his time point post infection electron microscopy also revealed
irus replication complexes in the cytoplasm of �-cells.

. Discussion

We have isolated three EV strains from T1D patients and one

elative at time of clinical presentation of the disease. It has been
hown before that T1D can aggregate in families suggesting that
enetic predispositions are risk factors for T1D. However, only
0% of children diagnosed with T1D have an affected family

i
p
o
c

rch 124 (2007) 193–203

ember and among first-degree relatives of individuals with
1D, the risk of developing the disease is 5–6%, thus the genetic
usceptibility can only partly explain why an individual develops
1D. Such family clustering would also strongly indicate that
n infection caused or triggered the disease. Simultaneous onset
f T1D in two members of a family has been described earlier.
n that report they describe the onset of T1D of a pair of twins
ithin 14 days and in addition both of them had encountered

n EV infection (Echovirus 6) (Smith et al., 1998). Our finding
ogether with a few others shows that EV can be isolated at
nset of T1D and this suggests a cause relationship between
ome infections with EV and T1D.

The absence of autoantibody against GAD65 of IgG class in
oth boys with T1D (A and T2) in the acute serum and a some-
hat increased antibody level in the convalescent serum from

he twin boy (A) seemed to indicate that there was no induction
f autoimmunity by these infections. However, when a GAD65
ssay detecting also IgM antibodies was used, both T1D boys
ad high levels of such antibodies already in the acute serum
ample suggesting that the EV infection did cause release of
slet-intracellular proteins resulting in an autoimmune reaction.
owever, it cannot be excluded that an existing autoimmune

eaction facilitates the viral infection results in at the clinical
resentation of the T1D.

We have studied the effect of infection with four EV strains
solated from T1D patients at clinical presentation of T1D on
uman islet cells in vitro for the first time. All isolates repli-
ated in isolated human islets although a clear rise in virus titers
as only detected 3–6 days post infection. A possible explana-

ion for this late titer increase might be the change of culture
edium day 3 and 4 post infection. However, exceptions to this

ate titer increase was seen in a few experiments and it has been
hown earlier (Frisk and Diderholm, 2000; Yin et al., 2002b),
hat the titer rises obtained when human islets were infected
ith strains of CBV-4 were much higher. The reason for this
iscrepancy is not known, possible explanations might be that
he CBV-4 strains have been passaged several times in cell cul-
ures, whereas the isolates was passaged only twice or it could
lso depend on differences with regard to the donor. Another
ossible explanation could be that the islets used for infection
ith the CBV-4 strains were obtained from the Central Unit of
eta-Cell Transplant, Brussels, where islet isolation was carried
ut as described previously (Keymeulen et al., 1998), and the
slets used in this study were obtained from the Transplant Unit
t Uppsala University, Uppsala, Sweden. One known difference
etween islets from Brussel and islets from Uppsala is that the
ormer were cultured for longer periods before infection.

Three of the isolates also induced reorganization of ER and
ther intracellular membranes to generate clusters of vesicles
s sites for RNA replication. In some �-cells condensed chro-
atin was seen suggesting apoptotic cells. This was also seen in
few cells in the uninfected controls indicating that the apop-

osis was not caused by the infection. The rearrangement of the

ntracellular membranes, a hallmark for EV infection, and the
resence of virus-induced vesicles containing virus like particles
f approximately 30 nm in size, clearly shows that the isolates
ould replicate in the insulin producing cells. The induction of
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uch vesicles has earlier been shown to affect the secretory path-
ay of infected islets (Lamphear et al., 1995). In a �-cell this

ould affect the insulin secretion.
In our study we could not detect any differences in the num-

er of cells dying of apoptosis when we compared infected islets
ith uninfected, even though apoptotic cells were present in
oth, the inter-donor variation was larger. Cell damage and/or
ell death due to EV infections might be an effect of the host’s
efence mechanisms. Both apoptotic and necrotic cell death
ave been described as a result of EV infections of human islet
ells (Roivainen et al., 2000) and other human cells (Agol et al.,
998). The aggressive necrosis leads to a rapid lytic cell death
hile apoptosis is a controlled elimination of dying cells. During

ow dose infection of isolated human islets with EV the dynamics
f both apoptosis and necrosis differs dramatically from that seen
n systems with high dose infections (Rasilainen et al., 2004).
his points toward a more prominent role for apoptosis as a
ontributor to �-cell death during a slowly progressing or a per-
istent infection (Yin et al., 2002b). However, even though our
solates seems to establish a more slowly progressing infection
he number of apoptotic cells in infected islets did not differ com-
ared to in uninfected control islets. It has been shown before
hat different EV differ in their ability to induce CPE and/or
slet destruction in isolated human islets (Frisk and Diderholm,
000; Yin et al., 2002b; Rasilainen et al., 2004) with the use of
ther strains of EV. The most interesting study in this respect is
ne by Paananen et al. (2003), when they compared the effect
f infection with two prototype strains of echovirus 9 with one
chovirus 9 strain that had been isolated from a child with T1D at
nset. The latter induced a higher degree of cytolysis in islet cells
uggesting that EV that cause/trigger T1D cause more destruc-
ion/cytolysis of the islet cells. In our study, the strain isolated
rom the diabetic twin (A) was clearly more destructive to human
slets than the strain isolated from the non-diabetic twin (E).

any studies also show that even if some normally very lytic
V is able to infect isolated human islets the course of the infec-

ion is much slower in this system and the amount of dead cells
s less suggesting that they in human pancreatic islets cause a
low progressing infection.

In agreement with the above described slow progression of
he infection with these strains, are the results regarding the via-
ility 3 days post infection were no differences between infected
nd uninfected islets was found. Thus, the majority of the islets
ells were still alive both in infected and uninfected islets. How-
ver, 7 days post infection the number of dead cells were higher
n islets infected with any of the isolates and these results are
lso in line with our results showing a higher degree of islet
estruction at that time point post infection. Of note, the major-
ty of islet cells in the infected islets were still alive even at this
ime point, clearly showing that the replication is much slower
n these cells. In other cells, Hela and GMK, infections with
ll four strains caused rapid cell death (not shown) suggesting
hat these isolates only in the islet cell system have displayed

slower replication cycle. Our finding that these EV, having a
ell established cytolytic potential, cause a prolonged infection

n human islet cells is supported by the findings in a recent publi-
ation (Bopegamage et al., 2005). They showed that also in vivo,
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n a mouse model, EV replicated in the islets without causing
ell death. Induction of type 1 IFNs is not likely the cause of this
lower replication cycle since it has been shown that IFN-� and
FN-� mRNA is not upregulated in human islets infected with
ther strains of EV (Olsson et al., 2005; Ylipaasto et al., 2005).

Earlier studies (Frisk and Diderholm, 2000) have shown that
he ability to respond to high glucose by secreting insulin was
nly hampered in islets infected with a very lytic strain of CBV-
. In our study the islets infected with any of the isolates showed
n impaired ability to secrete insulin response to high glucose.
slets infected with the A and the T2 isolate were most affected
n this respect. The virus isolated from the two boys at clinical
resentation of T1D revealed clear tropism for the insulin pro-
ucing cells, both of them had IgM antibodies against GAD65;
his might suggest that the virus infection triggered the autoim-

unity.

. Conclusion

All four isolates from the T1D families belonged to the genera
V (echovirus 21 and coxsakievirus B5) and all of them could

nfect isolated human islets. All four caused islet destruction and
higher rate of cell death than seen in the controls 7 days post

nfection. In addition, three of them also caused rearrangement
f cellular membranes in the �-cells. The most destructive virus
as the A isolate, and it originated from the twin boys with T1D,

he least destruction was the isolate from his healthy brother. The
isolate, and to some extent the T2 isolate, could also as early as
days post infection affect the �-cells ability to release insulin

n response to high glucose clearly indicating the diabetogenic
roperty of these two isolates. Even though these isolates caused
ell death, the course of the infection is best described as a slow
rogressing infection in human islet cells, supporting the idea
f a long period of �-cell destruction before the onset of the
isease.

cknowledgements

The authors thank Mrs. Kerstin Flink for skilful technical
ssistance, and the personnel of the �-Cell Transplant, Uppsala
niversity, Uppsala and Dr. Anna-Karin Berg, Uppsala Uni-
ersity, Uppsala, Sweden for performing the semi-nested EV
CR. The Family Ernfors fund, Gillbergska foundation, Novo
ordisk Foundation, The Swedish Diabetes foundation, Ronald
cDonald fund and the Swedish Medical Research Council

K97-12XC-12445-01A, K98-12XC-12445-02B, 2005-2051)
re also acknowledged for financial support.

eferences

gol, V.I., Belov, G.A., Bienz, K., Egger, D., Kolesnikova, M.S., Raikhlin, N.T.,
Romanova, L.I., Smirnova, E.A., Tolskaya, E.A., 1998. Two types of death
of poliovirus-infected cells: caspase involvement in the apoptosis but not

cytopathic effect. Virology 252, 343–353.

gol, V.I., Belov, G.A., Bienz, K., Egger, D., Kolesnikova, M.S., Romanova,
L.I., Sladkova, L.V., Tolskaya, E.A., 2000. Competing death programs in
poliovirus-infected cells: commitment switch in the middle of the infectious
cycle. J. Virol. 74, 5534–5541.



2 Resea

B

B

B

B

C

C

D

D

E

E

F

F

F

G

G

H

H

H

H

K

K

K

L

L

L

N

N

O

P

P

R

R

R

R

R

02 A. Elshebani et al. / Virus

anatvala, J.E., Bryant, J., Schernthaner, G., Borkenstein, M., Schober, E.,
Brown, D., De Silva, L.M., Menser, M.A., Silink, M., 1985. Coxsackie B,
mumps, rubella, and cytomegalovirus specific IgM responses in patients with
juvenile-onset insulin-dependent diabetes mellitus in Britain, Austria, and
Australia. Lancet 1, 1409–1412.

arco, A., Carrasco, L., 1998. Co-expression of human eIF-4G and poliovirus
2Apro in Saccharomyces cerevisiae: effects on gene expression. J. Gen.
Virol. 79 (Pt 11), 2651–2660.

ienz, K., Egger, D., Pasamontes, L., 1987. Association of polioviral proteins of
the P2 genomic region with the viral replication complex and virus-induced
membrane synthesis as visualized by electron microscopic immunocyto-
chemistry and autoradiography. Virology 160, 220–226.

opegamage, S., Kovacova, J., Vargova, A., Motusova, J., Petrovicova, A.,
Benkovicova, M., Gomolcak, P., Bakkers, J., van Kuppeveld, F., Melchers,
W.J., Galama, J.M., 2005. Coxsackie B virus infection of mice: inoculation
by the oral route protects the pancreas from damage, but not from infection.
J. Gen. Virol. 86, 3271–3280.

hampsaur, H.F., Bottazzo, G.F., Bertrams, J., Assan, R., Bach, C., 1982.
Virologic, immunologic, and genetic factors in insulin-dependent diabetes
mellitus. J. Pediatr. 100, 15–20.

hehadeh, W., Kerr-Conte, J., Pattou, F., Alm, G., Lefebvre, J., Wattre, P., Hober,
D., 2000. Persistent infection of human pancreatic islets by coxsackievirus
B is associated with alpha interferon synthesis in beta cells. J. Virol. 74,
10153–10164.

ahlquist, G., Frisk, G., Ivarsson, S.A., Svanberg, L., Forsgren, M., Dider-
holm, H., 1995. Indications that maternal coxsackie B virus infection during
pregnancy is a risk factor for childhood-onset IDDM. Diabetologia 38,
1371–1373.

ales, S., Eggers, H.J., Tamm, I., Palade, G.E., 1965. Electron microscopic study
of the formation of poliovirus. Virology 26, 379–389.

hrenfeld, E., 1982. Poliovirus-induced inhibition of host-cell protein synthesis.
Cell 28, 435–436.

tchison, D., Milburn, S.C., Edery, I., Sonenberg, N., Hershey, J.W., 1982. Inhi-
bition of HeLa cell protein synthesis following poliovirus infection correlates
with the proteolysis of a 220,000-dalton polypeptide associated with eucary-
otic initiation factor 3 and a cap binding protein complex. J. Biol. Chem. 257,
14806–14810.

risk, G., Diderholm, H., 1997. Antibody responses to different strains of cox-
sackie B4 virus in patients with newly diagnosed type I diabetes mellitus or
aseptic meningitis. J. Infect. 34, 205–210.

risk, G., Diderholm, H., 2000. Tissue culture of isolated human pancreatic
islets infected with different strains of coxsackievirus B4: assessment of
virus replication and effects on islet morphology and insulin release. Int. J.
Exp. Diabetes Res. 1, 165–175.

risk, G., Friman, G., Tuvemo, T., Fohlman, J., Diderholm, H., 1992. Coxsackie
B virus IgM in children at onset of type 1 (insulin-dependent) diabetes melli-
tus: evidence for IgM induction by a recent or current infection. Diabetologia
35, 249–253.

ale, E.A., Bingley, P.J., Eisenbarth, G.S., Redondo, M.J., Kyvik, K.O.,
Petersen, J.S., 2001. Reanalysis of twin studies suggests that diabetes is
mainly genetic. BMJ 323, 997–998.

oto, M., Eich, T.M., Felldin, M., Foss, A., Kallen, R., Salmela, K., Tibell,
A., Tufveson, G., Fujimori, K., Engkvist, M., Korsgren, O., 2004. Refine-
ment of the automated method for human islet isolation and presentation
of a closed system for in vitro islet culture. Transplantation 78, 1367–
1375.

elfand, R.F., Gary Jr., H.E., Freeman, C.Y., Anderson, L.J., Pallansch, M.A.,
1995. Serologic evidence of an association between enteroviruses and the
onset of type 1 diabetes mellitus. Pittsburgh Diabetes Research Group. J.
Infect. Dis. 172, 1206–1211.

iltunen, M., Hyoty, H., Knip, M., Ilonen, J., Reijonen, H., Vahasalo, P.,
Roivainen, M., Lonnrot, M., Leinikki, P., Hovi, T., Akerblom, H.K., 1997.
Islet cell antibody seroconversion in children is temporally associated with

enterovirus infections. Childhood Diabetes in Finland (DiMe) Study Group.
J. Infect. Dis. 175, 554–560.

indersson, M., Elshebani, A., Orn, A., Tuvemo, T., Frisk, G., 2005. Simulta-
neous type 1 diabetes onset in mother and son coincident with an enteroviral
infection. J. Clin. Virol. 33, 158–167.

R

rch 124 (2007) 193–203

yoty, H., Hiltunen, M., Knip, M., Laakkonen, M., Vahasalo, P., Karjalainen, J.,
Koskela, P., Roivainen, M., Leinikki, P., Hovi, T., et al., 1995. A prospective
study of the role of coxsackie B and other enterovirus infections in the
pathogenesis of IDDM. Childhood Diabetes in Finland (DiMe) Study Group.
Diabetes 44, 652–657.

eymeulen, B., Ling, Z., Gorus, F.K., Delvaux, G., Bouwens, L., Grupping, A.,
Hendrieckx, C., Pipeleers-Marichal, M., Van Schravendijk, C., Salmela, K.,
Pipeleers, D.G., 1998. Implantation of standardized beta-cell grafts in a liver
segment of IDDM patients: graft and recipients characteristics in two cases
of insulin-independence under maintenance immunosuppression for prior
kidney graft. Diabetologia 41, 452–459.

ing, A.M.Q., 2000. Picornaviridae. In: Van Regenmortel, M.H.V. (Ed.), Virus
Taxonomy: Seventh Report of the International Committee for the Taxonomy
of Viruses. Academic Press, New York, pp. 657–673.

ing, M.L., Shaikh, A., Bidwell, D., Voller, A., Banatvala, J.E., 1983.
Coxsackie-B-virus-specific IgM responses in children with insulin-
dependent (juvenile-onset; type I) diabetes mellitus. Lancet 1, 1397–1399.

amphear, B.J., Kirchweger, R., Skern, T., Rhoads, R.E., 1995. Mapping
of functional domains in eukaryotic protein synthesis initiation factor
4G (eIF4G) with picornaviral proteases. Implications for cap-dependent
and cap-independent translational initiation. J. Biol. Chem. 270, 21975–
21983.

onnrot, M., Korpela, K., Knip, M., Ilonen, J., Simell, O., Korhonen, S., Savola,
K., Muona, P., Simell, T., Koskela, P., Hyoty, H., 2000a. Enterovirus infection
as a risk factor for beta-cell autoimmunity in a prospectively observed birth
cohort: the Finnish Diabetes Prediction and Prevention Study. Diabetes 49,
1314–1318.

onnrot, M., Salminen, K., Knip, M., Savola, K., Kulmala, P., Leinikki, P.,
Hyypia, T., Akerblom, H.K., Hyoty, H., 2000b. Enterovirus RNA in serum
is a risk factor for beta-cell autoimmunity and clinical type 1 diabetes: a
prospective study. Childhood Diabetes in Finland (DiMe) Study Group. J.
Med. Virol. 61, 214–220.

airn, C., Galbraith, D.N., Taylor, K.W., Clements, G.B., 1999. Enterovirus
variants in the serum of children at the onset of Type 1 diabetes mellitus.
Diab. Med. 16, 509–513.

elson, P.G., Arthur, L.J., Gurling, K.J., Gamble, D.R., Taylor, K.W., 1977.
Familial juvenile-onset diabetes. Br. Med. J. 2, 1126.

lsson, A., Johansson, U., Korsgren, O., Frisk, G., 2005. Inflammatory gene
expression in Coxsackievirus B-4-infected human islets of Langerhans.
Biochem. Biophys. Res. Commun. 330, 571–576.

aananen, A., Ylipaasto, P., Rieder, E., Hovi, T., Galama, J., Roivainen, M.,
2003. Molecular and biological analysis of echovirus 9 strain isolated from
a diabetic child. J. Med. Virol. 69, 529–537.

hillips, W.R., Pauli, R., 1981. Simultaneous onset of insulin dependent diabetes
mellitus in siblings. Lancet 2, 807.

asilainen, S., Ylipaasto, P., Roivainen, M., Lapatto, R., Hovi, T., Otonkoski, T.,
2004. Mechanisms of coxsackievirus B5 mediated beta-cell death depend
on the multiplicity of infection. J. Med. Virol. 72, 586–596.

oivainen, M., Knip, M., Hyoty, H., Kulmala, P., Hiltunen, M., Vahasalo, P.,
Hovi, T., Akerblom, H.K., 1998. Several different enterovirus serotypes
can be associated with prediabetic autoimmune episodes and onset of overt
IDDM. Childhood Diabetes in Finland (DiMe) Study Group. J. Med. Virol.
56, 74–78.

oivainen, M., Rasilainen, S., Ylipaasto, P., Nissinen, R., Ustinov, J.,
Bouwens, L., Eizirik, D.L., Hovi, T., Otonkoski, T., 2000. Mechanisms
of coxsackievirus-induced damage to human pancreatic beta-cells. J. Clin.
Endocrinol. Metab. 85, 432–440.

oivainen, M., Ylipaasto, P., Savolainen, C., Galama, J., Hovi, T., Otonkoski,
T., 2002. Functional impairment and killing of human beta cells by
enteroviruses: the capacity is shared by a wide range of serotypes, but
the extent is a characteristic of individual virus strains. Diabetologia 45,
693–702.

omanova, L.I., Belov, G.A., Lidsky, P.V., Tolskaya, E.A., Kolesnikova, M.S.,

Evstafieva, A.G., Vartapetian, A.B., Egger, D., Bienz, K., Agol, V.I., 2005.
Variability in apoptotic response to poliovirus infection. Virology 331,
292–306.

ust, R.C., Landmann, L., Gosert, R., Tang, B.L., Hong, W., Hauri, H.P., Egger,
D., Bienz, K., 2001. Cellular COPII proteins are involved in production



Resea

S

S

S

T

V

V

Y

Y

Y

Y

Y

A. Elshebani et al. / Virus

of the vesicles that form the poliovirus replication complex. J. Virol. 75,
9808–9818.

alminen, K., Sadeharju, K., Lonnrot, M., Vahasalo, P., Kupila, A., Korhonen,
S., Ilonen, J., Simell, O., Knip, M., Hyoty, H., 2003. Enterovirus infections
are associated with the induction of beta-cell autoimmunity in a prospective
birth cohort study. J. Med. Virol. 69, 91–98.

mith, C.P., Clements, G.B., Riding, M.H., Collins, P., Bottazzo, G.F., Taylor,
K.W., 1998. Simultaneous onset of type 1 diabetes mellitus in identical infant
twins with enterovirus infection. Diabet. Med. 15, 515–517.

uhy, D.A., Giddings Jr., T.H., Kirkegaard, K., 2000. Remodeling the endoplas-
mic reticulum by poliovirus infection and by individual viral proteins: an
autophagy-like origin for virus-induced vesicles. J. Virol. 74, 8953–8965.

olskaya, E.A., Romanova, L.I., Kolesnikova, M.S., Ivannikova, T.A., Smirnova,
E.A., Raikhlin, N.T., Agol, V.I., 1995. Apoptosis-inducing and apoptosis-
preventing functions of poliovirus. J. Virol. 69, 1181–1189.

erheyden, B., Lauwers, S., Rombaut, B., 2003. Quantitative RT-PCR ELISA
to determine the amount and ratio of positive- and negative strand viral RNA
synthesis and the effect of guanidine in poliovirus infected cells. J. Pharm.

Biomed. Anal. 33, 303–308.

reugdenhil, G.R., Schloot, N.C., Hoorens, A., Rongen, C., Pipeleers, D.G.,
Melchers, W.J., Roep, B.O., Galama, J.M., 2000. Acute onset of type I
diabetes mellitus after severe echovirus 9 infection: putative pathogenic
pathways. Clin. Infect. Dis. 31, 1025–1031.

Y

Y

rch 124 (2007) 193–203 203

in, H., Berg, A.K., Tuvemo, T., Frisk, G., 2002a. Enterovirus RNA is found in
peripheral blood mononuclear cells in a majority of type 1 diabetic children
at onset. Diabetes 51, 1964–1971.

in, H., Berg, A.K., Westman, J., Hellerstrom, C., Frisk, G., 2002b. Complete
nucleotide sequence of a Coxsackievirus B-4 strain capable of establishing
persistent infection in human pancreatic islet cells: effects on insulin release,
proinsulin synthesis, and cell morphology. J. Med. Virol. 68, 544–557.

lipaasto, P., Klingel, K., Lindberg, A.M., Otonkoski, T., Kandolf, R., Hovi, T.,
Roivainen, M., 2004. Enterovirus infection in human pancreatic islet cells,
islet tropism in vivo and receptor involvement in cultured islet beta cells.
Diabetologia 47, 225–239.

lipaasto, P., Kutlu, B., Rasilainen, S., Rasschaert, J., Salmela, K., Teerijoki,
H., Korsgren, O., Lahesmaa, R., Hovi, T., Eizirik, D.L., Otonkoski, T.,
Roivainen, M., 2005. Global profiling of coxsackievirus- and cytokine-
induced gene expression in human pancreatic islets. Diabetologia 48,
1510–1522.

oon, J.W., 1990. The role of viruses and environmental factors in the induction
of diabetes. Curr. Top. Microbiol. Immunol. 164, 95–123.
oon, J.W., 1995. A new look at viruses in type 1 diabetes. Diab. Metab. Rev.
11, 83–107.

oon, J.W., Austin, M., Onodera, T., Notkins, A.L., 1979. Isolation of a virus
from the pancreas of a child with diabetic ketoacidosis. N. Engl. J. Med.
300, 1173–1179.


	Effects on isolated human pancreatic islet cells after infection with strains of enterovirus isolated at clinical presentation of type 1 diabetes
	Introduction
	Material and methods
	Patients
	GAD65 antibodies
	Viral isolation
	Cell culture
	Quality test
	RNA isolation and EV-RT-PCR
	Immunostaining for EV
	Infection of isolated islets
	Virus replication and islet degeneration
	Islet viability
	Apoptosis
	Glucose stimulation
	DNA content
	Electron microscopy
	Statistical analyses

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


